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INTRODUCTION TO CHEMISTRY

OVERVIEW OF CHEMISTRY

The Study of Chemistry
Chemistry is the study of the composition, structure, properties, and transformation of matter.

Learning Objectives

State the general aims and subject matter of chemistry

Key Takeaways

Key Points

Chemistry is sometimes called “the central science,” because it bridges physics with other natural
sciences, such as geology and biology.
Chemistry is the study of matter and its properties.
Sub-domains of chemistry include: analytical chemistry, biochemistry, inorganic chemistry, organic
chemistry, physical chemistry, and biophysical chemistry.

Key Terms

matter: Something that has mass and takes up space (has volume) and makes up almost everything in
the world.
chemistry: The branch of science that deals with the composition and constitution of substances and the
changes that they undergo as a consequence of alterations in the constitution of their molecules.

Chemistry is the study of matter and the chemical reactions between substances. Chemistry is also the study of
matter’s composition, structure, and properties. Matter is essentially anything in the world that takes up space and
has mass. Chemistry is sometimes called “the central science,” because it bridges physics with other natural
sciences, such as geology and biology.

History of Chemistry

A basic chemical hypothesis first emerged in Classical Greece when Aristotle defined the four elements of fire, air,
earth, and water. It was not until the 17th and 18th centuries when scientists such as Robert Boyle (1627-1691) and
Antoine Lavoisier (1743-1794) began to reshape the old alchemical traditions into a rigorous scientific discipline.
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Antoine-Laurent de Lavoisier: Antoine-Laurent
de Lavoisier is considered the “father of modern
chemistry” for his work on the principle of
conservation of mass and for developing a new
system of chemical nomenclature.

As one of the natural sciences, chemistry provides scientists with
insight into other physical sciences and powerful analytical tools for
engineering applications. The biological sciences and their offshoots,
such as psychology, are rooted in biochemistry, and scientists are only
now beginning to understand how the different levels of organization
influence each other. For example, the basis of modern medicine is
the biochemical processes of the human body.

Chemistry and the Natural World

Chemistry has the power to explain innumerable phenomena in the
world, from the ordinary to the bizarre. Why does iron rust? What
makes propane such an efficient, clean-burning fuel? How can soot
and diamond be so different in appearance yet so chemically similar?
Chemistry has the answer to these questions and many more.
Understanding chemistry is the key to understanding the world as we
know it.

Chemistry: Chemistry is the study of the properties, composition, and transformation of matter.

Di�erent Branches of Chemistr

The study of chemistry can be organized into distinct branches that emphasize subsets of chemical concepts. 
Analytical chemistry seeks to determine the exact chemical compositions of substances. Biochemistry is the study 
of chemicals found in living things (such as DNA and proteins). Inorganic chemistry studies substances that do not 
contain carbon. Organic chemistry studies carbon-based substances. Physical chemistry is the study of the physical 
properties of chemicals. Biophysical chemistry is the application of physical chemistry in a biological context.

The Scienti�c Method

The scientific method is a process by which observations are questioned; hypotheses are created and tested; and 
the results are analyzed.

Learning Objectives

Discuss hypotheses and the components of a scientific experiment as part of the scientific method
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Key Points

In the scientific method, observations lead to questions that require answers.
In the scientific method, the hypothesis is a testable statement proposed to answer a question.
In the scientific method, experiments (often with controls and variables) are devised to test hypotheses.
In the scientific method, analysis of the results of an experiment will lead to the hypothesis being
accepted or rejected.

Key Terms

scientific method: a way of discovering knowledge based on making falsifiable predictions (hypotheses),
testing them, and developing theories based on collected data
hypothesis: an educated guess that usually is found in an “if…then…” format
control group: a group that contains every feature of the experimental group except it is not given the
manipulation that is hypothesized

The Scienti�c Method

Biologists study the living world by posing questions about it and seeking science -based responses. This approach
is common to other sciences as well and is often referred to as the scientific method. The scientific method was
used even in ancient times, but it was first documented by England’s Sir Francis Bacon (1561–1626) who set up
inductive methods for scientific inquiry. The scientific method can be applied to almost all fields of study as a logical,
rational, problem-solving method.

Key Takeaways

Sir Francis Bacon: Sir Francis Bacon (1561–1626) is credited with 
being the first to define the scientific method.

The scientific process typically starts with an observation (often a problem to be solved) that leads to a question.
Let’s think about a simple problem that starts with an observation and apply the scientific method to solve the
problem. A teenager notices that his friend is really tall and wonders why. So his question might be, “Why is my
friend so tall? ”
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The Scientific Method: The scientific method consists of a series of well-defined steps. If a hypothesis is not supported by 
experimental data, a new hypothesis can be proposed.

Proposing a Hypothesis

Recall that a hypothesis is an educated guess that can be tested. Hypotheses often also include an explanation for 
the educated guess. To solve one problem, several hypotheses may be proposed. For example, the student might 
believe that his friend is tall because he drinks a lot of milk. So his hypothesis might be “If a person drinks a lot of
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milk, then they will grow to be very tall because milk is good for your bones.” Generally, hypotheses have the format
“If…then…” Keep in mind that there could be other responses to the question; therefore, other hypotheses may be
proposed. A second hypothesis might be, “If a person has tall parents, then they will also be tall, because they have
the genes to be tall. ”

Once a hypothesis has been selected, the student can make a prediction. A prediction is similar to a hypothesis but
it is truly a guess. For instance, they might predict that their friend is tall because he drinks a lot of milk.

Testing a Hypothesis

A valid hypothesis must be testable. It should also be falsifiable, meaning that it can be disproven by experimental
results. Importantly, science does not claim to “prove” anything because scientific understandings are always
subject to modification with further information. This step—openness to disproving ideas—is what distinguishes
sciences from non-sciences. The presence of the supernatural, for instance, is neither testable nor falsifiable. To
test a hypothesis, a researcher will conduct one or more experiments designed to eliminate one or more of the
hypotheses. Each experiment will have one or more variables and one or more controls. A variable is any part of the
experiment that can vary or change during the experiment. The control group contains every feature of the
experimental group except it is not given the manipulation that is hypothesized. For example, a control group could
be a group of varied teenagers that did not drink milk and they could be compared to the experimental group, a
group of varied teenagers that did drink milk. Thus, if the results of the experimental group differ from the control
group, the difference must be due to the hypothesized manipulation rather than some outside factor. To test the first
hypothesis, the student would find out if drinking milk affects height. If drinking milk has no affect on height, then
there must be another reason for the height of the friend. To test the second hypothesis, the student could check
whether or not his friend has tall parents. Each hypothesis should be tested by carrying out appropriate
experiments. Be aware that rejecting one hypothesis does not determine whether or not the other hypotheses can
be accepted. It simply eliminates one hypothesis that is not valid. Using the scientific method, the hypotheses that
are inconsistent with experimental data are rejected.

While this “tallness” example is based on observational results, other hypotheses and experiments might have
clearer controls. For instance, a student might attend class on Monday and realize she had difficulty concentrating
on the lecture. One hypothesis to explain this occurrence might be, “If I eat breakfast before class, then I am better
able to pay attention.” The student could then design an experiment with a control to test this hypothesis.

The scientific method may seem too rigid and structured. It is important to keep in mind that although scientists
often follow this sequence, there is flexibility. Many times, science does not operate in a linear fashion. Instead,
scientists continually draw inferences and make generalizations, finding patterns as their research proceeds.
Scientific reasoning is more complex than the scientific method alone suggests.
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CLASSIFICATION OF MATTER

Three States of Matter
The three states of matter are the distinct physical forms that matter can take: solid, liquid, and gas.

Learning Objectives

Describe the three states of matter

Key Takeaways

Key Points

Matter can exist in one of three main states: solid, liquid, or gas.
Solid matter is composed of tightly packed particles. A solid will retain its shape; the particles are not free
to move around.
Liquid matter is made of more loosely packed particles. It will take the shape of its container. Particles
can move about within a liquid, but they are packed densely enough that volume is maintained.
Gaseous matter is composed of particles packed so loosely that it has neither a defined shape nor a
defined volume. A gas can be compressed.

Key Terms

liquid: A substance that flows and keeps no definite shape because its molecules are loosely packed and
constantly moving. It takes the shape of its container but maintains constant volume.
gas: A substance that can only be contained if it is fully surrounded by a container (or held together by
gravitational pull); a substance whose molecules have negligible intermolecular interactions and can
move freely.
solid: A substance that retains its size and shape without a container; a substance whose molecules
cannot move freely except to vibrate.

The three states of matter are the three distinct physical forms that matter can take in most environments: solid,
liquid, and gas. In extreme environments, other states may be present, such as plasma, Bose-Einstein
condensates, and neutron stars. Further states, such as quark-gluon plasmas, are also believed to be possible.
Much of the atomic matter of the universe is hot plasma in the form of rarefied interstellar medium and dense stars.

Historically, the states of matter were distinguished based on qualitative differences in their bulk properties. Solid is
the state in which matter maintains a fixed volume and shape; liquid is the state in which matter adapts to the shape
of its container but varies only slightly in volume; and gas is the state in which matter expands to occupy the volume
and shape of its container. Each of these three classical states of matter can transition directly into either of the
other two classical states.
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The states of matter: This diagram shows the nomenclature for the different phase transitions.

Solids

A solid’s particles are packed closely together. The forces between the particles are strong enough that the particles
cannot move freely; they can only vibrate. As a result, a solid has a stable, definite shape and a definite volume.
Solids can only change shape under force, as when broken or cut.

In crystalline solids, particles are packed in a regularly ordered, repeating pattern. There are many different crystal
structures, and the same substance can have more than one structure. For example, iron has a body-centered
cubic structure at temperatures below 912 °C and a face-centered cubic structure between 912 and 1394 °C. Ice
has fifteen known crystal structures, each of which exists at a different temperature and pressure.

A solid can transform into a liquid through melting, and a liquid can transform into a solid through freezing. A solid
can also change directly into a gas through a process called sublimation.

Liquids

A liquid is a fluid that conforms to the shape of its container but that retains a nearly constant volume independent of
pressure. The volume is definite (does not change) if the temperature and pressure are constant. When a solid is
heated above its melting point, it becomes liquid because the pressure is higher than the triple point of the
substance. Intermolecular (or interatomic or interionic) forces are still important, but the molecules have enough
energy to move around, which makes the structure mobile. This means that a liquid is not definite in shape but
rather conforms to the shape of its container. Its volume is usually greater than that of its corresponding solid (water
is a well-known exception to this rule). The highest temperature at which a particular liquid can exist is called its
critical temperature.

A liquid can be converted to a gas through heating at constant pressure to the substance’s boiling point or through
reduction of pressure at constant temperature. This process of a liquid changing to a gas is called evaporation.

Gases

Gas molecules have either very weak bonds or no bonds at all, so they can move freely and quickly. Because of
this, not only will a gas conform to the shape of its container, it will also expand to completely fill the container. Gas
molecules have enough kinetic energy that the effect of intermolecular forces is small (or zero, for an ideal gas), and
they are spaced very far apart from each other; the typical distance between neighboring molecules is much greater
than the size of the molecules themselves.

A gas at a temperature below its critical temperature can also be called a vapor. A vapor can be liquefied through
compression without cooling. It can also exist in equilibrium with a liquid (or solid), in which case the gas pressure
equals the vapor pressure of the liquid (or solid).

A supercritical fluid (SCF) is a gas whose temperature and pressure are greater than the critical temperature and
critical pressure. In this state, the distinction between liquid and gas disappears. A supercritical fluid has the
physical properties of a gas, but its high density lends it the properties of a solvent in some cases. This can be
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useful in several applications. For example, supercritical carbon dioxide is used to extract caffeine in the
manufacturing of decaffeinated coffee.

Watch the video at this link.

Phase Changes: What does a phase change look like at the molecular level? This video takes a look at the
molecular structure of solids, liquids, and gases and examines how the kinetic energy of the particles changes. The
video also discusses melting, vaporization, condensation, and freezing.

Substances and Mixtures

Substances are composed of pure elements or chemically bonded elements, whereas mixtures are composed of
non-bonded substances.

Learning Objectives

Distinguish chemical substances from mixtures

Key Takeaways

Key Points

Matter can be broken down into two categories: pure substances and mixtures. Pure substances are
further broken down into elements and compounds. Mixtures are physically combined structures that can
be separated into their original components.
A chemical substance is composed of one type of atom or molecule.
A mixture is composed of different types of atoms or molecules that are not chemically bonded.
A heterogeneous mixture is a mixture of two or more chemical substances where the various components
can be visually distinguished.
A homogeneous mixture is a type of mixture in which the composition is uniform and every part of the
solution has the same properties.
Various separation techniques exist in order to separate matter, including include distillation, filtration,
evaporation and chromatography. Matter can be in the same phase or in two different phases for this
separation to take place.

Key Terms

mixture: Something that consists of diverse, non-bonded elements or molecules.
element: A chemical substance that is made up of a particular kind of atom and cannot be broken down
or transformed by a chemical reaction.
substance: A form of matter that has constant chemical composition and characteristic properties. It is
composed of one type of atom or molecule.

Chemical Substances

In chemistry, a chemical substance is a form of matter that has constant chemical composition and characteristic
properties. It cannot be separated into components without breaking chemical bonds. Chemical substances can be
solids, liquids, gases, or plasma. Changes in temperature or pressure can cause substances to shift between the
different phases of matter.

An element is a chemical substance that is made up of a particular kind of atom and hence cannot be broken down
or transformed by a chemical reaction into a different element. All atoms of an element have the same number of
protons, though they may have different numbers of neutrons and electrons.
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A pure chemical compound is a chemical substance that is composed of a particular set of molecules or ions that are 
chemically bonded. Two or more elements combined into one substance through a chemical reaction, such as water, 
form a chemical compound. All compounds are substances, but not all substances are compounds. A chemical 
compound can be either atoms bonded together in molecules or crystals in which atoms, molecules or ions form a 
crystalline lattice. Compounds made primarily of carbon and hydrogen atoms are called organic compounds, and all 
others are called inorganic compounds. Compounds containing bonds between carbon and a metal are called 
organometallic compounds.

Chemical substances are often called ‘pure’ to set them apart from mixtures. A common example of a chemical 
substance is pure water; it always has the same properties and the same ratio of hydrogen to oxygen whether it is 
isolated from a river or made in a laboratory. Other chemical substances commonly encountered in pure form are 
diamond (carbon), gold, table salt (sodium chloride), and refined sugar (sucrose). Simple or seemingly pure substances 
found in nature can in fact be mixtures of chemical substances. For example, tap water may contain small amounts of 
dissolved sodium chloride and compounds containing iron, calcium, and many other chemical substances. Pure 
distilled water is a substance, but seawater, since it contains ions and complex molecules, is a mixture.

Chemical Mixtures

A mixture is a material system made up of two or more different substances, which are mixed but not combined 
chemically. A mixture refers to the physical combination of two or more substances in which the identities of the 
individual substances are retained. Mixtures take the form of alloys, solutions, suspensions, and colloids.

Naturally occurring sulfur crystals: Sulfur occurs naturally as
elemental sulfur, sulfide, and sulfate minerals and in hydrogen 
sulfide. This mineral deposit is composed of a mixture of
substances.

Heterogeneous Mixtures

A heterogeneous mixture is a mixture of two or more 
chemical substances (elements or compounds), where the 
different components can be visually distinguished and 
easily separated by physical means. Examples include:

mixtures of sand and water
mixtures of sand and iron filings
a conglomerate rock
water and oil
a salad
trail mix
mixtures of gold powder and silver powder

Visit this page in your course online to use this simulation.
Interactive: Oil and Water: Explore the interactions that cause water and oil to separate from a mixture.

Homogenous Mixtures

A homogeneous mixture is a mixture of two or more chemical substances (elements or compounds), where the 
different components cannot be visually distinguished. Often separating the components of a homogeneous mixture 
is more challenging than separating the components of a heterogeneous mixture.

Distinguishing between homogeneous and heterogeneous mixtures is a matter of the scale of sampling. On a small 
enough scale, any mixture can be said to be heterogeneous, because a sample could be as small as a single 
molecule. In practical terms, if the property of interest is the same regardless of how much of the mixture is taken, 
the mixture is homogeneous
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A mixture’s physical properties, such as its melting point, may differ from those of its individual components. Some 
mixtures can be separated into their components by physical (mechanical or thermal) means.

Classifying Matter Part 1 of 3

Classifying Matter Part 2 of 3

Classifying Matter Part 3 of 3

Classifying Matter (3 parts): Introduction to classifying matter as a substance or a mixture of substances. Mixtures
are described as heterogeneous or homogeneous. Three common methods of separation are described.

Elements and Compounds
An element is a material that consists of a single type of atom, while a compound consists of two or more types of
atoms.

Learning Objectives

Differentiate between elements and compounds and explore separation techniques

Key Takeaways

Key Points

Elements are the simplest complete chemical substances. Each element corresponds to a single entry on 
the periodic table. An element is a material that consists of a single type of atom. Each atom type 
contains the same number of protons.
Chemical bonds link elements together to form more complex molecules called compounds. A compound
consists of two or more types of elements held together by covalent or ionic bonds.
Elements cannot be divided into smaller units without large amounts of energy. Compounds, on the other
hand, can have their bonds broken with practical amounts of energy, such as the heat from a fire.
Matter can be broken down into two categories: pure substances and mixtures. Pure substances are
further broken down into elements and compounds. Mixtures are physically combined structures that can
be separated back into their original components.

Key Terms

element: Any one of the simplest chemical substances that cannot be changed in a chemical reaction or
by any chemical means. Made up of atoms that all have the same number of protons.
chemical bond: Any of several attractive forces that serve to bind atoms together to form molecules.
compound: A substance made from two or more elements. Consists of a fixed ratio of chemically
bonded atoms. Has unique properties that are different from the properties of its individual elements.

Elements

A chemical element is a pure substance that consists of one type of atom. Each atom has an atomic number, which
represents the number of protons that are in the nucleus of a single atom of that element. The periodic table of
elements is ordered by ascending atomic number.

The chemical elements are divided into the metals, the metalloids, and the non-metals. Metals, typically found on
the left side of the periodic table, are:
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often conductive to electricity
malleable
shiny
sometimes magnetic.

Aluminum, iron, copper, gold, mercury and lead are metals.

In contrast, non-metals, found on the right side of the periodic table (to the right of the staircase), are:

typically not conductive
not malleable
dull (not shiny)
not magnetic.

Examples of elemental non-metals include carbon and oxygen.

Metalloids have some characteristics of metals and some characteristics of non-metals. Silicon and arsenic are
metalloids.

As of November, 2011, 118 elements have been identified (the most recently identified was ununseptium, in 2010).
Of these 118 known elements, only the first 98 are known to occur naturally on Earth. The elements that do not
occur naturally on Earth are the synthetic products of man-made nuclear reactions. 80 of the 98 naturally-occurring
elements are stable; the rest are radioactive, which means they decay into lighter elements over timescales ranging
from fractions of a second to billions of years.

The periodic table: The periodic table shows 118 elements, including metals (blue), nonmetals (red), and metalloids (green).

Hydrogen and helium are by far the most abundant elements in the universe. However, iron is the most abundant 
element (by mass) in the composition of the Earth, and oxygen is the most common element in the layer that is the 
Earth’s crust.

Although all known chemical matter is composed of these elements, chemical matter itself constitutes only about 
15% of the matter in the universe. The remainder is dark matter, a mysterious substance that is not composed of 
chemical elements. Dark matter lacks protons, neutrons, or electrons.
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Compounds

Pure samples of isolated elements are uncommon in nature. While the 98 naturally occurring elements have all 
been identified in mineral samples from the Earth’s crust, only a small minority of them can be found as 
recognizable, relatively pure minerals. Among the more common of such “native elements” are copper, silver, gold, 
and sulfur. Carbon is also commonly found in the form of coal, graphite, and diamonds. The noble gases (e.g., 
neon) and noble metals (e.g., mercury) can also be found in their pure, non-bonded forms in nature. Still, most of 
these elements are found in mixtures.

When two distinct elements are chemically combined—i.e., chemical bonds form between their atoms—the result is 
called a chemical compound. Most elements on Earth bond with other elements to form chemical compounds, such 
as sodium (Na) and Chloride (Cl), which combine to form table salt (NaCl). Water is another example of a chemical 
compound. The two or more component elements of a compound can be separated through chemical reactions.

Chemical compounds have a unique and defined structure, which consists of a fixed ratio of atoms held together in 
a defined spatial arrangement by chemical bonds. Chemical compounds can be:

molecular compounds held together by covalent bonds
salts held together by ionic bonds
intermetallic compounds held together by metallic bonds
complexes held together by coordinate covalent bonds.

Pure chemical elements are not considered chemical compounds, even if they consist of diatomic or polyatomic
molecules (molecules that contain only multiple atoms of a single element, such as H2 or S8).
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PHYSICAL AND CHEMICAL PROPERTIES OF
MATTER

Physical and Chemical Properties of Matter
Properties of matter can be classified as either extensive or intensive and as either physical or chemical.

Learning Objectives

Recognize the difference between physical and chemical, and intensive and extensive, properties

Key Takeaways

Key Points

All properties of matter are either physical or chemical properties and physical properties are either
intensive or extensive.
Extensive properties, such as mass and volume, depend on the amount of matter being measured.
Intensive properties, such as density and color, do not depend on the amount of the substance present.
Physical properties can be measured without changing a substance’s chemical identity.
Chemical properties can be measured only by changing a substance’s chemical identity.

Key Terms

intensive property: Any characteristic of matter that does not depend on the amount of the substance
present.
extensive property: Any characteristic of matter that depends on the amount of matter being measured.
physical property: Any characteristic that can be determined without changing the substance’s chemical
identity.
chemical property: Any characteristic that can be determined only by changing a substance’s molecular
structure.

All properties of matter are either extensive or intensive and either physical or chemical. Extensive properties, such
as mass and volume, depend on the amount of matter that is being measured. Intensive properties, such as density
and color, do not depend on the amount of matter. Both extensive and intensive properties are physical properties,
which means they can be measured without changing the substance’s chemical identity. For example, the freezing
point of a substance is a physical property: when water freezes, it’s still water (H2O)—it’s just in a different physical
state.
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Solid, liquids, and gases: Water can exist in several states, including ice (solid), water (liquid), and water vapor (gas).

A chemical property, meanwhile, is any of a material’s properties that becomes evident during a chemical reaction;
that is, any quality that can be established only by changing a substance’s chemical identity. Chemical properties
cannot be determined just by viewing or touching the substance; the substance’s internal structure must be affected
for its chemical properties to be investigated.

Physical Properties

Physical properties are properties that can be measured or observed without changing the chemical nature of the
substance. Some examples of physical properties are:

color (intensive)
density (intensive)
volume (extensive)
mass (extensive)
boiling point (intensive): the temperature at which a substance boils
melting point (intensive): the temperature at which a substance melts
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Physical properties: Matter has mass and volume, as demonstrated by this concrete block. You can observe its mass by feeling
how heavy it is when you try to pick it up; you can observe its volume by looking at it and noticing its size. Mass and volume are both
examples of extensive physical properties.

Chemical Properties

Remember, the definition of a chemical property is that measuring that property must lead to a change in the
substance’s chemical structure. Here are several examples of chemical properties:

Heat of combustion is the energy released when a compound undergoes complete combustion (burning) with
oxygen. The symbol for the heat of combustion is ΔHc.
Chemical stability refers to whether a compound will react with water or air (chemically stable substances will
not react). Hydrolysis and oxidation are two such reactions and are both chemical changes.
Flammability refers to whether a compound will burn when exposed to flame. Again, burning is a chemical
reaction—commonly a high-temperature reaction in the presence of oxygen.
The preferred oxidation state is the lowest-energy oxidation state that a metal will undergo reactions in order
to achieve (if another element is present to accept or donate electrons).

Physical and Chemical Changes to Matter

There are two types of change in matter: physical change and chemical change.

Learning Objectives

Identify the key features of physical and chemical changes
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Physical change: Blending a smoothie involves
physical changes but no chemical changes.

Key Takeaways

Key Points

Physical changes only change the appearance of a substance, not its chemical composition.
Chemical changes cause a substance to change into an entirely new substance with a new chemical
formula.
Chemical changes are also known as chemical reactions. The “ingredients” of a reaction are called
reactants, and the end results are called products.

Key Terms

chemical change: A process that causes a substance to change into a new substance with a new
chemical formula.
chemical reaction: A process involving the breaking or making of interatomic bonds and the
transformation of a substance (or substances) into another.
physical change: A process that does not cause a substance to become a fundamentally different
substance.

There are two types of change in matter: physical change and chemical change. As the names suggest, a physical
change affects a substance’s physical properties, and a chemical change affects its chemical properties. Many
physical changes are reversible (such as heating and cooling), whereas chemical changes are often irreversible or
only reversible with an additional chemical change.

Watch the video at this link.

Physical & Chemical Changes: This video describes physical and chemical changes in matter.

Physical Changes

Another way to think about this is that a physical change does not
cause a substance to become a fundamentally different substance but
a chemical change causes a substance to change into something
chemically new. Blending a smoothie, for example, involves two
physical changes: the change in shape of each fruit and the mixing
together of many different pieces of fruit. Because none of the
chemicals in the smoothie components are changed during blending
(the water and vitamins from the fruit are unchanged, for example), we
know that no chemical changes are involved.

Cutting, tearing, shattering, grinding, and mixing are further types of
physical changes because they change the form but not the
composition of a material. For example, mixing salt and pepper creates
a new substance without changing the chemical makeup of either
component.

Phase changes are changes that occur when substances are melted,
frozen, boiled, condensed, sublimated, or deposited. They are also
physical changes because they do not change the nature of the
substance.
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Boiling water: Boiling water is an example of a physical change and not a chemical change because the water vapor still has the 
same molecular structure as liquid water (H2O). If the bubbles were caused by the decomposition of a molecule into a gas (such as

H2O →H2 and O2), then boiling would be a chemical change.

Chemical Changes

Chemical changes are also known as chemical reactions. The “ingredients” of a reaction are called the reactants, 
and the end results are called the products. The change from reactants to products is signified by an arrow:

Reactants → Products

The formation of gas bubbles is often the result of a chemical change (except in the case of boiling, which is a 
physical change). A chemical change might also result in the formation of a precipitate, such as the appearance of a 
cloudy material when dissolved substances are mixed.

Rotting, burning, cooking, and rusting are all further types of chemical changes because they produce substances 
that are entirely new chemical compounds. For example, burned wood becomes ash, carbon dioxide, and water. 
When exposed to water, iron becomes a mixture of several hydrated iron oxides and hydroxides. Yeast carries out 
fermentation to produce alcohol from sugar.

An unexpected color change or release of odor also often indicates a chemical change. For example, the color of 
the element chromium is determined by its oxidation state; a single chromium compound will only change color if it 
undergoes an oxidation or reduction reaction. The heat from cooking an egg changes the interactions and shapes of 
the proteins in the egg white, thereby changing its molecular structure and converting the egg white from translucent 
to opaque.

The best way to be completely certain whether a change is physical or chemical is to perform chemical analyses, 
such as mass spectroscopy, on the substance to determine its composition before and after a reaction.
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UNITS OF MEASUREMENT

Standard Units (SI Units)
The International System of Units (abbreviated SI) is the metric system used in science, industry, and medicine.

Learning Objectives

Recognize SI units and their importance for measurment

Key Takeaways

Key Points

Every field of science involves taking measurements, understanding them, and communicating them to
others. In other words, we all have to speak the same basic language.
The SI system, also called the metric system, is used around the world.
There are seven basic units in the SI system: the meter (m), the kilogram (kg), the second (s), the kelvin
(K), the ampere (A), the mole (mol), and the candela (cd).

Key Terms

SI system: A series of units that is accepted and used throughout the scientific world.

The Need for a Common Language

Every field of science involves taking measurements, understanding them, and communicating them to others. In
other words, we all have to speak the same basic language. Whether you are a chemist, a physicist, a biologist, an
engineer, or even a medical doctor, you need a consistent way of communicating size, mass, shape, temperature,
time, amount, energy, power, and speed.

Consider the screen on which you’re reading this text right now. It might be an LCD screen, which is made up of
liquid crystals. The chemist developing a specific formulation for a liquid crystal has to meaningfully communicate
information to an engineer so that the engineer knows how to manufacture it. The engineer, in turn has to be able to
communicate with other engineers, physicists, and chemists to design the circuit boards, display screens, and
electronic interfaces of the rest of the computer. If these people don’t all speak the same language, the enterprise
will never get off the ground.

The International System of Units (abbreviated SI, from the French Système international d’unités) is the metric
system used in science, industry, and medicine. Depending on your age and geographic location, you might be very
familiar with the “imperial” system, which includes units such as gallons, feet, miles, and pounds. The imperial
system is used for “everyday” measurements in a few places, such as the United States. But in most of the world
(including Europe) and in all scientific circles, the SI system is in common use.

Watch the video at this link.
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Scientific Units the SI and Metric Units: Mr. Causey teaches scientific units of the SI system, the metric system,
and the CGS system. Mr. Causey also shares the major prefixes and their meanings. Science measurements are
based on the metric system, so it is important that you know the metric base units and prefixes.

Units of the SI System

There are seven base units in the SI system:

the kilogram (kg), for mass
the second (s), for time
the kelvin (K), for temperature
the ampere (A), for electric current
the mole (mol), for the amount of a substance
the candela (cd), for luminous intensity
the meter (m), for distance

The Seven SI Units: This figure displays the fundamental SI units and the combinations that lead to more complex units of
measurement.

It should be apparent that the move into modern times has greatly refined the conditions of measurement for each
basic unit in the SI system, making the measurement of, for example, the luminous intensity of a light source a
standard measurement in every laboratory in the world. A light source made to produce 20 cd will be the same
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regardless of whether it is made in the United States, in the UK, or anywhere else. The use of the SI system
provides all scientists and engineers with a common language of measurement.

History of the SI System

The SI units of measurement have an interesting history. Over time they have been refined for clarity and simplicity.

The meter (m), or metre, was originally defined as 1/10,000,000 of the distance from the Earth’s equator to
the North Pole measured on the circumference through Paris. In modern terms, it is defined as the distance
traveled by light in a vacuum over a time interval of 1/299,792,458 of a second.
The kilogram (kg) was originally defined as the mass of a liter (i.e., of one thousandth of a cubic meter). It is
currently defined as the mass of a platinum-iridium kilogram sample maintained by the Bureau International
des Poids et Mesures in Sevres, France.
The second (s) was originally based on a “standard day” of 24 hours, with each hour divided in 60 minutes
and each minute divided in 60 seconds. However, we now know that a complete rotation of the Earth actually
takes 23 hours, 56 minutes, and 4.1 seconds. Therefore, a second is now defined as the duration of
9,192,631,770 periods of the radiation corresponding to the transition between the two hyperfine levels of the
ground state of the cesium-133 atom.
The ampere (A) is a measure of the amount of electric charge passing a point in an electric circuit per unit
time. 6.241×1018 electrons, or one coulomb, per second constitutes one ampere.
The kelvin (K) is the unit of the thermodynamic temperature scale. This scale starts at 0 K. The incremental
size of the kelvin is the same as that of the degree on the Celsius (also called centigrade) scale. The kelvin is
the fraction 1/273.16 of the thermodynamic temperature of the triple point of water (exactly 0.01 °C, or 32.018
°F).
The mole (mol) is a number that relates molecular or atomic mass to a constant number of particles. It is
defined as the amount of a substance that contains as many elementary entities as there are atoms in 0.012
kg of carbon-12.
The candela (cd) was so named to refer to “candlepower” back in the days when candles were the most
common source of illumination (because so many people used candles, their properties were standardized).
Now, with the prevalence of incandescent and fluorescent light sources, the candela is defined as the
luminous intensity in a given direction of a source that emits monochromatic radiation of frequency 
Hertz and that has a radiant intensity in that direction of 1/683 watts per steradian.

SI Unit Pre�xes

The basic SI units can be expressed as fractions and multiples of basic units by using a set of simple prefixes.

Learning Objectives

Convert between SI units

Key Takeaways

Key Points

The set of prefixes is simple and easy to use.
Prefixes cannot be combined.
The set of prefixes is universal.

Key Terms

prefix: One or more letters or syllables added to the beginning of a word to modify its meaning; for
example, kilo can be added to gram to create kilogram
fraction: a part of a whole, especially a comparatively small part

540 ⋅ 1012
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SI Unit Pre�xes

Now that we know about the SI system and what it provides to the scientist and engineer, we can examine some
aspects of actual measurement. The SI system utilizes a standard system of prefixes to the basic units that allow
them to be more relevant to and descriptive of relative magnitude.

For example, when reading about chemical kinetics, you may encounter the terms “ms” or “ns,” meaning
“millisecond” and “nanosecond” respectively. Once you’ve become accustomed to the practice of using the prefixes,
you will immediately know that the millisecond is 1/1000 of one second and is 1 million times larger than a
nanosecond, which is 1/1000000000 of one second, or 10-9 seconds.

Briefly review the basic SI units before you study the prefixes.

Unit name Unit
symbol

Quantity
name

Quantity
symbol

Dimension
symbol

meter m length l, x, r L

kilogram (Note: Despite the prefix "kilo-," the kilogram is
the base unit of mass. The kilogram, not the gram, is
used in definitions of derived units. Nonetheless, units of
mass are named as if the gram were the base unit.)

kg mass m M

second s time t T

ampere A electric current I I

kelvin K thermodynamic
temperature T Θ

candela cd luminous
intensity Iv J

mole mol amount of
substance n N

There are 20 accepted prefixes. A prefix may be used to identify multiples of the original unit or fractions of the
original unit. For example, kilo- denotes a multiple of a thousand, so there are one thousand meters in a kilometer.
Milli- denotes a thousandth; therefore, there are one thousand millimeters in a meter.

Prefixes for SI units: The prefixes redefine the measurement as either a multiple or a fraction of the basic unit.

Keep in mind that prefixes should never be combined. Thus a millionth of a meter is a micrometer, not a
millimillimeter, and a millionth of a kilogram is a milligram, not a microkilogram.

In older usage, a micron (a measurement often encountered in physics and engineering) is the same as a
micrometer, 10-6 meters. Another older form of usage, the millimicron, is one thousandth of a micrometer, or 1
thousandth of 10-6 meters, or 10-9 meter, now called a nanometer. While these older terms are not in common
usage, they are often encountered in older publications, and knowing their modern equivalents is an advantage.
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Volume and Density

Density and volume are two common measurements in chemistry.

Learning Objectives

Describe the relationship between density and volume

Key Takeaways

Key Points

The volume of a substance is related to the quantity of the substance present at a defined temperature
and pressure.
The volume of a substance can be measured in volumetric glassware, such as the volumetric flask and
the graduated cylinder.
Density indicates how much of a substance occupies a specific volume at a defined temperature and
pressure. The density of a substance can be used to define the substance.
Water is unusual because when water freezes, its solid form (ice) is less dense than liquid water, and
thus floats on top of liquid water.

Key Terms

volume: A unit of three-dimensional measure of space that comprises a length, a width, and a height. It is
measured in units of cubic centimeters in metric.
density: A measure of the amount of matter contained in a given volume.

Volume and Density

The properties of a material may be described in many ways. Any amount of any substance will have a volume. If
you have two containers of water that are different sizes, they each hold a different amount, or volume, of water. The
unit for volume is a unit derived from the SI unit of length and is not a fundamental SI measurement.

If two water samples have different volumes, they still share a common measurement: the density. Density is
another measurement derived from SI basic units. The density of a material is defined as its mass per unit volume.
In this example, each volume of water is different and therefore has a specific and unique mass. The mass of water
is expressed in grams (g) or kilograms (kg), and the volume is measured in liters (L), cubic centimeters (cm3), or
milliliters (mL). Density is calculated by the dividing the mass by the volume, so that density is measured as units of
mass/volume, often g/mL. If both water samples are at the same temperature, their densities should be identical,
regardless of the samples’ volume.

Measurement Tools

23



The measuring cup: The measuring cup is a common household utensil used for measuring the volumes of liquids.

If you have ever cooked in a kitchen, you have probably seen some sort of measuring cup, which allows the user to 
measure liquid volumes with reasonable accuracy. The measuring cup expresses liquid volume in the standard SI 
units of liters and milliliters. Most American measuring cups also measure liquid in the older system of cups and 
ounces.

Volumetric Glassware

Scientists who work in a laboratory must be familiar with typical laboratory glassware, often called volumetric 
glassware. These may include beakers, a volumetric flask, an Erlenmeyer flask, and a graduated cylinder. Each of 
these containers is used in a laboratory setting to measure liquid volumes for different purposes.
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Laboratory volumetric glassware: Glassware, such as these beakers, is commonly used in a laboratory setting to conveniently
measure and separate different volumes of liquids.

Density of Water

Different substances have different densities, so density is often used as a method to identify a material. Comparing
the densities of two materials can also predict how substances will interact. Water is used as the common standard
to substances, and it has a density of 1000 kg/m3 at Standard Temperature and Pressure (called STP).

Using Water as a Density Comparison

When an object is placed in water, the object’s relative density determines whether it floats or sinks. If the object has
a lower density than water, it will float to the top of the water. An object with a higher density will sink. For example,
cork has a density of 240 kg/m3, so it will float. Air has a density of approximately 1.2 kg/m3, so it rises immediately
to the top of a water column. The metals sodium (970 kg/m3) and potassium (860 kg/m3) will both float on water,
while lead (11,340 kg/m3) will sink.

Watch the video at this link.

Density: A Story of Archimedes and the Gold Crown: Is the crown made of pure gold? An ancient Greek king
needs to know if he’s been cheated by a goldsmith. He summons Archimedes, who decides to use density to
determine the metal. But how can he determine the volume of the crown?
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Liquids tend to form layers when added to water. The sugar alcohol glycerol (1,261 kg/m3) will sink into the water
and form a separate layer until it is thoroughly mixed (glycerol is soluble in water). Vegetable oil (approx. 900 kg/m3)
will float on water, and no matter how vigorously mixed, will always return as a layer on the water surface (oil is not
soluble in water).

The Variable Density of Water

Water itself is a complicated and unique molecule. Even if the pressure is consistent, water’s density will change
based on the temperature. Recall that the three basic forms of matter are solid, liquid and gas (ignore plasma for the
time being). As a rule of thumb, almost all materials are more dense in their solid or crystalline form than in their
liquid form; place the solid form of almost any material on the surface of its liquid form, and it will sink. Water, on the
other hand, does something very special: ice (the solid form of water) floats on liquid water.

Look carefully at the relationship between water’s temperature and its density. Beginning at 100 °C, the density of
water steadily increases, as far as 4 °C. At that point, the density trend reverses. At 0 °C, water freezes to ice and
floats.

This table lists the densities of water at different temperatures and constant pressure.

The density of water at constant
pressure

Temp (ºC) Density (kg/m3)

100 958.4

80 971.8

60 983.2

40 992.2

30 995.6502

25 997.0479

22 997.7735

20 998.2071

15 999.1026

10 999.7026

4 999.9720

0 999.8395

−10 998.117

−20 993.547

−30 983.854

The values below 0ºC refer to super cooled
water

The implications of this simple fact are enormous: when a lake freezes, ice crusts at the surface and insulates the
liquid below from freezing, while at the same time allowing the colder water (with a temp of approx. 4 °C and a high
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density) to sink to the bottom. If ice did not float, it would sink to the bottom, allowing more ice to form and sink, until
the lake froze solid! Scuba divers and swimmers often encounter these water temperature gradients, and they might
even encounter a water layer at the very bottom of a lake with a temperature of approximately 4 °C. That’s just
about as cold as the lake will get at the bottom; as soon as the water gets colder, the liquid water becomes less
dense and rises.

Layers of water in a winter lake: During the winter months of seasonal climates, the warmest water in most lakes and rivers is only
4°C. This 4°C water has the highest density and sinks to the bottom of the lake. As the water becomes colder (<4°C), it becomes
less dense and rises to form ice on the surface of the lake. As a result, liquid water always exists in lakes and rivers during the winter
months. This unique property of water enables animals and plants to survive under the frozen lake or winter, ensuring that all
freshwater life does not go extinct each winter.

Temperature

The ability to measure temperature accurately was a major scientific advancement, putting absolute numbers on an
observable phenomenon.

Learning Objectives

State the key developments in the history of temperature measurement

Key Takeaways

Key Points

The measurement of temperature is accurate and reproducible.
The measurement of temperature should be against accepted standards.
Temperature can be calibrated to several scales including Celsius, Fahrenheit, and kelvin.
Converting between different temperature scales is easy using the conversion equations.
Kinetic energy arises from the motion of atoms and molecules. It is postulated that at absolute 0, there is
no motion and therefore, no kinetic energy.

Key Terms

temperature: A measure of cold or heat, often measurable with a thermometer.
kelvin: A unit of measurement for temperature. It is one of the seven base units in the International
System of Units (SI).

Fahrenheit: An unit of measurement for temperature used most commonly in the United States.
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Fahrenheit: An unit of measurement for temperature used most commonly in the United States.
Celsius: A scale and unit of measurement for temperature where 0 °C is the freezing point of water. Also
known as centigrade.
Celsius: A scale and unit of measurement for temperature where 0 °C is the freezing point of water. Also
known as centigrade.

How hot was it last summer? Will it be cold enough for skiing next week? Each of these questions forces
quantification to a routine experience. Whether we’re talking about the weather, cooking food, or conducting a
scientific experiment, we need to know how hot or how cold something is. To know this, one must be able to put
some sort of accurate number on the concept. Although there is an entire field of study devoted to measuring
temperature (thermometry), the focus of this section is on the fundamental measurements of temperature.

Monthly mean temperature: Temperature enables us to accurately measure and compare climates in different parts of the world.

The History of Measuring Temperature

To people in the 21st century, measuring temperature is a quick and easy thing to do. Thousands of years ago, 
however, things were different. Temperature-related phenomena were always being observed. Snow fell and 
collected in cold weather, and melted into liquid water when the air warmed in spring. Liquid water fell as rain when 
the air was warm. Ice melted when placed near a source of heat, and water completely boiled out of a pot on a hot 
stove. However, these are all qualitative observations. They do not generate a number: they do not tell us that water 
freezes at 0 °C, or that it boils at 100 °C. All we learn from observation is that heat and cold do something to water, 
or that water behaves differently when it is heated or cooled.

In the 16th and 17th centuries, scientists refined the observations and experiments of the Byzantines and Greeks to 
produce rudimentary devices relating the amount of “hotness” or “coldness” in the air. The devices they built were 
called thermoscopes. These basic measuring tools utilized the expansion and contraction of air and water when 
heated and cooled.

The concept was remarkable, but thermoscopes did not have a numeric scale. The thermoscope could not answer 
the question, “How hot is it today?” with a number, but it could give a relative measurement. The thermoscope was 
often a simple tube of gas over liquid. Thermoscopes also served as barometers (which measure pressure ). That 
made it difficult to use them as thermometers, but they reacted to both pressure and temperature. Even when early 
thermometers did have a numeric scale, the scales were not standardized.

The dawn of the 18th century saw great change in thermometers, thanks to the work of Isaac Newton, Anders 
Celsius, and Daniel Fahrenheit.

Isaac Newton proposed a thermometer with a scale of 12 degrees between the freezing and boiling points of
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Isaac Newton proposed a thermometer with a scale of 12 degrees between the freezing and boiling points of
water.
Fahrenheit was working with tubes filled with mercury, which has a very high coefficient of thermal expansion.
This, combined with the quality and accuracy of Fahrenheit’s work, led to much greater sensitivity, and his
thermometer was standardized against a brine solution and universally adopted, with the Fahrenheit scale
being named in his honor.
Anders Celsius proposed a 100 degree scale for the difference between freezing and boiling of water, and
after a few minor adjustments, the Celsius, or centigrade, system was also widely adopted.

Thermometer calibrated with the Celsius scal: Celsius is a scale and unit of measurement for temperature where 0 °C is the 
freezing point of water. Our ability to accurately measure temperature enables us to measure the weather, cook food accurately, or 
conduct a scientific experiment.

Further advances led to faster-acting thermometers, which were useful in medicine and chemistry. Early 
thermometers did not record or hold the temperature they were measuring: if you removed the thermometer from 
the substance being measured, its reading would change. Scientists invented new thermometers that would 
maintain their reading, at least for a limited period of time, to reduce measurement errors and make it easier to 
record the temperature. Dial thermometers using bimetallic strips were also developed. The bimetallic strips are 
made from two dissimilar metals bonded together, with each metal having a different coefficient of thermal 
expansion. Upon heating or cooling, the two metals expand or contract at different rates, causing a bending or
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curvature to appear in the strip. This bending is useful as a transducer for the temperature reading; it can control a 
thermostatted circuit or drive a simple dial thermometer.

Absolute Zero

Through the development of temperature measurement, however, one question remained unanswered: “How cold 
can it really get? How cold is absolute 0?”

The trivial answer is “0 degrees,” but what exactly does that mean? Temperature itself is the measurement of the 
average kinetic energy of a substance. The kinetic energy arises from the motion of atoms and molecules, and it is 
postulated that at absolute 0, there is no motion and therefore, no kinetic energy. Therefore, the temperature must 
be “absolute 0.”

The question remains: how much colder is absolute 0 than 0 °C?

In 1848, Lord Kelvin (William Thomson) wrote a paper entitled “On An Absolute Thermometric Scale” about the 
need to seek out a thermodynamic zero temperature. Using the Celsius system for its measurement of degrees, 
Lord Kelvin calculated the ultimate cold temperature to be -273 °C. Today that is referred to as 0 K on the Kelvin 
thermodynamic temperature scale. Modern methods have refined the measurement to -273.16 °C.

Types of Temperature Scales

Temperature can be measured and represented in many different ways. The fundamental requirements of the 
practice involve accuracy, a standard, linearity, and reproducibility. The SI unit, chosen for its simplicity and 
relationship to thermodynamics, is the kelvin, named in honor of Lord Kelvin. While incrementally equal to the 
Celsius scale, the temperature in kelvins is a true representation of the kinetic energy in a thermodynamic sense. 
Chemistry and physics require many calculations involving temperature. Those calculations are always made in 
kelvins.

Comparison of temperature scales: Temperatures of some common events and substances in different units.
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A comparison of temperature scales table illustrates a variety of temperature scales, some of which are no longer 
used. It is interesting to see the temperatures of commonly occurring events over these scales, and to imagine the 
great hurdles that were overcome in developing modern thermometry.

Conversion to and from kelvin: Use the equations in this table to calculate temperatures using the kelvin measurement system.

Although in most cases scientists are equipped with some sort of electronic calculator, there might be times when a
conversion from one scale to another is required. Conversion tables can be used to convert a measurement to any
scale from any other temperature scale, such as kelvin or Celsius.

Conversion to and from degrees Celsius: Use the equations in this table to convert temperatures to the Celsius measurement 
system.
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MEASUREMENT UNCERTAINTY

Scienti�c Notation
Scientific notation is a more convenient way to write very large or very small numbers and follows the equation: a ×
10b.

Learning Objectives

Recognize how to convert between general and scientific notation

Key Takeaways

Key Points

Scientific notation is expressed in the form (where “b” is an integer and “a” is any real number),
such as .
Scientific notation allows orders of magnitude to be more easily compared.
E notation is another form of scientific notation, in which “E” replaces 10, such as 6.02 E 23. This number
is the same as .
Basic operations are carried out in the same manner as with other exponential numbers.

Key Terms

Scientific notation: A way of writing numbers that are too big or too small to be conveniently written in
standard form.
integer: An element of the infinite and numerable set {…,-3,-2,-1,0,1,2,3,…}.
Order of Magnitude: An order of magnitude is the class of scale or magnitude of any amount, where
each class contains values of a fixed ratio to the class preceding it.

Scienti�c Notation

Scientific notation is a more convenient way of writing very small or very large numbers. The general representation
for scientific notation is (where “b” is an integer and “a” is any real number). When writing in scientific
notation, only include significant figures in the real number, “a.” Significant figures are covered in another section.

To express a number in scientific notation, you move the decimal place to the right if the number is less than zero or
to the left if the number is greater than zero.For example, in 456000, the decimal is after the last zero, so to express
this in scientific notation, you would need to move the decimal to in between the 4 and 5.

The decimal would move five places to the left to get 4.56 as our  in . The number of times you move the
decimal place becomes the integer “b.” In this case, the decimal moved five times. Therefore, our number in
scientific notation would be: . Keep in mind that zeroes are not included in “a” because they are not
significant figures.

a × 10b

6.02 × 1023

6.02 × 1023

a × 10b

a a × 10b

4.56 × 105
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In order to go between scientific notation and decimals, the decimal point is moved the number of spaces indicated
by the exponent. A negative exponent tells you to move the decimal point to the right, while a positive exponent tells
you to move it to the left.

Watch the video at this link.

Scientific Notation: Introduction – YouTube: Learn to convert numbers into and out of scientific notation.
Scientific notation is a way to express very big and very small numbers with exponents as a power of ten. It is also
sometimes called exponential notation. This video includes an explanation and tutorial, as well as practice and
example problems.

Examples of scientific notation:

1. 0.0001 = 1 x 10-4

2. .0256 = 2.56 x 10-2

3. 4759000 = 4.759 x 106

4. 5000 = 5 x 103

Another way of writing this expression, as seen on calculators and computer programs, is to use E to represent
“times ten to the power of.” An example is shown here:

Scientific notation for Avogadro’s number: Here is an example of scientific notation on a calculator. 6.02E23 means the same
thing as 6.02 x 1023.

Scientific notation enables comparisons between orders of magnitude. As seen above, scientific notation uses base
10, and if a number is an order of magnitude greater than another, it is 10 times larger. For example, 4.759 x 106 is
3 orders of magnitude bigger than 5 x 103; it is 8 orders of magnitude bigger than 2.56 x 10-2.

Basic Math with Scienti�c Notation

Basic operations in scientific notation are carried out in the manner one would carry out exponential functions.
Multiplication and division adds or subtracts exponents, respectively. Addition and subtraction require the exponents
to be the same. A few examples are shown here:

Given two numbers in scientific notation,

and

Multiplication and division are performed using the rules for operation with exponential functions:

and

Some examples are:

and

= ×x0 a0 10b0

= ×x1 a1 10b1

= ×x0x1 a0a1 10b0+b1

= ×x0

x1

a0

a1
10b0−b1

5.67 × × 2.34 × ≈ 13.3 × = 1.33 × 110−5 102 10−3 −−2

2.34× 2
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Addition and subtraction require the numbers to be represented using the same exponential part, so that the
significand can be simply added or subtracted: . Next, add or subtract the significands:

An example:

Basic operations: Basic operations, such as multiplication and addition, are done the same way as with
exponentials.

Signi�cant Figures

Significant figures are digits which contribute to the precision of a number.

Learning Objectives

Apply knowledge of significant figures to scientific calculations

Key Takeaways

Key Points

Significant figures are any non-zero digits or trapped zeros. They do not include leading or trailing zeros.
When going between decimal and scientific notation, maintain the same number of significant figures.
The final answer in a multiplication or division problem should contain the same number of significant
figures as the original number with the fewest significant figures.
In addition and subtraction, the final answer should contain the same number of decimal places as the
original number with the fewest number of decimal places.

Key Terms

Significant Figures: The digits that carry meaning in a number and contribute to its precision.

Significant figures of a number are digits which contribute to the precision of that number. Numbers that do not
contribute any precision and should not be counted as a significant number are:

leading or trailing zeros (those are place holders)
digits that are introduced by calculations that give the number more precision than the original data allows.

Rules For Determining If a Number Is Signi�cant or Not

All non-zero digits are considered significant. For example, 91 has two significant figures (9 and 1), while
123.45 has five significant figures (1, 2, 3, 4, and 5).
Zeros appearing between two non-zero digits (trapped zeros) are significant. Example: 101.12 has five
significant figures: 1, 0, 1, 1, and 2.
Leading zeros (zeros before non-zero numbers) are not significant. For example, 0.00052 has two significant
figures: 5 and 2.
Trailing zeros (zeros after non-zero numbers) in a number without a decimal are generally not significant (see
below for more details). For example, 400 has only one significant figure (4). The trailing zeros do not count
as significant.

Trailing zeros in a number containing a decimal point are

≈ 0.413 × = 4.13 ×2.34×102

5.67×10−5 107 106

= c ×x1 10b0

± = ( ± c) ×x0 x1 a0 10b0

2.34 × + 5.67 × = 2.34 × + 0.567 × ≈ 2.91 ×10−5 10−6 10−5 10−5 10−5
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Pi: This calculator shows eight significant figures
of pi.

Trailing zeros in a number containing a decimal point are
significant. For example, 12.2300 has six significant figures: 1,
2, 2, 3, 0, and 0. The number 0.000122300 still has only six
significant figures (the zeros before the 1 are not significant).
In addition, 120.00 has five significant figures since it has three
trailing zeros. This convention clarifies the precision of such
numbers. For example, if a measurement that is precise to four
decimal places (0.0001) is given as 12.23, then the
measurement might be understood as having only two decimal
places of precision available. Stating the result as 12.2300
makes it clear that the measurement is precise to four decimal
places (in this case, six significant figures).
The number 0 has one significant figure. Therefore, any zeros
after the decimal point are also significant. Example: 0.00 has
three significant figures.
Any numbers in scientific notation are considered significant.
For example, 4.300 x 10-4 has 4 significant figures.

Conventions Addressing Signi�cant Figures

The significance of trailing zeros in a number not containing a
decimal point can be ambiguous. For example, it may not always be
clear if a number like 1300 is precise to the nearest unit (and just
happens coincidentally to be an exact multiple of a hundred) or if it is
only shown to the nearest hundred due to rounding or uncertainty.
Various conventions exist to address this issue:

A bar may be placed over the last significant figure, showing
that any trailing zeros following this are insignificant. For
example, 1300 with a bar placed over the first 0 would have
three significant figures (with the bar indicating that the number
is precise to the nearest ten).
The last significant figure of a number may be underlined; for example, “2000” has two significant figures.
A decimal point may be placed after the number. For example “100.” indicates specifically that three
significant figures are meant.
In the combination of a number and a unit of measurement the ambiguity can be avoided by choosing a
suitable unit prefix. For example, the number of significant figures in a mass specified as 1300 g is
ambiguous, while in a mass of 13 hg or 1.3 kg, it is much clearer.

When converting from decimal form to scientific notation, always maintain the same number of significant figures.
For example, 0.00012 has two significant figures, therefore the correct scientific notation for this number would be
1.2 x 10-4.

When multiplying and dividing numbers, the number of significant figures used is determined by the original number
with the smallest amount of significant figures. When adding and subtracting, the final number should be rounded to
the decimal point of the least precise number.

Examples:

1.423 x 4.2 = 6.0 since 1.423 has 4 significant figures and 4.2 only has two significant figures, the final answer must
also have 2 significant figures.

234.67 – 43.5 = 191.2 since 43.5 has one decimal place and 234.67 has two decimal places, the final answer must
have just one decimal place.

Another Way to Determine Sig Figs: The Paci�c Rule & the Atlantic Rule

It can be challenging to remember all the rules about significant figures and whether each zero is significant or not
significant. Here’s another way to determine significant figures (sig figs): the Pacific and Atlantic Rule.

If a number has a decimal Present, use the Pacific rule (note the double P’s). The Pacific Ocean is on the left side of
the United States so start at the left side of the number. Start counting sig figs at the first non-zero number and
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continue to the end of the number. For example, since there is a decimal present in 0.000560 start from the left side
of the number. Don’t start counting sig figs until the first non-zero number (5), then count all the way to the end of
the number. Therefore, there are 3 sig figs in this number (5,6,0).

If a number has no decimal (the decimal is Absent) use the Atlantic rule (again, note the double A’s). Since the
Atlantic Ocean is on the right side of the United States, start on the right side of the number and start counting sig
figs at the first non-zero number. For example, since there is no decimal in 2900 start from the right side of the
number and start counting sig figs at the first non zero number (9). So there are two sig figs in this number (2,9).

Watch the video at this link.

Significant Figures Made Easy! – YouTube: Don’t be confused by significant figures. It will just make sense with
this video. The video introduces significant figures and discusses how to round for multiplication and division using
significant figures.

Exact Numbers
Exact numbers are defined numbers or result from a count, unlike measured numbers.

Learning Objectives

Recognize exact and measured numbers

Key Takeaways

Key Points

An exact number has absolutely no uncertainty in it.
Exact numbers cannot be simplified and have an infinite number of significant figures.
Measured numbers have a limited number of significant figures.

Key Terms

Exact numbers: These numbers are either defined numbers or result of a count. They have an infinite
number of significant figures.

Exact Numbers

Exact numbers are either defined numbers or the result of a 
count. For example, a dozen is defined as 12 objects, and a 
pound is defined as 16 ounces. An exact number can only 
be expressed in one way and cannot be simplified any 
further. Exact numbers have an infinite number of significant 
figures, but they often appear as integers.

Exact numbers: There are exactly two chairs in this 
picture. The number of chchairs is counted not measured, 
so we are completely certain how many chairs there are.
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Examples of measured numbers:
The diameter of a coin, such as 10.2 mm.
The weight of an object, such as 8.887 grams.
The length of a pen, such as 12 cm.

Accuracy, Precision, and Error

Accuracy is how closely the measured value is to the true value, whereas precision expresses reproducibility.

Learning Objectives

Describe the difference between accuracy and precision, and identify sources of error in measurement

Key Takeaways

Key Points

Accuracy refers to how closely the measured value of a quantity corresponds to its “true” value.
Precision expresses the degree of reproducibility or agreement between repeated measurements.
The more measurements you make and the better the precision, the smaller the error will be.

Examples of exact numbers include:

Conversions within the American system (such as pounds to ounces, the number of feet in a mile, the
number of inches in a foot, etc).
Conversions with the metric system (such as kilograms to grams, the number of meters in a kilometer, the
number of centimeters in a meter).
The words per and percent mean exactly out of one or one hundred, respectively.
Counted numbers are exact: there are two chairs in the photograph. There are fifteen books on the shelf.
Eighty-seven people attended the lecture.

Measured Numbers

In contrast, measured numbers always have a limited 
number of significant digits. A mass reported as 0.5 grams
is implied to be known to the nearest tenth of a gram and
not to the hundredth of a gram.

There is a degree of uncertainty any time you measure
something. For example, the weight of a particular sample
is 0.825 g, but it may actually be 0.828 g or 0.821 g
because there is inherent uncertainty involved. On the
other hand, because exact numbers are not measured,
they have no uncertainty and an infinite numbers of
significant figures.

Measured numbers: Mass is an example of a
measured number. When mass is reported as 0.5237
g, as shown on this scale, it is more precise than a
mass reported as 0.5 g.

The more measurements you make and the better the precision, the smaller the error will be.

Key Terms

systematic error: An inaccuracy caused by flaws in an instrument.
Accuracy: The degree of closeness between measurements of a quantity and that quantity’s actual (true)
value.
Precision: Also called reproducibility or repeatability, it is the degree to which repeated measurements
under unchanged conditions show the same results.
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Accuracy and Precision

Accuracy is how close a measurement is to the correct value for that measurement. The precision of a
measurement system is refers to how close the agreement is between repeated measurements (which are repeated
under the same conditions). Measurements can be both accurate and precise, accurate but not precise, precise but
not accurate, or neither.

High accuracy, low precision: On this bullseye, the hits are all close to the center, but none are close to each other; this is an
example of accuracy without precision.

Low accuracy, high precision: On this bullseye, the hits are all close to each other, but not near the center of the bullseye; this is
an example of precision without accuracy.

Precision is sometimes separated into:

Repeatability — The variation arising when all efforts are made to keep conditions constant by using the
same instrument and operator, and repeating the measurements during a short time period.
Reproducibility — The variation arising using the same measurement process among different instruments
and operators, and over longer time periods.
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Watch the video at this link.

Accuracy and Precision – YouTube: This is an easy to understand introduction to accuracy and precision.

Error

All measurements are subject to error, which contributes to the uncertainty of the result. Errors can be classified as
human error or technical error. Perhaps you are transferring a small volume from one tube to another and you don’t
quite get the full amount into the second tube because you spilled it: this is human error.

Technical error can be broken down into two categories: random error and systematic error. Random error, as the
name implies, occur periodically, with no recognizable pattern. Systematic error occurs when there is a problem with
the instrument. For example, a scale could be improperly calibrated and read 0.5 g with nothing on it. All
measurements would therefore be overestimated by 0.5 g. Unless you account for this in your measurement, your
measurement will contain some error.

How do accuracy, precision, and error relate to each other?

The random error will be smaller with a more accurate instrument (measurements are made in finer increments) and
with more repeatability or reproducibility (precision). Consider a common laboratory experiment in which you must
determine the percentage of acid in a sample of vinegar by observing the volume of sodium hydroxide solution
required to neutralize a given volume of the vinegar. You carry out the experiment and obtain a value. Just to be on
the safe side, you repeat the procedure on another identical sample from the same bottle of vinegar. If you have
actually done this in the laboratory, you will know it is highly unlikely that the second trial will yield the same result as
the first. In fact, if you run a number of replicate (that is, identical in every way) trials, you will probably obtain
scattered results.

As stated above, the more measurements that are taken, the closer we can get to knowing a quantity’s true value.
With multiple measurements (replicates), we can judge the precision of the results, and then apply simple statistics
to estimate how close the mean value would be to the true value if there was no systematic error in the system. The
mean deviates from the “true value” less as the number of measurements increases.

Watch the video at this link.

Error and Percent Error – YouTube: How to calculate error and percent error.
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DIMENSIONAL ANALYSIS

Converting from One Unit to Another
Converting units using dimensional analysis makes working with large and small measurements more convenient.

Learning Objectives

Describe the purpose of unit analysis

Key Takeaways

Key Points

Dimensional analysis is the process of converting between units.
The International System of Units (SI) specifies a set of seven base units from which all other units of
measurement are formed. Derived units are based on those seven base units.
Unit analysis is a form of proportional reasoning where a given measurement can be multiplied by a
known proportion or ratio to give a result having a different unit or dimension.
Dimensional analysis involves using conversion factors, which are ratios of related physical quantities
expressed in the desired units.

Key Terms

dimensional analysis: A method of converting from one unit to another. It is also sometimes called unit
conversion.

Base and Derived Units

For most quantities, a unit is absolutely necessary to communicate values of that physical quantity. Imagine you
need to buy some rope to tie something onto the roof of a car. How would you tell the salesperson how much rope
you need without using some unit of measurement?

However, not all quantities require a unit of their own. Using physical laws, units of quantities can be expressed as
combinations of units of other quantities. Therefore, only a small set of units is required. These units are called base
units, and other units are derived units. Derived units are a matter of convenience, as they can be expressed in
terms of basic units.

Different systems of units are based on different choices of base units. The most widely used system of units is the
International System of Units, or SI. There are seven SI base units, and all other SI units can be derived from these
base units.

The seven base SI units are: [Physical Quantity: unit symbol (unit name)]

Length: m (meter)
Mass: kg (kilogram)
Time: s (second)
Electric Current: A (Ampere)
Thermodynamic Temperature: K (degrees Kelvin)
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Thermodynamic Temperature: K (degrees Kelvin)
Amount of Substance: mol ( mole )
Luminous Intensity: cd (candela)

The base units of SI are actually not the smallest set possible; smaller sets have been defined. For example, there
are unit sets in which the electric and magnetic field have the same unit. This is based on physical laws that show
that electric and magnetic fields are actually different manifestations of the same phenomenon.

Derived units are based on units from the SI system of units. For example, volume is a derived unit because volume
is based on length. To calculate the volume of something, you multiply the width x length x height, all in meters.
Therefore, the derived unit for volume is m3. Here is a list of some commonly derived units:

Area: m2

Volume: m3
Velocity: m/s
Acceleration: m/s2

Density: g/mL or g/cm3

Force: , or the Newton (N)
Energy: , or the Joule (J)

Dimensional Analysis

Sometimes, it is necessary to deal with measurements that are very small (as in the size of an atom ) or very large
(as in numbers of atoms). In these cases, it is often necessary to convert between units of metric measurement. For
example, a mass measured in grams may be more convenient to work with if it was expressed in mg (10–3 g).
Converting between metric units is called unit analysis or dimensional analysis.

Unit analysis is a form of proportional reasoning where a given measurement can be multiplied by a known
proportion or ratio to give a result having a different unit or dimension. Algebraically, we know that any number
multiplied by one will be unchanged. If, however, the number has units, and we multiply it by a ratio containing units,
the units in the number will multiply and divide by the units of the ratio, giving the original number (remember you
are multiplying by one) but with different units.

This method can be generalized as: multiply or divide a given number by a known ratio to find your answer. The
given number is a numerical quantity (with its units). The ratios used are based upon the units and are set up so that
the units in the denominator of the ratio match the numerator units of the given and the units in the numerator of the
ratio match those in either the next ratio or the final answer. When these are multiplied, the given number will now
have the correct units for your answer.

Watch the video at this link.

Converting Units with Conversion Factors – YouTube: How to convert units using conversion factors and
canceling units.

Example 1

For example, say you were trying to convert 3.41 grams of He to a number of atoms of He. You would identify
3.41 grams as the given. The first step is always to place the given out front of your equation. Then find a ratio
that will help you convert the units of grams to atoms. As you probably have already guessed, you need to use a
couple of ratios to help you in this problem. The ratio that 4.002 g of He = 1 mole (molar mass) will help you in
this problem. Avogadro’s number, 6.022 x 1023 atoms = 1 mole, will also help you in this problem. Then you set
up your ratios so that your units will cancel successfully (the same unit must be in the numerator of the equation
and also in the denominator of the equation). Lastly, multiply through to get your final answer. As always, your
final answer should contain the correct number of sig figs and the correct units.

kg ⋅ m/s2

N ⋅ m

3.41 g ⋅ ⋅ = 5.13 ⋅  atoms1 mole
4.002 g

6.022⋅  atoms1023

1 mole
1023
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Example 2

If you had a sample of a substance with a mass of 0.0034 grams, and you wanted to express that mass in mg,
you could use the following dimensional analysis. The given quantity is the mass of 0.0034 grams. The quantity
that you want to find is the mass in mg, and we know that 1 mg = 10-3 g. Expressing this as a proportion or ratio,
there is one mg per 10-3 grams, or 1000 mg/1 g.
Therefore, 0.0034g x (1000 mg/1 g) = 3.4 mg

Strategy for General Problem Solving

To convert a measured quantity to a different unit of measure without changing the relative amount, use a
conversion factor.

Learning Objectives

Apply knowledge of dimensional analysis to convert between units in chemistry problems

Key Takeaways

Key Points

Chemistry, along with other sciences and engineering, makes use of many different units.
In mathematics and chemistry, a conversion factor is used to convert a measured quantity to a different
unit of measure without changing the relative amount.
Units behave just like numbers in products and quotients—they can be multiplied and divided.

Key Terms

conversion factor: A conversion factor changes one unit to a new unit.

Dimensional Analysis

Chemistry, along with other sciences and engineering, makes use of many different units. Some of the common
ones include mass (ton, pounds, ounces, grains, grams); length (yard, feet, inches, meters); and energy (Joule, erg,
kcal, eV). Since there are so many different units that can be used, it is necessary to be able to convert between the
various units. To do this, one uses a conversion factor.

In mathematics, specifically algebra, a conversion factor is used to convert a measured quantity to a different unit of
measure without changing the relative amount. To accomplish this, a ratio ( fraction ) is established that equals one
(1). In the ratio, the conversion factor is a multiplier that, when applied to the original unit, converts the original unit
into a new unit, by multiplication with the ratio.

When doing dimensional analysis problems, follow this list of steps:

1. Identify the given (see previous concept for additional information).
2. Identify conversion factors that will help you get from your original units to your desired unit.
3. Set up your equation so that your undesired units cancel out to give you your desired units. A unit will cancel

out if it appears in both the numerator and the denominator during the equation.
4. Multiply through to get your final answer. Don’t forget the units and sig figs!
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Example Problem 1

Here is an example problem: How many hours are in 3 days?

1. Identify the given: 3 days
2. Identify conversion factors that will help you get from your original units to your desired unit: 
3. Set up your equation so that your undesired units cancel out to give you your desired units: 

4. Multiply through to get your final answer: 72 hours

Flipping the Conversion Factor

Don’t forget that if need be, you can flip a conversion factor. After all, if a = b, then a/b = 1 and b/a = 1. For example,
days are converted to hours by multiplying the days by the conversion factor of 24. The conversion can be reversed
by dividing the hours by 24 to get days. The reciprocal 1/24 could be considered the reverse conversion factor for
an hours-to-days conversion. The term “conversion factor” is the multiplier, not divisor, which yields the result.

Consider the relationship between feet and inches.

1 foot = 12 inches

1 foot/12 inches = 1 = 12 inches/1 foot.

Both fractions are equal to 1. If the units are ignored, the quotients do not numerically equal 1, but 1/12 or 12.
However, with the inclusions of the units, both the numerators and denominators describe the exact same length, so
the quotients are equal to 1. Since the two quotients are equal to 1, multiplying or dividing by the quotients is the
same as multiplying or dividing by 1. It does not change the equation, only the relative numerical values within the
various units.

Example Problem 2

You can also use these quotients to convert from inches to feet or from feet to inches. For example, how many
inches are in 5 feet?

1. The given is 5 feet.
2. The conversion factor is 
3. Set up the equation: 
4. Multiply through: 60 inches

Another example is: how many feet are in 30 inches?

If there is confusion regarding which quotient to use in the conversion, just make sure the units cancel out correctly.
In the first equation, the unit (feet) is in both the numerator and denominator of the expression, so they cancel. The
units behave just like numbers in products and quotients—they can be multiplied and divided.

Converting Between Moles and Grams

You can also use dimensional analysis to convert between moles and grams. For example:

Knowing that one molecule of H2O contains two hydrogens (2 g/mol) and one oxygen (16g/mol), you can calculate
the molecular weight of water equal to 18 g/mol. Then use this number in the equation to get 1.24 mol H2O in

24hours
1day

3days ⋅ 24hours
1day

12 inches
1 foot

5 feet ⋅ 12 inches
1 foot

30 inches ⋅ = 2.5 feet1 foot
12 inches

22.34 g O ⋅ = 1.24 moles OH2
1 mol OH2

18 g O H2
 H2
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22.34g. The equation is set up correctly because all the units cancel out to give moles.
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ATOMS, MOLECULES, AND IONS

HISTORY OF ATOMIC STRUCTURE

Early Ideas about Atoms
The concept of the atom as an indivisible building block of matter was recorded as early as the 5th century BCE.

Learning Objectives

Describe the early developments leading to the modern concept of the atom

Key Takeaways

Key Points

The ancient Greek philosophers Democritus and Leucippus recorded the concept of the atomos, an
indivisible building block of matter, as early as the 5th century BCE.
The idea of an indivisible particle was further elaborated upon and explored by a number of scientists and
philosophers, including Galileo, Newton, Boyle, Lavoisier, and Dalton.
John Dalton, an English chemist and meteorologist, is credited with the first modern atomic theory based
on his experiments with atmospheric gases.

Key Terms

atom: The smallest possible amount of matter that still retains its identity as a chemical element, now
known to consist of a nucleus surrounded by electrons.
law of multiple proportions: The law stating that reactants will always combine in set whole number
ratios.

Early History of the Atom

Matter is composed of indivisible building blocks. This idea was recorded as early as the fifth century BCE by
Leucippus and Democritus. The Greeks called these particles atomos, meaning indivisible, and the modern word
“atom” is derived from this term. Democritus proposed that different types and combinations of these particles were
responsible for the various forms of matter. However, these ideas were largely ignored at the time, as most
philosophers favored the Aristotelian perspective.

The concept of the atom was revisited and elaborated upon by many scientists and philosophers, including Galileo,
Newton, Boyle, and Lavoisier. In 1661, Boyle presented a discussion of atoms in his The Sceptical Chymist.
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However, the English chemist and meteorologist John Dalton is credited with the first modern atomic theory, as
explained in his A New System of Chemical Philosophy.

John Dalton’s A New System of Chemical Philosophy: Chemical structures from Dalton’s A New System of Chemical Philosophy.

Dalton’s experiments with gases led to some of the earliest measurements of atomic masses and a concept of
atomic structure and reactivity. Dalton’s atomic theory contained the following ideas:

All atoms of a given element are identical.
The atoms of different elements vary in mass and size.
Atoms are indestructible. Chemical reactions may result in their rearrangement, but not their creation or
destruction.

Dalton also outlined a law of multiple proportions, which described how reactants will combine in set ratios. Like the
early philosophers, Dalton’s theories were not popularly accepted for much of the 19th century, but his ideas have
since been accepted, with amendments addressing subatomic particles and the interconversion of energy and
mass.

Watch the video at this link.

Models of the Atom Timeline – YouTube: This video is about the different ways that scientists have pictured the
atoms over the years. It starts with Democritus and Leucippus, the first philosophers to discuss atoms. The video
also covers the work of Dalton, Thompson, Rutherford, Niels Bohr, and Schrodinger.
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The Law of Conservation of Mass

The law of conservation of mass states that mass in an isolated system is neither created nor destroyed.

Learning Objectives

Define the law of conservation of mass

Key Takeaways

Key Points

The law of conservation of mass states that mass in an isolated system is neither created nor destroyed
by chemical reactions or physical transformations.
According to the law of conservation of mass, the mass of the products in a chemical reaction must equal
the mass of the reactants.
The law of conservation of mass is useful for a number of calculations and can be used to solve for
unknown masses, such the amount of gas consumed or produced during a reaction.

Key Terms

law of conservation of mass: A law that states that mass cannot be created or destroyed; it is merely
rearranged.
product: A chemical substance formed as a result of a chemical reaction.
reactant: Any of the participants present at the start of a chemical reaction. Also, a molecule before it
undergoes a chemical change.

History of the Law of the Conservation of Mass

The ancient Greeks first proposed the idea that the total amount of matter in the universe is constant. However,
Antoine Lavoisier described the law of conservation of mass (or the principle of mass/matter conservation) as a
fundamental principle of physics in 1789.

This law states that, despite chemical reactions or physical transformations, mass is conserved—that is, it cannot be
created or destroyed—within an isolated system. In other words, in a chemical reaction, the mass of the products
will always be equal to the mass of the reactants.

The Law of Conservation of Mass- Energy

This law was later amended by Einstein in the law of conservation of mass-energy, which describes the fact that the
total mass and energy in a system remain constant. This amendment incorporates the fact that mass and energy
can be converted from one to another. However, the law of conservation of mass remains a useful concept in
chemistry, since the energy produced or consumed in a typical chemical reaction accounts for a minute amount of
mass.

We can therefore visualize chemical reactions as the rearrangement of atoms and bonds, while the number of
atoms involved in a reaction remains unchanged. This assumption allows us to represent a chemical reaction as a
balanced equation, in which the number of moles of any element involved is the same on both sides of the equation.
An additional useful application of this law is the determination of the masses of gaseous reactants and products. If
the sums of the solid or liquid reactants and products are known, any remaining mass can be assigned to gas.

Watch the video at this link.
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Antoine Lavoisier: A portrait of Antoine Lavoisier, the
scientist credited with the discovery of the law of
conservation of mass.

Conservation of Atoms – YouTube: This video explains
how atoms are conserved in a chemical reaction.

The Law of De�nite Composition
The law of definite composition states that chemical
compounds are composed of a fixed ratio of elements as
determined by mass.

Learning Objectives

Define the law of definite composition

Key Takeaways

Key Points

The law of definite composition was proposed by Joseph Proust based on his observations on the
composition of chemical compounds.
Proust proposed that a compound is always composed of the same proportions of elements by mass.
Though initially controversial, the law of definite composition was supported by Dalton’s atomic theory.

Key Terms

element: Any one of the simplest chemical substances that cannot be decomposed in a chemical
reaction or by any chemical means, and are made up of atoms all having the same number of protons.
law of definite composition: A law that states that chemical compounds are formed of constant and
defined ratios of elements as determined by mass.

History of the Law of De�nite Composition or Proportions
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Joseph Proust: Portrait of Joseph Proust

French chemist Joseph Proust proposed the law of definite
composition or proportions based on his experiments
conducted between 1798 and 1804 on the elemental
composition of water and copper carbonate.

In 1806, Proust summarized his observations in what is now
called Proust’s Law. It stated that chemical compounds are
formed of constant and defined ratios of elements, as
determined by mass. For example, carbon dioxide is
composed of one carbon atom and two oxygen atoms.
Therefore, by mass, carbon dioxide can be described by the
fixed ratio of 12 (mass of carbon):32 (mass of oxygen), or
simplified as 3:8.

At the time, Proust’s theory was a controversial one and
disputed by a number of chemists, most notably another
French chemist, Claude Louis Berthollet. Berthollet
supported the concept that elements could mix in any ratio.
However, the English chemist John Dalton’s formulation of
atomic theory supported Proust’s idea at an atomic level, as
Dalton proposed that chemical compounds were composed
of set formulations of atoms from different elements. Dalton’s
law of multiple proportions expanded on the law of definite
composition to postulate that, in situations in which elements
can combine to form multiple combinations, the ratio of the
elements in those compounds can be expressed as small
whole numbers.

Watch te video at this link.

John Dalton and the Law of Definite Proportions – YouTube: This video examines the law of definite proportions
and the law of multiple proportions.

Applications of the Law of De�nite Composition or Proportions

The law of definite composition has applications to both molecular compounds with a fixed composition and ionic
compounds as they require certain ratios to achieve electrical neutrality. There are some exceptions to the law of
definite composition. These compounds are known as non-stoichometric compounds, and examples include ferrous
oxide. In addition, the law of definite composition does not account for isotopic mixtures.

The Law of Multiple Proportions

The law of multiple proportions states that elements combine in small whole number ratios to form compounds.

Learning Objectives

Define the law of multiple proportions.

Key Takeaways

Key Points

The law of multiple proportions is a rule of stoichiometry.
John Dalton formulated the law of multiple proportions as part of his theory that atoms formed the basic
indivisible building block of matter.

The law of multiple proportions says that when elements form compounds, the proportions of the
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The law of multiple proportions says that when elements form compounds, the proportions of the
elements in those chemical compounds can be expressed in small whole number ratios.
The law of multiple proportions is an extension of the law of definite composition, which states that
compounds will consist of defined ratios of elements.

Key Terms

law of multiple proportions: A law stating that if two elements form a compound, then the ratio of the
mass of the second element and the mass of the first element will be small whole number ratios.
atom: The smallest possible amount of matter that still retains its identity as a chemical element, now
known to consist of a nucleus surrounded by electrons.

Dalton’s Law

The law of multiple proportions, also known as Dalton’s law, was proposed by the English chemist and
meteorologist John Dalton in his 1804 work, A New System of Chemical Philosophy. It is a rule of stoichiometry. The
law, which was based on Dalton’s observations of the reactions of atmospheric gases, states that when elements
form compounds, the proportions of the elements in those chemical compounds can be expressed in small whole
number ratios.

For example, the reaction of the elements carbon and oxygen can yield both carbon monoxide (CO) and carbon
dioxide (CO2). In CO2, the ratio of the amount of oxygen compared to the amount of carbon is a fixed ratio of 1:2, a
ratio of simple whole numbers. In CO, the ratio is 1:1.

In his theory of atomic structure and composition, Dalton presented the concept that all matter was composed of
different combinations of atoms, which are the indivisible building blocks of matter. Dalton’s law of multiple
proportions is part of the basis for modern atomic theory, along with Joseph Proust’s law of definite composition
(which states that compounds are formed by defined mass ratios of reacting elements) and the law of conservation
of mass that was proposed by Antoine Lavoisier. These laws paved the way for our current understanding of atomic
structure and composition, including concepts like molecular or chemical formulas.

John Dalton and Atomic Theory

Dalton introduced a theory that proposed that elements differed due to the mass of their atoms.

Learning Objectives

Identify the main points of Dalton’s atomic theory

Key Takeaways

Key Points

Dalton’s atomic theory proposed that all matter was composed of atoms, indivisible and indestructible
building blocks. While all atoms of an element were identical, different elements had atoms of differing
size and mass.
Dalton’s atomic theory also stated that all compounds were composed of combinations of these atoms in
defined ratios.
Dalton also postulated that chemical reactions resulted in the rearrangement of the reacting atoms.

Key Terms

atom: The smallest possible amount of matter that still retains its identity as a chemical element, now
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atom: The smallest possible amount of matter that still retains its identity as a chemical element, now
known to consist of a nucleus surrounded by electrons.
atomic mass unit: The standard unit that is used for indicating mass of an atom.

History of Dalton’s Atomic Theory

Although the concept of the atom dates back to the ideas of Democritus, the English meteorologist and chemist
John Dalton formulated the first modern description of it as the fundamental building block of chemical structures.
Dalton developed the law of multiple proportions (first presented in 1803) by studying and expanding upon the
works of Antoine Lavoisier and Joseph Proust.

Proust had studied tin oxides and found that their masses were either 88.1% tin and 11.9% oxygen or 78.7% tin and
21.3% oxygen (these were tin(II) oxide and tin dioxide respectively). Dalton noted from these percentages that 100g
of tin will combine either with 13.5g or 27g of oxygen; 13.5 and 27 form a ratio of 1:2. Dalton found an atomic theory
of matter could elegantly explain this common pattern in chemistry – in the case of Proust’s tin oxides, one tin atom
will combine with either one or two oxygen atoms.

Dalton also believed atomic theory could explain why water absorbed different gases in different proportions: for
example, he found that water absorbed carbon dioxide far better than it absorbed nitrogen. Dalton hypothesized this
was due to the differences in the mass and complexity of the gases’ respective particles. Indeed, carbon dioxide
molecules (CO2) are heavier and larger than nitrogen molecules (N2).

Dalton proposed that each chemical element is composed of atoms of a single, unique type, and though they cannot
be altered or destroyed by chemical means, they can combine to form more complex structures (chemical
compounds). Since Dalton reached his conclusions by experimentation and examination of the results in an
empirical fashion, this marked the first truly scientific theory of the atom.
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John Dalton’s A New System of Chemical Philosophy: This image from Dalton’s A New System of Chemical Philosophy, 
published in 1808, depicts various atoms and molecules.

Dalton’s Atomic Theory

The main points of Dalton’s atomic theory are:

1. Everything is composed of atoms, which are the indivisible building blocks of matter and cannot be
destroyed.

2. All atoms of an element are identical.
3. The atoms of different elements vary in size and mass.
4. Compounds are produced through different whole-number combinations of atoms.
5. A chemical reaction results in the rearrangement of atoms in the reactant and product compounds.

Atomic theory has been revised over the years to incorporate the existence of atomic isotopes and the
interconversion of mass and energy. In addition, the discovery of subatomic particles has shown that atoms can be
divided into smaller parts. However, Dalton’s importance in the development of modern atomic theory has been
recognized by the designation of the atomic mass unit as a Dalton.
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DISCOVERIES LEADING TO NUCLEAR ATOM
MODEL

Cathode Rays
Cathode rays are electron beams or streams of electrons that were observed for the first time in Crookes tubes
(vacuum tubes).

Learning Objectives

Define a cathode ray

Key Takeaways

Key Points

Electrons accelerated to high velocities travel in straight lines through an empty cathode ray tube and
strike the glass wall of the tube, causing excited atoms to fluoresce or glow.
Researchers realized that something was traveling from the anode when objects placed in the tube in
front of it could cast a shadow on the glowing wall. Cathode rays carry electronic currents through the
tube. Electrons were first discovered as the constituents of cathode rays.
J.J. Thomson used the cathode ray tube to determine that atoms had small negatively charged particles
inside of them, which he called “electrons.”

Key Terms

cathode rays: Streams of electrons observed in vacuum tubes
crookes tube: An early experimental electrical discharge tube, invented by English physicist William
Crookes and others around 1869-1875, in which cathode rays, streams of electrons, were discovered

Cathode Rays

Cathode rays (also called an electron beam or an e-beam) are streams of electrons observed in vacuum tubes. If an
evacuated glass tube is equipped with two electrodes and a voltage is applied, the glass opposite the negative
electrode is observed to glow from electrons emitted from the cathode. Electrons were first discovered as the
constituents of cathode rays. The image in a classic television set is created by focused beam of electrons deflected
by electric or magnetic fields in cathode ray tubes (CRTs).

Cathode rays are so named because they are emitted by the negative electrode, or cathode, in a vacuum tube. To
release electrons into the tube, they must first be detached from the atoms of the cathode. The early cold cathode
vacuum tubes, called Crookes tubes, used a high electrical potential between the anode and the cathode to ionize
the residual gas in the tube. The electric field accelerated the ions and the ions released electrons when they
collided with the cathode.

Modern vacuum tubes use thermionic emission, in which the cathode is made of a thin wire filament that is heated
by a separate electric current passing through it. The increased random heat motion of the filament atoms knocks
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electrons out of the atoms at the surface of the filament and into the evacuated space of the tube. Since the
electrons have a negative charge, they are repelled by the cathode and attracted to the anode. They travel in
straight lines through the empty tube. The voltage applied between the electrodes accelerates these low mass
particles to high velocities.

Cathode rays are invisible, but their presence was first detected in early vacuum tubes when they struck the glass
wall of the tube, exciting the atoms of the glass and causing them to emit light—a glow called fluorescence.
Researchers noticed that objects placed in the tube in front of the cathode could cast a shadow on the glowing wall,
and realized that something must be traveling in straight lines from the cathode. After the electrons reach the anode,
they travel through the anode wire to the power supply and back to the cathode, so cathode rays carry electric
current through the tube.

History of Cathode Rays

In 1838, Michael Faraday passed a current through a rarefied air-filled glass tube and noticed a strange light arc
with its beginning at the cathode (negative electrode) and its end almost at the anode (positive electrode).

Crookes Tubes

In the 1870s, British physicist William Crookes and others were able to evacuate rarefied tubes to a pressure below
10−6 atm. These were called Crookes tubes. Faraday had been the first to notice a dark space just in front of the
cathode, where there was no luminescence. This came to be called the cathode dark space, Faraday dark space, or
Crookes dark space.

Crookes found that as he pumped more air out of the tubes, the Faraday dark space spread down the tube from the
cathode toward the anode, until the tube was totally dark. But at the anode (positive) end of the tube, the glass of
the tube itself began to glow. What was happening was that as more air was pumped from the tubes, the electrons
could travel farther, on average, before they struck a gas atom. By the time the tube was dark, most of the electrons
could travel in straight lines from the cathode to the anode end of the tube without a collision. With no obstructions,
these low mass particles were accelerated to high velocities by the voltage between the electrodes. These were the
cathode rays. When they reached the anode end of the tube, they were traveling so fast that, although they were
attracted to it, they often flew past the anode and struck the back wall of the tube. When they struck atoms in the
glass wall, they excited their orbital electrons to higher energy levels, causing them to fluoresce.

Crookes tube: A Crookes tube is a rarefied tube evacuated to a pressure below 10−6 atm. It was used in discovery of cathode rays.
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Later researchers painted the inside back wall with fluorescent chemicals such as zinc sulfide, to make the glow 
more visible. Cathode rays themselves are invisible, but this accidental fluorescence allowed researchers to notice 
that objects in the tube in front of the cathode, such as the anode, cast sharp-edged shadows on the glowing back 
wall. In 1869, German physicist Johann Hittorf was first to realize that something must be traveling in straight lines 
from the cathode to cast the shadows. Eugene Goldstein named them cathode rays.

J.J. Thomson’s Experiment

J.J. Thomson studied cathode ray tubes and came up with the idea that the particles in the cathode beams must be 
negative because they were repelled by negatively charged items (either the cathode or a negatively charged plate 
in the cathode ray tube) and attracted by positively charged items (either the anode or the positively charged plate in 
the cathode ray tube). He called these super tiny pieces of the atom, “electrons.” Through his experiments, Thomson
disproved Dalton’s atomic theory, because Dalton’s atomic theory stated that atoms were the smallest piece of the
matter in the universe and they were indivisible. Clearly, the presence of electrons negated these portions of Dalton’s
atomic theory.

Interactive: Crookes Tube: Connect the two electrodes to a high voltage source and see them produce cathode 
rays. J.J. Thomson used a similar experimental setup to discover the first sub-atomic particle. See what you can 
determine about the stream of particles that were called cathode rays.

Watch the video at this link.

Discovery of the Electron: Cathode Ray Tube Experiment – YouTube: J.J. Thompson discovered the electron, 
the first of the subatomic particles, using the cathode ray tube experiment. Thompson’s work disproved John 
Dalton’s theory of the atom.

Millikan’s Oil Drop Experiment
The oil drop experiment calculated the charge of an electron using charged oil droplets suspended in an electric field.

Learning Objectives

Describe the major findings of Millikan’s oil drop experiment

Key Takeaways

Key Points

Millikan’s oil drop experiment measured the charge of an electron. Before this experiment, existence of
subatomic particles was not universally accepted.
Millikan’s apparatus contained an electric field created between a parallel pair of metal plates, which were
held apart by insulating material. Electrically charged oil droplets entered the electric field and were
balanced between two plates by altering the field.
When the charged drops fell at a constant rate, the gravitational and electric forces on it were equal.

Millikan found that the chargeTherefore, the charge on the oil drop was calculated using formula Q =
of a single electron was 1.6 x 10-19 C.

m⋅g

E

Key Terms

electron: The subatomic particle having a negative charge and orbiting the nucleus; the flow of electrons
in a conductor constitutes electricity.
oil drop experiment: Experiment performed by Robert Millikan and Harvey Fletcher in 1909 to measure
the charge of the electron.
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The Oil Drop Experiment

In 1909, Robert Millikan and Harvey Fletcher conducted the oil drop experiment to determine the charge of an
electron. They suspended tiny charged droplets of oil between two metal electrodes by balancing downward
gravitational force with upward drag and electric forces. The density of the oil was known, so Millikan and Fletcher
could determine the droplets’ masses from their observed radii (since from the radii they could calculate the volume
and thus, the mass). Using the known electric field and the values of gravity and mass, Millikan and Fletcher
determined the charge on oil droplets in mechanical equilibrium. By repeating the experiment, they confirmed that
the charges were all multiples of some fundamental value. They calculated this value to be 1.5924 × 10−19

Coulombs (C), which is within 1% of the currently accepted value of 1.602176487 × 10−19 C. They proposed that
this was the charge of a single electron.

Watch the video at this link.

Charge of an Electron: Millikan: How did scientists discover how much negative charge an electron had? Robert
Millikan and Harvey Fletcher used the oil drop experiment.

How did the process work?
The figure below shows a simplified scheme of Millikan’s oil drop experiment. The apparatus incorporated a pair of
metal plates and a specific type of oil. Millikan and Fletcher discovered it was best to use an oil with an extremely
low vapor pressure, such as one designed for use in a vacuum apparatus. Ordinary oil would evaporate under the
heat of the light source, causing the mass of the oil drop to change over the course of the experiment.

By applying a potential difference across a parallel pair of horizontal metal plates, a uniform electric field was
created in the space between them. A ring of insulating material was used to hold the plates apart. Four holes were
cut into the ring—three for illumination by a bright light and another to allow viewing through a microscope. A fine
mist of oil droplets was sprayed into a chamber above the plates. The oil drops became electrically charged through
friction with the nozzle as they were sprayed. Alternatively, charge could be induced by including an ionizing
radiation source (such as an X-ray tube).

Simplified scheme of Millikan’s oil-drop experiment: This apparatus has a parallel pair of horizontal metal plates. A uniform 
electric field is created between them. The ring has three holes for illumination and one for viewing through a microscope. A specific 
type of oil is sprayed into the chamber, where drops become electrically charged. The droplets enter the space between the plates 
and can be controlled by changing the voltage across the plates.

The droplets entered the space between the plates and, because they were charged, they could be controlled by 
changing the voltage across the plates. Initially, the oil drops were allowed to fall between the plates with the electric 
field turned off. They quickly reached terminal velocity due to friction with the air in the chamber. The field was 
turned on and, if it was large enough, some of the drops (the charged ones) would start to rise. This is because the 
upwards electric force, FE, is greater for them than the downwards gravitational force, g. (A charged rubber rod can 
pick up bits of paper in the same way.) A likely looking drop was selected and kept in the middle of the field of view 
by alternately switching off the voltage until all the other drops fell. The experiment was continued with this single 
drop.
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Q =

One can see how Millikan calculated the charge of an electron. Millikan found that all drops had charges which were
multiples of 1.6 x 10-19 C.

At the time of Millikan and Fletcher’s oil drop experiments, the existence of subatomic particles was not universally 
accepted. Experimenting with cathode rays in 1897, J. J. Thomson discovered negatively charged “corpuscles” with 
a mass about 1,840 times smaller than that of a hydrogen atom. George FitzGerald and Walter Kaufmann found 
similar results. In 1923, Millikan won the Nobel Prize in physics in part because of this experiment.

Aside from discerning an electron’s charge, the beauty of the oil drop experiment lies in its simple and elegant 
demonstration that charge is actually quantized. The experiment has since been repeated by generations of physics 
students—although it is rather expensive and difficult to do properly.

Millikan’s experiment was meant to have the drops fall at a constant rate. At this constant rate, the force of gravity 
on the drop and the force of the electric field on the drop are equal:

Fup = Fdown

⋅ Fup = Q⋅ E Fdown = m⋅

Q is the charge of an electron, E is the electric field, m is mass of the droplet, and g is gravity.

Q⋅ E = m⋅ g
m⋅g

E

Oil drop apparatus: A very similar oil drop apparatus was used by Millikan.
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THE STRUCTURE OF THE ATOM

Overview of Atomic Structure
Atoms are made up of particles called protons, neutrons, and electrons, which are responsible for the mass and
charge of atoms.

Learning Objectives

Discuss the electronic and structural properties of an atom

Key Takeaways

Key Points

An atom is composed of two regions: the nucleus, which is in the center of the atom and contains protons
and neutrons, and the outer region of the atom, which holds its electrons in orbit around the nucleus.
Protons and neutrons have approximately the same mass, about 1.67 × 10-24 grams, which scientists
define as one atomic mass unit (amu) or one Dalton.
Each electron has a negative charge (-1) equal to the positive charge of a proton (+1).
Neutrons are uncharged particles found within the nucleus.

Key Terms

atom: The smallest possible amount of matter which still retains its identity as a chemical element,
consisting of a nucleus surrounded by electrons.
proton: Positively charged subatomic particle forming part of the nucleus of an atom and determining the
atomic number of an element. It weighs 1 amu.
neutron: A subatomic particle forming part of the nucleus of an atom. It has no charge. It is equal in mass
to a proton or it weighs 1 amu.

An atom is the smallest unit of matter that retains all of the chemical properties of an element. Atoms combine to
form molecules, which then interact to form solids, gases, or liquids. For example, water is composed of hydrogen
and oxygen atoms that have combined to form water molecules. Many biological processes are devoted to breaking
down molecules into their component atoms so they can be reassembled into a more useful molecule.

Atomic Particles

Atoms consist of three basic particles: protons, electrons, and neutrons. The nucleus (center) of the atom contains
the protons (positively charged) and the neutrons (no charge). The outermost regions of the atom are called
electron shells and contain the electrons (negatively charged). Atoms have different properties based on the
arrangement and number of their basic particles.

The hydrogen atom (H) contains only one proton, one electron, and no neutrons. This can be determined using the
atomic number and the mass number of the element (see the concept on atomic numbers and mass numbers).
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Structure of an atom: Elements, such as helium, depicted here, are made up of atoms. Atoms are made up of protons and
neutrons located within the nucleus, with electrons in orbitals surrounding the nucleus.

Atomic Mass

Protons and neutrons have approximately the same mass, about 1.67 × 10-24 grams. Scientists define this amount
of mass as one atomic mass unit (amu) or one Dalton. Although similar in mass, protons are positively charged,
while neutrons have no charge. Therefore, the number of neutrons in an atom contributes significantly to its mass,
but not to its charge.

Electrons are much smaller in mass than protons, weighing only 9.11 × 10-28 grams, or about 1/1800 of an atomic
mass unit. Therefore, they do not contribute much to an element’s overall atomic mass. When considering atomic
mass, it is customary to ignore the mass of any electrons and calculate the atom’s mass based on the number of
protons and neutrons alone.

Electrons contribute greatly to the atom’s charge, as each electron has a negative charge equal to the positive
charge of a proton. Scientists define these charges as “+1” and “-1. ” In an uncharged, neutral atom, the number of
electrons orbiting the nucleus is equal to the number of protons inside the nucleus. In these atoms, the positive and
negative charges cancel each other out, leading to an atom with no net charge.
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Protons, neutrons, and electrons: Both protons and neutrons have a mass of 1 amu and are found in the nucleus. However,
protons have a charge of +1, and neutrons are uncharged. Electrons have a mass of approximately 0 amu, orbit the nucleus, and
have a charge of -1.

Exploring Electron Properties: Compare the behavior of electrons to that of other charged particles to discover
properties of electrons such as charge and mass.

Volume of Atoms

Accounting for the sizes of protons, neutrons, and electrons, most of the volume of an atom—greater than 99
percent—is, in fact, empty space. Despite all this empty space, solid objects do not just pass through one another.
The electrons that surround all atoms are negatively charged and cause atoms to repel one another, preventing
atoms from occupying the same space. These intermolecular forces prevent you from falling through an object like
your chair.

Interactive: Build an Atom: Build an atom out of protons, neutrons, and electrons, and see how the element,
charge, and mass change. Then play a game to test your ideas!

Atomic Number and Mass Number
The atomic number is the number of protons in an element, while the mass number is the number of protons plus
the number of neutrons.

Learning Objectives

Determine the relationship between the mass number of an atom, its atomic number, its atomic mass, and its
number of subatomic particles

Key Takeaways

Key Points

Neutral atoms of each element contain an equal number of protons and electrons.

62



Neutral atoms of each element contain an equal number of protons and electrons.
The number of protons determines an element’s atomic number and is used to distinguish one element
from another.
The number of neutrons is variable, resulting in isotopes, which are different forms of the same atom that
vary only in the number of neutrons they possess.
Together, the number of protons and the number of neutrons determine an element’s mass number.
Since an element’s isotopes have slightly different mass numbers, the atomic mass is calculated by
obtaining the mean of the mass numbers for its isotopes.

Key Terms

mass number: The sum of the number of protons and the number of neutrons in an atom.
atomic number: The number of protons in an atom.
atomic mass: The average mass of an atom, taking into account all its naturally occurring isotopes.

Atomic Number

Neutral atoms of an element contain an equal number of protons and electrons. The number of protons determines
an element’s atomic number (Z) and distinguishes one element from another. For example, carbon’s atomic number
(Z) is 6 because it has 6 protons. The number of neutrons can vary to produce isotopes, which are atoms of the
same element that have different numbers of neutrons. The number of electrons can also be different in atoms of
the same element, thus producing ions (charged atoms). For instance, iron, Fe, can exist in its neutral state, or in
the +2 and +3  ionic states.

Mass Number

An element’s mass number (A) is the sum of the number of protons and the number of neutrons. The small
contribution of mass from electrons is disregarded in calculating the mass number. This approximation of mass can
be used to easily calculate how many neutrons an element has by simply subtracting the number of protons from
the mass number. Protons and neutrons both weigh about one atomic mass unit or amu. Isotopes of the same
element will have the same atomic number but different mass numbers.

Atomic number, chemical symbol, and mass number: Carbon has an atomic number of six, and two stable isotopes with mass
numbers of twelve and thirteen, respectively. Its average atomic mass is 12.11.

Scientists determine the atomic mass by calculating the mean of the mass numbers for its naturally-occurring
isotopes. Often, the resulting number contains a decimal. For example, the atomic mass of chlorine (Cl) is 35.45
amu because chlorine is composed of several isotopes, some (the majority) with an atomic mass of 35 amu (17
protons and 18 neutrons) and some with an atomic mass of 37 amu (17 protons and 20 neutrons).

Given an atomic number (Z) and mass number (A), you can find the number of protons, neutrons, and electrons in a
neutral atom. For example, a lithium atom (Z=3, A=7 amu) contains three protons (found from Z), three electrons (as
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the number of protons is equal to the number of electrons in an atom), and four neutrons (7 – 3 = 4).

Isotopes
Isotopes are various forms of an element that have the same number of protons, but a different number of neutrons.

Learning Objectives

Discuss the properties of isotopes and their use in radiometric dating

Key Takeaways

Key Points

Isotopes are atoms of the same element that contain an identical number of protons, but a different
number of neutrons.
Despite having different numbers of neutrons, isotopes of the same element have very similar physical
properties.
Some isotopes are unstable and will undergo radioactive decay to become other elements.
The predictable half-life of different decaying isotopes allows scientists to date material based on its
isotopic composition, such as with Carbon-14 dating.

Key Terms

isotope: Any of two or more forms of an element where the atoms have the same number of protons, but
a different number of neutrons within their nuclei.
half-life: The time it takes for half of the original concentration of an isotope to decay back to its more
stable form.
radioactive isotopes: an atom with an unstable nucleus, characterized by excess energy available that
undergoes radioactive decay and creates most commonly gamma rays, alpha or beta particles.
radiocarbon dating: Determining the age of an object by comparing the ratio of the 14C concentration
found in it to the amount of 14C in the atmosphere.

What is an Isotope?

Isotopes are various forms of an element that have the same number of protons but a different number of neutrons.
Some elements, such as carbon, potassium, and uranium, have multiple naturally-occurring isotopes. Isotopes are
defined first by their element and then by the sum of the protons and neutrons present.

Carbon-12 (or 12C) contains six protons, six neutrons, and six electrons; therefore, it has a mass number of
12 amu (six protons and six neutrons).
Carbon-14 (or 14C) contains six protons, eight neutrons, and six electrons; its atomic mass is 14 amu (six
protons and eight neutrons).

While the mass of individual isotopes is different, their physical and chemical properties remain mostly unchanged.

Isotopes do differ in their stability. Carbon-12 (12C) is the most abundant of the carbon isotopes, accounting for
98.89% of carbon on Earth. Carbon-14 (14C) is unstable and only occurs in trace amounts. Unstable isotopes most
commonly emit alpha particles (He2+) and electrons. Neutrons, protons, and positrons can also be emitted and
electrons can be captured to attain a more stable atomic configuration (lower level of potential energy ) through a
process called radioactive decay. The new atoms created may be in a high energy state and emit gamma rays
which lowers the energy but alone does not change the atom into another isotope. These atoms are called
radioactive isotopes or radioisotopes.
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Application of carbon dating: The age of carbon-containing remains less 
than 50,000 years old, such as this pygmy mammoth, can be determined using 
carbon dating
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Radiocarbon Dating

Carbon is normally present in the atmosphere in the form of gaseous compounds like carbon dioxide and methane. 
Carbon-14 (14C) is a naturally-occurring radioisotope that is created from atmospheric 14N (nitrogen) by the addition 
of a neutron and the loss of a proton, which is caused by cosmic rays. This is a continuous process so more 14C is 
always being created in the atmosphere. Once produced, the 14C often combines with the oxygen in the 
atmosphere to form carbon dioxide. Carbon dioxide produced in this way diffuses in the atmosphere, is dissolved in 
the ocean, and is incorporated by plants via photosynthesis. Animals eat the plants and, ultimately, the radiocarbon 
is distributed throughout the biosphere.

In living organisms, the relative amount of 14C in their body is approximately equal to the concentration of 14C in the 
atmosphere. When an organism dies, it is no longer ingesting 14C, so the ratio between 14C and 12C will decline as 
14C gradually decays back to 14N. This slow process, which is called beta decay, releases energy through the 
emission of electrons from the nucleus or positrons.

.After approximately 5,730 years, half of the 
starting concentration of 14C will have been 
converted back to 14N. This is referred to 
as its half-life, or the time it takes for half of 
the original concentration of an isotope to 
decay back to its

more stable form. Because the half-life of 
14C is long, it is used to date formerly-living 
objects such as old bones or wood. 
Comparing the ratio of the 14C 
concentration found in an object to the 
amount of 14C in the atmosphere, the 
amount of the isotope that has not yet 
decayed can be determined. On the basis 
of this amount, the age of the material can 
be accurately calculated, as long as the 
material is believed to be less than 50,000 
years old. This technique is called 
radiocarbon dating, or carbon dating for 
short.

Other elements have isotopes with different half lives. For example, 40K (potassium-40) has a half-life of 1.25 billion
years, and 235U (uranium-235) has a half-life of about 700 million years. Scientists often use these other radioactive
elements to date objects that are older than 50,000 years (the limit of carbon dating). Through the use of radiometric 
dating, scientists can study the age of fossils or other remains of extinct organisms.
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THE PERIODIC TABLE

The Periodic Table
The periodic table shows all the elements and their physical properties; it is arranged based on atomic numbers and
electron configurations.

Learning Objectives

Identify the common periodic trends that can be deduced from the periodic table of elements

Key Takeaways

Key Points

The periodic table lists all the elements, with information about their atomic weights, chemical symbols,
and atomic numbers.
The arrangement of the periodic table leads us to visualize certain trends among the atoms.
The vertical columns (groups) of the periodic table are arranged such that all its elements have the same
number of valence electrons. All elements within a certain group thus share similar properties.

Key Terms

atomic number: The number, equal to the number of protons in an atom, that determines its chemical
properties. Symbol: Z
group: A vertical column in the periodic table, which signifies the number of valence shell electrons in an
element’s atom.
period: A horizontal row in the periodic table, which signifies the total number of electron shells in an
element’s atom.

Element Symbols

The periodic table is structured as an 18 X 7 grid, positioned above a smaller double row of elements. The periodic
table only lists chemical elements, and includes each isotope of each element within one cell. In the typical periodic
table, each element is listed by its element symbol and atomic number. For example, “H” denotes hydrogen, “Li”
denotes lithium, and so on. Most elements are represented by the first letter or first two letters of their English name,
but there are some exceptions. Two notable exceptions include silver and mercury. The symbol for silver is “Ag”
from Latin argentum, which means “gray” or “shining.” The symbol for mercury is “Hg” from the Latinized Greek
hydrargyrum, which means “water-silver.” Many periodic tables include the full name of element as well and color-
code the elements based on their phase at room temperature (solid, liquid, or gas).
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The periodic table: The periodic table is a tabular display of all the chemical elements. The atoms are grouped in order of
increasing atomic number.

Rows and Periods

The element symbol is always almost accompanied by other information such as atomic number and atomic weight.
Atomic number describes the number of protons in one atom of that element. For example, an atom of oxygen
contains 8 protons. Elements are listed in order of increasing atomic number from left to right. Each row of the
periodic table is called a period and each column of the periodic table is called a group (or family). Some groups
have specific names like the halogens or noble gases. Elements within the same period or group have similar
properties.

Determining Chemical Properties using the Periodic Table

Chemical properties of each element are determined by the element’s electronic configuration, and particularly by its
outermost valence electrons. An element’s location in the periodic table is largely dependent on its electrons; the
number of valence shell electrons determines its group, and the type of orbital in which the valence electrons lie in
determines the element’s block. In addition, the total number of electron shells an atom determines which period it
belongs to. Because of its structure, the periodic table has become an extremely useful tool for assessing and
predicting elemental and chemical trends.

https://youtu.be/TIxiDESxc0I

Chemistry 3.1 Introduction to the Periodic Table – YouTube: An introduction to the periodic table which identifies
metals,,nonmetals, and metalloids by location and compares and contrasts the physical properties of metals and
nonmetals.
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Molecules

Molecules are electrically neutral compounds made of multiple atoms bound together by chemical bonds.

Learning Objectives

Recognize the general properties of molecules

Key Takeaways

Key Points

Molecules are neutral and do not carry any charge.
A molecule may consist of nonmetallic atoms of a single chemical element, as with oxygen (O2), or of
different elements, as with water (H2O).
The geometry and composition of a molecule will determine its chemical and physical properties.
Isomers are molecules with the same atoms in different geometric arrangements.

Key Terms

covalent: when 2 or more nonmetallic atoms are bound together by sharing electrons.
isomer: Molecules with the same number of atoms in different geometric arrangements.
compound: when two or more different atoms are held together by a covalent bond. All compounds are
molecules but not all molecules are compounds.
molecule: Two or more atoms that are held together by a chemical covalent bond.

Atoms and Molecules

An atom is defined as a basic unit of matter that contains a centralized dense nucleus surrounded by an electron
cloud. When two or more atoms are held together by a chemical covalent bond, this new entity is known as a
molecule. The word “molecule” is a loose term, and it colloquially carries different meanings across different fields of
study. For example, the term “molecules” is used in the kinetic theory of gases, referring to any gaseous particle
regardless of its composition.

Most often, the term “molecules” refers to multiple atoms; a molecule may be composed of a single chemical
element, as with oxygen (O2), or of multiple elements, such as water (H2O). Molecules are neutral and carry no
charge; this property distinguishes them from polyatomic ions, such as nitrate (NO3

–).
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caffeine molecule: Caffeine is a complicated molecule, composed of many atoms bonded to each other in a specific arrangement.

Molecular size varies depending on the number of atoms that make up the molecule. Most molecules are too small
to be seen with the naked eye. The smallest molecule is diatomic hydrogen (H2), with a bond length of 0.74
angstroms. Macromolecules are large molecules composed of smaller subunits; this term from biochemistry refers
to nucleic acids, proteins, carbohydrates, and lipids. Some macromolecules may be observed by specialized
microscopes.

Often, a compound ‘s composition can also be denoted by an empirical formula, which is the simplest integer ratio
of its constituent chemical elements. However, this empirical formula does not always describe the specific molecule
in question, since it provides only the ratio of its elements. The full elemental composition of a molecule can be
precisely represented by its molecular formula, which indicates the exact number of atoms that are in the molecule.

Example

C6H12O6 = molecular formula for glucose
CH2O = empirical (simplified ratio) formula for glucose
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Isomers are molecules with the same atoms in different geometric arrangements. Because of these different
arrangements, isomers often have very different chemical and physical properties. In the picture below, 1-propanol
is mostly used in the synthesis of other compounds and has a less offensive odor, whereas 2-propanol is the
common household alcohol.

propanol structural isomers: The chemical formula for propanol (C3H7OH) describes several different molecules, which vary by 
the position of the alcohol (OH). Each molecule is a structural isomer of the other.

Ions
An ion is an atom or molecule that has a net electrical charge because its total number of electrons is not equal to
its number of protons.

Learning Objectives

Compare the different classes of ions

Key Takeaways

Key Points

Ions are formed when the number of protons in an atom does not equal the number of electrons. If more
protons are present, the ion is positive and is known as a cation; if more electrons are present, the ion is
negative and referred to as an anion.
Ions are highly reactive species. They are generally found in a gaseous state and do not occur in
abundance on Earth. They are repelled by like electric charges and are attracted to opposite charges.
The electron cloud of an atom determines the size of the atom; added electrons (anions) increase the
electron repulsion, increasing the ion’s size, while cations (with less electrons) are smaller than the atom
because there are fewer electrons in the cloud to repel each other.

Key Terms

ion: An atom or group of atoms bearing an electrical charge, such as the sodium and chlorine atoms in a
salt solution.
anion: Ions that are negatively charged because they have more electrons than protons.
cation: Ions that are positively charged because they have more protons than electrons.

An atom is a basic unit of matter that consists of a dense nucleus composed of positively charged protons and
neutral neutrons, which is surrounded by a cloud of negatively charged electrons. If an atom has the same number
of protons and electrons, it is electronically neutral. However, if the total number of electrons does not equal the
number of protons, the atom has a net electrical charge.

Isomers
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Any atom or molecule with a net charge, either positive or negative, is known as an ion. An ion consisting of a single
atom is a monoatomic ion; an ion consisting of two or more atoms is referred to as a polyatomic ion. The positive
electric charge of a proton is equal in magnitude to the negative charge of an electron; therefore, the net electric
charge of an ion is equal to its number of protons minus its number of electrons.

Ions are highly reactive species. They are generally found in a gaseous state and do not occur in abundance on
Earth. Ions in the liquid or solid state are produced when salts interact with their solvents. They are repelled by like
electric charges and are attracted to opposite charges.

Types of Ions

There are specialized types of ions. Anions have more electrons than protons and so have a net negative charge.
Cations have more protons than electrons and so have a net positive charge. Zwitterions are neutral and have both
positive and negative charges at different locations throughout the molecule. Anions are generally larger than the
parent molecule or atom, because the excess electrons repel each other and add to the physical size of the electron
cloud. Cations are generally smaller than their parent atom or molecule due to the smaller size of their electron
clouds.

+-

No. of protons 1 1 1

0 1 2

H+ H H-

cation neutral (not an ion) anion

+1 0 -1

No. of electrons

Charge

Notation

Classification

Legend

electron

proton

Hydrogen ions: The relationship between a molecule, its cation, and its anion is shown.

An ion is denoted by writing its net negative charge in superscript immediately after the chemical structure for the
atom/molecule. Conventionally the net charge is written with the magnitude before the sign; the magnitude of singly
charged molecules/atoms is generally omitted. Monoatomic ions are sometimes also represented by Roman
numerals, which designate the formal oxidation state of the element, whereas the superscripted numerals denote
the net charge. For example, Fe2+ can be referred to as Fe(II). These representations can be thought of as
equivalent for monoatomic ions, but the Roman numerals cannot be applied to polyatomic ions.

Forming Ions

Ions can be formed by ionization, which is the process of a neutral atom losing or gaining electrons. Generally, the
electrons are either added to or lost from the valence shell of an atom; the inner-shell electrons are more tightly
bound to the positively charged nucleus and so do not participate in this type of chemical interaction.

Ionization generally involves a transfer of electrons between atoms or molecules. The process is motivated by the
achievement of more stable electronic configurations, such as the octet rule, which states that most stable atoms
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and ions have eight electrons in their outermost (valence) shell. Polyatomic and molecular ions can also be formed,
generally by gaining or losing elemental ions, such as H+, in neutral molecules. Polyatomic ions are generally very
unstable and reactive.

An common example of an ion is Na+. Sodium has a +1 charge because sodium has eleven electrons. However,
according to the octet rule, sodium would be more stable with 10 electrons (2 in its inner most shell, 8 in its
outermost shell). Therefore, sodium tends to lose an electron to become more stable. On the other hand, chlorine
tends to gain an electron to become Cl–. Chlorine naturally has 17 electrons but it would be more stable with 18
electrons (2 in its inner most shell, 8 in its second shell, and 8 in its valence shell). Therefore, chlorine will take an
electron from another atom to become negatively charged.

Watch the video at this link.

Periodic Properties: Part 3, Ionic Radius, Predicting Ionic Charges – YouTube: A continuation of the discussion
of periodic properties, including ionic radius and how to predict ionic charges.
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TYPES OF CHEMICAL BONDS

Introduction to Bonding
Chemical bonding describes a variety of interactions that hold atoms together in chemical compounds.

Learning Objectives

List the types of chemical bonds and their general properties

Key Takeaways

Key Points

Chemical bonds are forces that hold atoms together to make compounds or molecules.
Chemical bonds include covalent, polar covalent, and ionic bonds.
Atoms with relatively similar electronegativities share electrons between them and are connected by
covalent bonds.
Atoms with large differences in electronegativity transfer electrons to form ions. The ions then are
attracted to each other. This attraction is known as an ionic bond.

Key Terms

bond: A link or force between neighboring atoms in a molecule or compound.
ionic bond: An attraction between two ions used to create an ionic compound. This attraction usually
forms between a metal and a non-metal.
covalent bond: An interaction between two atoms, which involves the sharing of one or more electrons
to help each atom satisfy the octet rule. This interaction typically forms between two non-metals.
intramolecular: Refers to interactions within a molecule.
intermolecular forces: Refers to interactions between two or more molecules.

Chemical bonds

Chemical bonds are the connections between atoms in a molecule. These bonds include both strong intramolecular
interactions, such as covalent and ionic bonds. They are related to weaker intermolecular forces, such as dipole-
dipole interactions, the London dispersion forces, and hydrogen bonding. The weaker forces will be discussed in a
later concept.
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Chemical bonds: This pictures shows examples of chemical bonding using Lewis dot notation. Hydrogen and carbon are not
bonded, while in water there is a single bond between each hydrogen and oxygen. Bonds, especially covalent bonds, are often
represented as lines between bonded atoms. Acetylene has a triple bond, a special type of covalent bond that will be discussed
later.

Covalent Bonds

Chemical bonds are the forces of attraction that tie atoms together. Bonds are formed when valence electrons, the
electrons in the outermost electronic “shell” of an atom, interact. The nature of the interaction between the atoms
depends on their relative electronegativity. Atoms with equal or similar electronegativity form covalent bonds, in
which the valence electron density is shared between the two atoms. The electron density resides between the
atoms and is attracted to both nuclei. This type of bond forms most frequently between two non- metals.

When there is a greater electronegativity difference than between covalently bonded atoms, the pair of atoms
usually forms a polar covalent bond. The electrons are still shared between the atoms, but the electrons are not
equally attracted to both elements. As a result, the electrons tend to be found near one particular atom most of the
time. Again, polar covalent bonds tend to occur between non-metals.

Ionic Bonds

Finally, for atoms with the largest electronegativity differences (such as metals bonding with nonmetals), the bonding
interaction is called ionic, and the valence electrons are typically represented as being transferred from the metal
atom to the nonmetal. Once the electrons have been transferred to the non-metal, both the metal and the non-metal
are considered to be ions. The two oppositely charged ions attract each other to form an ionic compound.

Bonds, Stability, and Compounds

Covalent interactions are directional and depend on orbital overlap, while ionic interactions have no particular
directionality. Each of these interactions allows the atoms involved to gain eight electrons in their valence shell,
satisfying the octet rule and making the atoms more stable.

These atomic properties help describe the macroscopic properties of compounds. For example, smaller covalent
compounds that are held together by weaker bonds are frequently soft and malleable. On the other hand, longer-
range covalent interactions can be quite strong, making their compounds very durable. Ionic compounds, though
composed of strong bonding interactions, tend to form brittle crystalline lattices.

Ionic Bonds
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Ionic bonds are a subset of chemical bonds that result from the transfer of valence electrons, typically between a
metal and a nonmetal.

Learning Objectives

Summarize the characteristic features of ionic bonds

Key Takeaways

Key Points

Ionic bonds are formed through the exchange of valence electrons between atoms, typically a metal and
a nonmetal.
The loss or gain of valence electrons allows ions to obey the octet rule and become more stable.
Ionic compounds are typically neutral. Therefore, ions combine in ways that neutralize their charges.

Key Terms

valence electrons: The electrons of an atom that can participate in the formation of chemical bonds with
other atoms. They are the furthest electrons from the nucleus.
octet rule: An atom is most stable when there are eight electrons in its valence shell.

Forming an Ion

Ionic bonds are a class of chemical bonds that result from the exchange of one or more valence electrons from one
atom, typically a metal, to another, typically a nonmetal. This electron exchange results in an electrostatic attraction
between the two atoms called an ionic bond. An atom that loses one or more valence electrons to become a
positively charged ion is known as a cation, while an atom that gains electrons and becomes negatively charged is
known as an anion.

This exchange of valence electrons allows ions to achieve electron configurations that mimic those of the noble
gases, satisfying the octet rule. The octet rule states that an atom is most stable when there are eight electrons in its
valence shell. Atoms with less than eight electrons tend to satisfy the duet rule, having two electrons in their valence
shell. By satisfying the duet rule or the octet rule, ions are more stable.

A cation is indicated by a positive superscript charge (+ something) to the right of the atom. An anion is indicated by
a negative superscript charge (- something) to the right of the atom. For example, if a sodium atom loses one
electron, it will have one more proton than electron, giving it an overall +1 charge. The chemical symbol for the
sodium ion is Na+1 or just Na+. Similarly, if a chlorine atom gains an extra electron, it becomes the chloride ion, Cl–.
Both ions form because the ion is more stable than the atom due to the octet rule.

Forming an Ionic Bond

Once the oppositely charged ions form, they are attracted by their positive and negative charges and form an ionic
compound. Ionic bonds are also formed when there is a large electronegativity difference between two atoms. This
difference causes an unequal sharing of electrons such that one atom completely loses one or more electrons and
the other atom gains one or more electrons, such as in the creation of an ionic bond between a metal atom (sodium)
and a nonmetal (fluorine).
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Formation of sodium fluoride: The transfer of electrons and subsequent attraction of oppositely charged ions.

Determining the Formula of an Ionic Compound

To determine the chemical formulas of ionic compounds, the following two conditions must be satisfied:

1. Each ion must obey the octet rule for maximum stability.
2. Ions will combine in a way that the overall ionic compound will be neutral. In other words, the charges of the

ions must balance out.

Magnesium and fluorine combine to form an ionic compound. What is the formula for the compound?

Mg most commonly forms a 2+ ion. This is because Mg has two valence electrons and it would like to get rid of
those two ions to obey the octet rule. Fluorine has seven valence electrons and usually forms the F – ion because it
gains one electron to satisfy the octet rule. When Mg2+ and F – combine to form an ionic compound, their charges
must cancel out. Therefore, one Mg2+ needs two F – ions to neutralize the charge. The 2+ of the Mg is balanced by
having two -1 charged ions. Therefore, the formula of the compound is MgF2. The subscript two indicates that there
are two fluorines that are ionically bonded to magnesium.

On the macroscopic scale, ionic compounds form crystalline lattice structures that are characterized by high melting
and boiling points and good electrical conductivity when melted or solubilized.

Example

Magnesium and fluorine combine to form an ionic compound. What is the formula for the compound?

Mg most commonly forms a 2+ ion. This is because Mg has two valence electrons and it would like to get rid of
those two ions to obey the octet rule. Fluorine has seven valence electrons and as such, usually forms the F– ion
because it gains one electron to satisfy the octet rule. When Mg2+ and F– combine to form an ionic compound, their
charges must cancel out. Therefore, one Mg2+ needs two F– ions to balance. The 2+ of the Mg is balanced by
having two -1 charged ions. Therefore, the formula of the compound is MgF2. The subscript two indicates that there
are two fluorines that are ionically bonded to magnesium.

Covalent Bonds
Covalent bonding involves two atoms, typically nonmetals, sharing valence electrons.

Learning Objectives

Differentiate between covalent and ionic bonds
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Key Takeaways

Key Points

Covalent bonds involve two atoms, typically nonmetals, that share electron density to form strong
bonding interactions.
Covalent bonds include single, double, and triple bonds and are composed of sigma and pi bonding
interactions where 2, 4, or 6 electrons are shared respectively.
Covalent compounds typically have lower melting and boiling points than ionic compounds.

Key Terms

electronegativity: The tendency of an atom or molecule to attract electrons and thus form bonds.
single bond: A type of covalent bond where only two electrons are shared between atoms.

Forming Covalent Bonds

Covalent bonds are a class of chemical bonds where valence electrons are shared between two atoms, typically two
nonmetals. The formation of a covalent bond allows the nonmetals to obey the octet rule and thus become more
stable. For example:

A fluorine atom has seven valence electrons. If it shares one electron with a carbon atom (which has four
valence electrons), the fluorine will have a full octet (its seven electrons plus the one it is sharing with
carbon).
Carbon will then have five valence electrons (its four and the one its sharing with fluorine). Covalently sharing
two electrons is also known as a “single bond.” Carbon will have to form four single bonds with four different
fluorine atoms to fill its octet. The result is CF4 or carbon tetrafluoride.

Covalent bonding requires a specific orientation between atoms in order to achieve the overlap between bonding
orbitals. Covalent bonding interactions include sigma-bonding (σ) and pi-bonding (π). Sigma bonds are the strongest
type of covalent interaction and are formed via the overlap of atomic orbitals along the orbital axis. The overlapped
orbitals allow the shared electrons to move freely between atoms. Pi bonds are a weaker type of covalent
interactions and result from the overlap of two lobes of the interacting atomic orbitals above and below the orbital
axis.

Covalent bonds can be single, double, and triple bonds.

Single bonds occur when two electrons are shared and are composed of one sigma bond between the two
atoms.
Double bonds occur when four electrons are shared between the two atoms and consist of one sigma bond
and one pi bond.
Triple bonds occur when six electrons are shared between the two atoms and consist of one sigma bond and
two pi bonds (see later concept for more info about pi and sigma bonds).

Ionic Compounds v. Molecular Compounds

Unlike an ionic bond, a covalent bond is stronger between two atoms with similar electronegativity. For atoms with
equal electronegativity, the bond between them will be a non- polar covalent interaction. In non-polar covalent
bonds, the electrons are equally shared between the two atoms. For atoms with differing electronegativity, the bond
will be a polar covalent interaction, where the electrons will not be shared equally.

Ionic solids are generally characterized by high melting and boiling points along with brittle, crystalline structures.
Covalent compounds, on the other hand, have lower melting and boiling points. Unlike ionic compounds, they are
often not soluble in water and do not conduct electricity when solubilized.
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CHEMICAL FORMULAS

Molecular Formulas
Molecular formulas are a compact chemical notation that describe the type and number of atoms in a single
molecule of a compound.

Learning Objectives

Identify the molecular formula of a compound given either its name or structural formula.

Key Takeaways

Key Points

A molecular formula consists of the chemical symbols for the constituent elements followed by numeric
subscripts describing the number of atoms of each element present in the molecule.
The empirical formula represents the simplest whole-integer ratio of atoms in a compound. The molecular
formula for a compound can be the same as or a multiple of the compound’s empirical formula.
Molecular formulas are compact and easy to communicate; however, they lack the information about
bonding and atomic arrangement that is provided in a structural formula.

Key Terms

molecular formula: A formula that describes the exact number and type of atoms in a single molecule of
a compound.
empirical formula: A formula that indicates the simplest whole number ratio of all the atoms in a
molecule.
structural formula: A formula that indicates not only the number of atoms, but also their arrangement in
space.

Molecular formulas describe the exact number and type of atoms in a single molecule of a compound. The
constituent elements are represented by their chemical symbols, and the number of atoms of each element present
in each molecule is shown as a subscript following that element’s symbol. The molecular formula expresses
information about the proportions of atoms that constitute a particular chemical compound, using a single line of
chemical element symbols and numbers. Sometimes it also includes other symbols, such as parentheses, dashes,
brackets, and plus (+) and minus (–) signs.

For organic compounds, carbon and hydrogen are listed as the first elements in the molecular formula, and they are
followed by the remaining elements in alphabetical order. For example, for butane, the molecular formula is C4H10.
For ionic compounds, the cation precedes the anion in the molecular formula. For example, the molecular formula of
sodium fluoride is NaF.

A molecular formula is not a chemical name, and it contains no words. Although a molecular formula may imply
certain simple chemical structures, it is not the same as a full chemical structural formula. Molecular formulas are
more limiting than chemical names and structural formulas.
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Empirical and Molecular Formulas

The simplest types of chemical formulas are called empirical formulas, which indicate the ratio of each element in
the molecule. The empirical formula is the simplest whole number ratio of all the atoms in a molecule. For example:

The molecular formula for glucose is C6H12O6. The molecular formula indicates the exact number of atoms in
the molecule.
The empirical formula expresses the smallest whole number ratio of the atoms in the element. In this case,
the empirical formula of glucose is CH2O.

To convert between empirical and molecular formulas, the empirical formula can be multiplied by a whole number to
reach the molecular formula. In this case, the empirical formula would be multiplied by 6 to get to the molecular
formula.

Examples of Empirical and Molecular Formulas

The compound dichlorine hexoxide has an empirical formula ClO3 and the molecular formula Cl2O6
The compound hydrogen peroxide has the empirical formula HO and the molecular formula H2O2

Molecular Formulas and Structural Formulas

Molecular formulas contain no information about the arrangement of atoms. Because of this, one molecular formula
can describe a number of different chemical structures. A structural formula is used to indicate not only the number
of atoms, but also their arrangement in space. A structural formula is not as compact and easy to communicate, but
it provides information that the molecular formula does not about the relative positioning of atoms and the bonding
between atoms. Compounds that share a chemical formula but have different chemical structures are known as
isomers, and they can have quite different physical properties.

Structural formula of butane: The chemical structure of butane indicates not only the number of atoms, but also their arrangement
in space.

Empirical Formulas

Empirical formulas describe the simplest whole-number ratio of the elements in a compound.

Learning Objectives

Derive a molecule’s empirical formula given its mass composition

Key Takeaways

Key Points

Empirical formulas are the simplest form of notation.

The molecular formula for a compound is equal to, or a whole-number multiple of, its empirical formula.
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The molecular formula for a compound is equal to, or a whole-number multiple of, its empirical formula.
Like molecular formulas, empirical formulas are not unique and can describe a number of different
chemical structures or isomers.
To determine an empirical formula, the mass composition of its elements can be used to mathematically
determine their ratio.

Key Terms

empirical formula: A notation indicating the ratios of the various elements present in a compound,
without regard to the actual numbers.

Chemists use a variety of notations to describe and summarize the atomic constituents of compounds. These
notations, which include empirical, molecular, and structural formulas, use the chemical symbols for the elements
along with numeric values to describe atomic composition.

Empirical formulas are the simplest form of notation. They provide the lowest whole-number ratio between the
elements in a compound. Unlike molecular formulas, they do not provide information about the absolute number of
atoms in a single molecule of a compound. The molecular formula for a compound is equal to, or a whole-number
multiple of, its empirical formula.

Structural Formulas v. Empirical Formulas

An empirical formula (like a molecular formula) lacks any structural information about the positioning or bonding of
atoms in a molecule. It can therefore describe a number of different structures, or isomers, with varying physical
properties. For butane and isobutane, the empirical formula for both molecules is C2H5, and they share the same
molecular formula, C4H10. However, one structural representation for butane is CH3CH2CH2CH3, while isobutane
can be described using the structural formula (CH3)3CH.

Butane: The structural formula of butane.

Isobutane: The structural formula of isobutane.

Determining Empirical Formulas
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Empirical formulas can be determined using mass composition data. For example, combustion analysis can be used
in the following manner:

A CHN analyzer (an instrument that can determine the composition of a molecule) can be used to find the
mass fractions of carbon, hydrogen, oxygen, and other atoms for a sample of an unknown organic
compound.
Once the relative mass contributions of elements are known, this information can be converted into moles.
The empirical formula is the lowest possible whole-number ratio of the elements.

Example 1

Suppose you are given a compound such as methyl acetate, a solvent commonly used in paints, inks, and
adhesives. When methyl acetate was chemically analyzed, it was discovered to have 48.64% carbon (C), 8.16%
hydrogen (H), and 43.20% oxygen (O). For the purposes of determining empirical formulas, we assume that we
have 100 g of the compound. If this is the case, the percentages will be equal to the mass of each element in
grams.
Step 1: Change each percentage to an expression of the mass of each element in grams. That is, 48.64% C
becomes 48.64 g C, 8.16% H becomes 8.16 g H, and 43.20% O becomes 43.20 g O because we assume we
have 100 g of the overall compound.
Step 2: Convert the amount of each element in grams to its amount in moles.

Step 3: Divide each of the mole values by the smallest of the mole values.

Step 4: If necessary, multiply these numbers by integers in order to get whole numbers; if an operation is done
to one of the numbers, it must be done to all of them.

Thus, the empirical formula of methyl acetate is C3H6O2.

Example 2

The empirical formula of decane is C5H11. Its molecular weight is 142.286 g/mol. What is the molecular formula
of decane?
Step 1: Calculate the molecular weight of the empirical formula (the molecular weight of C = 12.011 g/mol and H
= 1.008 g/mol)
5 (12.0111 g/mol) + 11 (1.008 g/mol) = C5H11

60.055 g/mol + 11.008 g/mol = 71.143 g/mol per C5H11

Step 2: Divide the molecular weight of the molecular formula by the the molecular weight of the empirical
formula to find the ratio between the two.

( )( ) = 4.049 mol
48.64 g C

1
1 mol 

12.01 g C

( )( ) = 8.095 mol
8.16 g H

1
1 mol 

1.008 g H

( )( ) = 2.7 mol
43.20 g O

1
1 mol 

16.00 g O

= 1.54.049 mol 
2.7 mol 

= 38.095 mol 
2.7 mol 

= 12.7 mol 
2.7 mol 

1.5 × 2 = 3

3 × 2 = 6

1 × 2 = 2

142.286 g/mol
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Since the weight of the molecular formula is twice the weight of the empirical formula, there must be twice as
many atoms, but in the same ratio. Therefore, if the empirical formula of decane is C5H11, the molecular formula
of decane is twice that, or C10H22.

https://youtu.be/0Ikv_o7gcAE

From the Molecular Formula to the Empirical Formula – YouTube: This video shows how to go from the
molecular formula of a compound to its corresponding empirical formula.

Formulas of Ionic Compounds

An ionic formula must satisfy the octet rule for the constituent atoms and electric neutrality for the whole compound.

Learning Objectives

Generate the empirical formula of an ionic compound given its molecular constituents.

Key Takeaways

Key Points

The overall ionic formula for a compound must be electrically neutral, meaning it has no charge.
When writing the formula for the ionic compound, the cation comes first, followed by the anion, both with
numeric subscripts to indicate the number of atoms of each.
Polyatomic ions are a set of covalently bonded atoms that have an overall charge, making them an ion.
Polyatomic ions form ionic bonds in the typical way, balancing so that the overall compound is electrically
neutral.

Key Terms

polyatomic ion: A set of covalently bonded atoms that have an overall charge, making them an ion.
monatomic ion: An ion made of only one atom, for example Cl-.

Ionic bonds are formed by the transfer of one or more valence electrons between atoms, typically between metals
and nonmetals. The transfer of electrons allows the atoms to effectively achieve the much more stable electron
configuration of having eight electrons in the outermost valence shell ( octet rule ). When sodium donates a valence
electron to fluorine to become sodium fluoride, that is an example of ionic bond formation.

= 2
142.286 g/mol

71.143 g/mol
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Formation of sodium flouride: The transfer of electrons between two atoms to create two ions that attract each other because they
are oppositely charged.

Writing Ionic Formulas

Ionic compounds can be described using chemical formulas, which represent the ratios of interacting elements that
are found in the ionic solid or salt. Ionic solids are typically represented by their empirical formulas. In formula
notation, the elements are represented by their chemical symbols followed by numeric subscripts that indicate the
relative ratios of the constituent atoms. The complete formula for an ionic compound can be determined by
satisfying two conditions:

First, the charge on the constituent ions can be determined based on the transfer of valence electrons
necessary in order to satisfy the octet rule.
Second, the cations and anions are combined in a way that produces a electrically neutral compound.

For example, in the reaction of calcium and chlorine, the compound is called calcium chloride. It is composed of
Ca2+ cations and Cl– anions; those ions are stable since they have filled valence shells. Its ionic formula is written
as CaCl2, the neutral combination of these ions. Two chloride ions were needed in the final compound because
calcium had a 2+ charge. To create a neutral compound, CaCl2, two 1- chloride ions were needed to balance out
the 2+ charge from calcium.

Polyatomic Ions

Polyatomic ions are a set of covalently bonded atoms that have an overall charge, making them an ion. For
example, the hydroxide ion has the formula OH-1. Hydroxide is a compound made of oxygen and hydrogen that
have been bound together. In the process of becoming a compound, hydroxide gained an extra electron from
somewhere, making it OH-1. When creating ionic compounds with these polyatomic ions, treat them the same way
as typical monatomic ions (only one atom).

For example, calcium hydroxide has the formula Ca(OH)2 because hydroxide has -1 charge and calcium has a 2+
charge. Two hydroxides were needed to balance off the +2 charge of calcium. The parentheses were used to
indicate that OH was a polyatomic ion and came as a “package deal.” Two hydroxides couldn’t have been written
O2H2 because that is a very different compound than (OH)2. Parentheses are always used when the compound
contains multiples of the polyatomic ion.

Here is a list of common polyatomic ions:

Ammonium, NH4
+

Carbonate, CO3
2-

Bicarbonate, HCO3
–

Cyanide, CN–

Phosphate, PO4
3-

Hydroxide, OH–
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Phosphate, PO4
Hydroxide, OH–

Nitrate, NO3
–

Permanganate, MnO4
–

Sulfate, SO4
2-

Thiocyanate, SCN–

Peroxide, O2
2-

Watch the video at this link.

Introduction To Ionic Compounds Video Series by Leah4sci – YouTube: This video explains the basics of ions.

Watch the video at this link.

Cation and Anion Formation – Ionic Compounds Part 2 – YouTube: This video shows you how monoatomic ions
get their charge, and how to quickly find the charge of ions by looking at the periodic table.
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NAMING COMPOUNDS

Naming Ionic Compounds
An ionic compound is named first by its cation and then by its anion.

Learning Objectives

Convert between the chemical formula of an ionic compound and its name

Key Takeaways

Key Points

Most cations and anions can combine to form neutral compounds (typically solids under normal
conditions) that are usually referred to as salts.
The net charge of an ionic compound must be zero. Therefore, the number of cations and anions in an
ionic compound must be balanced to make an electrically neutral molecule.
When naming ionic compounds, the cation retains the same name as the element. The anion’s name is
similar to the elemental name, but the ending of the name has been removed and replaced with “-ide.”
If a metallic element has cations of different charges, which cation is used has to be indicated by its suffix
(an older method) or by Roman numerals in parentheses after its name in writing (the Stock system ).

Key Terms

Stock system: A system of naming that includes using Roman numerals to indicate the charge on
transition metals.

In chemistry, an ionic compound is a chemical compound in which ions are held together by ionic bonds. Usually,
the positively charged portion consists of metal cations and the negatively charged portion is an anion or polyatomic
ion. Ionic compounds have high melting and boiling points, and they tend to be hard and brittle.

Ions can be single atoms, as the sodium and chlorine in common table salt (sodium chloride), or more complex
(polyatomic) groups such as the carbonate in calcium carbonate. But to be considered an ion, they must carry a
positive or negative charge. Thus, in an ionic bond, one ‘bonder’ must have a positive charge and the other a
negative one. By sticking to each other, they resolve, or partially resolve, their separate charge imbalances. Positive
to positive and negative to negative ionic bonds do not occur.

Most cations and anions can combine to form solid compounds that are usually known as salts. The one overriding
requirement is that the resulting compound must be electrically neutral: therefore the ions Ca2+ and Br– combine
only in a 1:2 ratio to form calcium bromide, CaBr2. Because no other simpler formula is possible, there is no need to
name it “calcium dibromide.” CaBr2 can be named using either the Stock method or the older, classic way of
naming.

For example, CuCl2 indicates a molecule where one Cu2+ cation associates with two Cl– anions to form a neutral
compound. Its systematic name is copper (II) chloride, where copper’s oxidation number is indicated in parentheses.
Its older name is cupric chloride.
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The Stock Method of Naming

An ionic compound is named first by its cation and then by its anion. The cation has the same name as its element.
For example, K+1 is called  the potassium ion, just as K is called the potassium atom. The anion is named by taking
the elemental name, removing the ending, and adding “-ide.” For example, F-1 is called fluoride, for the elemental
name, fluorine. The “-ine” was removed and replaced with “-ide.” To name a compound, the cation name and the
anion named are added together. For example, NaF is also known as sodium fluoride.

If either the cation or the anion was a polyatomic ion, the polyatomic ion name is used in the name of the overall
compound. The polyatomic ion name stays the same. For example, Ca(NO3)2 is called calcium nitrate.

For cations that take on multiple charges (typically transition metals), the charge is written using Roman numerals in
parentheses immediately following the element name. For example, Cu(NO3)2 is copper (II) nitrate, because the
charge of two nitrate ions (NO3

−1) is 2(-1) = -2. Since the net charge of the ionic compound must be zero, the Cu
ion has a 2+ charge. This compound is therefore, copper (II) nitrate. The Roman numerals in fact show the oxidation
number, but in simple ionic compounds this will always be the same as the metal’s ionic charge.

The Old, Classic, or Common Way of Naming

Names of some ionic compounds: Common, or trivial, names of compounds are sometimes used in informal conversations
between chemists, especially older chemists. Systematic names are formal names that are always used in print.

Since some metallic elements form cations that have different positive charges, the names of ionic compounds
derived from these elements must contain some indication of the cation charge. The older method uses the suffixes
-ous and -ic to denote the lower and higher charges, respectively. In the cases of iron and copper, the Latin names
of the elements are used (ferrous/ferric, cuprous/cupric). This system is still used, although it has been officially
supplanted by the more precise, if slightly cumbersome, Stock system. In both systems, the name of the anion ends
in -ide.

Watch the video at this link.

Naming Compounds – Part 1 – YouTube: This video explains how to name covalent and ionic compounds.

Naming Molecular Compounds

Molecular compounds are named using a systematic approach of prefixes to indicate the number of each element
present in the compound.

Learning Objectives

Apply the rules for naming molecular compounds
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Key Takeaways

Key Points

In nomenclature of simple molecular compounds, the more electropositive atom is written first and the
more electronegative element is written last with an -ide suffix.
The Greek prefixes are used to dictate the number of a given element present in a molecular compound.
Prefixes can be shortened when the ending vowel of the prefix “conflicts” with a starting vowel in the
compound.
Common exceptions exist for naming molecular compounds, where trivial or common names are used
instead of systematic names, such as ammonia (NH3) instead of nitrogen trihydride or water (H2O)
instead of dihydrogen monooxide.

Key Terms

nomenclature: A set of rules used for forming the names or terms in a particular field of arts or sciences.
electronegative: Tending to attract electrons within a chemical bond.
electropositive: Tending to not attract electrons (repel) within a chemical bond.

Chemical Nomenclature

The primary function of chemical nomenclature is to ensure that a spoken or written chemical name leaves no
ambiguity concerning to what chemical compound the name refers. Each chemical name should refer to a single
substance. Today, scientists often refer to chemicals by their common names: for example, water is not often called
dihydrogen oxide. However, it is important to be able to recognize and name all chemicals in a standardized way.
The most widely accepted format for nomenclature has been established by IUPAC.

Molecular compounds are made when two or more elements share electrons in a covalent bond to connect the
elements. Typically, non-metals tend to share electrons, make covalent bonds, and thus, form molecular
compounds.

Rules for Naming Molecular Compounds:

1. Remove the ending of the second element, and add “ide” just like in ionic compounds.
2. When naming molecular compounds prefixes are used to dictate the number of a given element present in

the compound. ” mono-” indicates one, “di-” indicates two, “tri-” is three, “tetra-” is four, “penta-” is five, and
“hexa-” is six, “hepta-” is seven, “octo-” is eight, “nona-” is nine, and “deca” is ten.

3. If there is only one of the first element, you can drop the prefix. For example, CO is carbon monoxide, not
monocarbon monoxide.

4. If there are two vowels in a row that sound the same once the prefix is added (they “conflict”), the extra vowel
on the end of the prefix is removed. For example, one oxygen would be monooxide, but instead it’s
monoxide. The extra o is dropped.

Generally, the more electropositive atom is written first, followed by the more electronegative atom with an
appropriate suffix. For example, H2O (water) can be called dihydrogen monoxide (though it’s not usually). Organic
molecules (molecules made of C and H along with other elements) do not follow this rule.

Examples of Molecular Compound Names:

SO2 is called sulfur dioxide
SiI4 is called silicon tetraiodide
SF6 is called sulfur hexafluoride
CS2 is called carbon disulfide
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Watch the video at this link.

Naming Compounds – Part 2 – YouTube: This video explains how to use a chemical name to write the formula for
that compound.

Naming Acids and Bases

Acid names are based on the anion they form when dissolved in water; base names follow the rules for ionic,
organic, or molecular compounds.

Learning Objectives

Convert between the structure of an acid or base and its chemical name

Key Takeaways

Key Points

Acids are named based on their anion — the ion attached to the hydrogen. In simple binary acids, one
ion is attached to hydrogen. Names for such acids consist of the prefix “hydro-“, the first syllable of the
anion, and the suffix “-ic”.
Complex acid compounds have oxygen in them. For an acid with a polyatomic ion, the suffix “-ate” from
the ion is replaced with “-ic.”
Polyatomic ions with one extra oxygen (as compared to the typical polyatomic ion) have the prefix “per-”
and the suffix “-ic.”
Polyatomic ions with one fewer oxygen have the suffix “-ous”; ions with two fewer have the prefix “hypo-”
and the suffix “-ous.”
Strong bases with “-OH” (hydroxide) groups are named like ionic compounds. Weak bases are named
like molecular compounds or organic compounds.

Key Terms

polyatomic ion: A charged species (ion) composed of two or more atoms covalently bonded. Also known
as a molecular ion.

Naming Acids

Acids are named by the anion they form when dissolved in water. Depending on what anion the hydrogen is
attached to, acids will have different names.

Simple acids, known as binary acids, have only one anion and one hydrogen. These anions usually have the ending
“-ide.” As acids, these compounds are named starting with the prefix “hydro-,” then adding the first syllable of the
anion, then the suffix “-ic.” For example, HCl, which is hydrogen and chlorine, is called hydrochloric acid.
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Nomenclature of common acids: This chart provides the nomenclature of some common anions and acids

More complex acids have oxygen in the compound. There is a simple set of rules for these acids.

1. Any polyatomic ion with the suffix “-ate” uses the suffix “-ic” as an acid. So, HNO3 will be nitric acid.
2. When you have a polyatomic ion with one more oxygen than the “-ate” ion, then your acid will have the prefix

“per-” and the suffix “-ic.” For example, the chlorate ion is ClO3
–. Therefore, HClO4 is called perchloric acid.

3. With one fewer oxygen than the “-ate” ion, the acid will have the suffix “-ous.” For example, chlorous acid is
HClO2.

4. With two fewer oxygen than the “-ate” ion, the prefix will be “hypo-” and the suffix will be “-ous.” For example,
instead of bromic acid, HBrO3, we have hypobromous acid, HBrO.

Naming Bases

Most strong bases contain hydroxide, a polyatomic ion. Therefore, strong bases are named following the rules for
naming ionic compounds. For example, NaOH is sodium hydroxide, KOH is potassium hydroxide, and Ca(OH)2 is
calcium hydroxide. Weak bases made of ionic compounds are also named using the ionic naming system. For
example, NH4OH is ammonium hydroxide.

Weak bases are also sometimes molecular compounds or organic compounds because they have covalent bonds.
Therefore, they are named following the rules for molecular or organic compounds. For example, methyl amine
(CH3NH2) is a weak base. Some weak bases have “common” names. For example, NH3 is called ammonia; its
name isn’t derived from any naming system.

Naming Hydrates
The name of a hydrate follows a set pattern: the name of the ionic compound followed by a numerical prefix and the
suffix -hydrate.

Learning Objectives

Generate the chemical formula and systematic name of a given inorganic hydrate
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Key Takeaways

Key Points

Hydrates are named by the ionic compound followed by a numerical prefix and the suffix “-hydrate. ” The
“· nH2O” notation indicates that “n” (described by a Greek prefix) number of loosely bonded water
molecules are associated per formula unit of the salt.
An anhydride is a hydrate that has lost water. A substance that does not contain any water is referred to
as anhydrous.
In organic chemistry, a hydrate is a compound of water, or its elements, with another molecule. Glucose,
C6H12O6, was originally thought of as a carbohydrate (carbon and water), but this classification does not
properly describe its structure and properties.

Key Terms

hydrate: A solid compound containing or linked to water molecules.
carbohydrate: A sugar, starch, or cellulose that is a food source of energy for an animal or plant; a
saccharide
anhydride: Any compound formally derived from another (or from others) by the loss of a water
molecule; a molecule with no water.

Inorganic Hydrates

“Hydrate” is a term used in inorganic chemistry and organic chemistry to indicate that a substance contains loosely
bonded water. The name of a hydrate follows a set pattern: the name of the ionic compound followed by a numerical
prefix and the suffix “-hydrate.” For example, CuSO4 · 5 H2O is “copper(II) sulfate pentahydrate.” The notation of
hydrous compound · nH2O, where n is the number of water molecules per formula unit of the salt, is commonly used
to show that a salt is hydrated. The “ ” indicates that the water is loosely bonded to the ionic compound. The “n” is
usually a low integer though it is possible for fractional values to exist. The prefixes are the same Greek prefixes
used in naming molecular compounds. Therefore, in a monohydrate “n” is one; in a hexahydrate “n” is 6, and so on.

The Greek prefixes used in naming hydrates for numbers 1/2 through 10 are as follows:

1/2: hemi-
1: mono-
2: di-
3: tri-
4: tetra-
5: penta-
6: hexa-
7: hepta-
8: octa-
9: nona-
10: deca-

A hydrate that has lost water is referred to as an anhydride. An anhydride can normally lose water only with
significant heating. A substance that no longer contains any water is referred to as anhydrous.

Organic Hydrates

In organic chemistry, hydrates tend to be rarer. An organic hydrate is a compound formed by the addition of water or
its elements to another molecule. For example, ethanol, CH3–CH2–OH, can be considered a hydrate of ethene,
CH2=CH2, formed by the addition of H to one C and OH to the other C. Another example is chloral hydrate, CCl3–
CH(OH)2, which can be formed by the reaction of water with chloral, CCl3–CH=O.

⋅
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Molecules have been labeled as hydrates for historical reasons. Glucose, C6H12O6, was originally thought of as
C6(H2O)6 and was described as a carbohydrate, but this is a very poor description of its structure given what is
known about it today. Methanol is often sold as “methyl hydrate,” implying the incorrect formula CH3OH2. The
correct formula is CH3–OH.

Cobalt(II) chloride hexahydrate: CoCl2·6H2O has the systematic name cobalt(II) chloride hexahydrate.

Naming Familiar Inorganic Compounds

Familiar inorganic and organic compounds are often known by their common, or “trivial,” names.

Learning Objectives

Recognize when it is appropriate to use a common chemical name

Key Takeaways

Key Points

Many frequently used chemicals have familiar common names. A single substance can have several
such names.
Some common names for chemical substances have historical roots and have been used for thousands
of years.

Common chemical names are used in spoken or informal written communication by chemists. For some
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Common chemical names are used in spoken or informal written communication by chemists. For some
simple compounds, their systematic and common names are the same.

Key Terms

common name: The name by which a species is known to the general public, rather than its taxonomic
or scientific name.

Common Names v. Systematic Names

Many chemicals are so much a part of daily life that people know them by their familiar names. Ordinary cane sugar, 
for example, is more formally known as sucrose, but asking for it at the dinner table by that name will likely be a 
conversation stopper. Now imagine using its systematic name in the same context: “Please pass the α-D-
glucopyranosyl-(1,2)-β-D-fructofuranoside!” But saying “sucrose” would be quite appropriate if you needed to 
distinguish this particular sugar from the hundreds of other named sugars. And the only place you would come 
across a systematic name such as the rather unwieldy one mentioned above would be in scientific documentation in 
reference to a sugar that has no simple common name.

Many common chemical names have very old and intriguing origins, as the following two examples illustrate.

Most people associate the name ammonia (NH3) with a gas with a pungent odor. While its systematic name,
“nitrogen trihydride” (which is rarely used), tells you its formula, what it will not tell you is the interesting history of its 
discovery. Smoke from burning camel dung (the staple fuel of North Africa) condenses on cool surfaces to form a 
crystalline deposit, which the ancient Romans first noticed on the walls and ceiling of the temple that the Egyptians 
had built to the sun god Amun in Thebes. They named the material “sal ammoniac,” meaning “salt of Amun.” In 
1774, Joseph Priestly (the discoverer of oxygen) found that heating sal ammoniac produced a gas with a pungent 
odor, which T. Bergman named “ammonia” eight years later.
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Arabic alchemy has given us a number of chemical 
terms. For example, alcohol is believed to derive from 
the Arabic al-khwl or al-ghawl, which originally referred 
to a metallic powder used to darken women’s eyelids 
(kohl). Alcohol
entered the English language in the 17th century with 
the meaning of a “sublimated” substance, then changed 
to mean the “pure spirit” of anything, and only became 
associated with “spirit of wine” in 1753. Finally, in 1852, 
it become a part of chemical nomenclature that denoted 
a common class of organic compound. But, it is still 
common practice to refer to the specific substance 
CH3CH2OH as “alcohol” rather than by its systematic 
name, ethanol.

General Practices in Naming

The general practice among chemists is to use the more 
common chemical names whenever it is practical to do 
so, especially in spoken or informal written 
communication. Many of the “common” names are 
known and used mainly by the scientific community. 
Chemical substances that are employed in the home, 
the arts, or in industry have acquired traditional or 
“popular” names that are still in wide use. Many, like sal 
ammoniac mentioned above, have fascinating stories 
behind their names.

Sulfuric Acid: The historical name for sulfuric acid is “oil of 
vitriol”. Medieval European alchemists prepared it by roasting 
“green vitriol” (iron (II) sulfate) in an iron retort. Its chemical 
formula is H2SO4.
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ORGANIC COMPOUNDS

Introduction to Hydrocarbons
Hydrocarbons are the simplest class of organic compounds, consisting solely of hydrogen and carbon.

Learning Objectives

Identify the two major classes of hydrocarbons

Key Takeaways

Key Points

Hydrocarbons can be classified as either aromatic or aliphatic compounds, depending on the presence of
a benzene ring.
Aliphatic compounds can be divided into alkanes, alkenes, and alkynes, based on the presence of double
or triple bonds in the chemical structure.
Aromatic hydrocarbons, or arenes, contain a benzene ring, which alters their properties.

Key Terms

aromatic: Having a closed ring of alternate single and double bonds with delocalized electrons.
saturated hydrocarbon: Compounds that consist entirely of single bonds, so that each carbon atom is
connected to four other atoms
unsaturated hydrocarbons: A molecule where some of the carbons are connected to fewer than four
neighboring atoms. Usually the molecule contains double or triple bonds.

Hydrocarbons are the simplest class of organic compounds and are composed solely of hydrogen and carbon. This
class can be further divided into two groups: aliphatic hydrocarbons and aromatic hydrocarbons.

Aliphatic Hydrocarbons

Aliphatic hydrocarbons can be classified based on the structure and bonding of the carbon skeleton into one of
three groups: alkanes, alkenes, and alkynes.

Alkanes, or saturated hydrocarbons, are compounds that consist entirely of single bonds, so that each
carbon atom is connected to four other atoms (either another carbon within the skeletal structure or a
hydrogen atom). They can be described by the formula CnH2n+2. One simple example is methane, where
n=1 and therefore has a chemical formula of CH4. Cycloalkanes are structures composed of single bonds
where their carbon atoms are connected in a ring.
Alkenes and alkynes are known as unsaturated hydrocarbons because some of the carbons are connected
to fewer than four neighboring atoms. Alkenes contain at least one double bond, while alkynes contain at
least one triple bond.
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Aromatic hydrocarbons, or arenes, which contain a benzene ring, were originally named for their pleasant odors. A
benzene ring is a ring of six carbons with alternating double and single bonds. As a result, the benzene has six
hydrogens and the formula for a benzene molecule is C6H6. The benzene ring has resonance, meaning that the
electron density is delocalized in the ring so that each bond is more similar to 1.5 bonds than either single or double
bonds. These compounds possess special properties due to the delocalized electron density in benzene, including
additional stabilization.

A benzene molecule: The benzene molecules and its derivatives are the basis for aromatic structures.

Many organic compounds belong in multiple categories. For example, a chemical structure can be both aromatic
and contain an alkyne. Therefore, naming organic compounds can be quite challenging and complicated.

The study of hydrocarbons is particularly important to the fields of chemical and petroleum engineering, as a variety
of hydrocarbons can be found in crude oil. This material can be processed to produce compounds for a number of
applications. For example, the hydrocarbons in oil are burned in combustion to create power for cars, houses, and
businesses.
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MASS RELATIONSHIPS AND CHEMICAL
EQUATIONS

ATOMIC MASS

Average Atomic Mass
The average atomic mass of an element is the sum of the masses of its isotopes, each multiplied by its natural
abundance.

Learning Objectives

Calculate the average atomic mass of an element given its isotopes and their natural abundance

Key Takeaways

Key Points

An element can have differing numbers of neutrons in its nucleus, but it always has the same number of
protons. The versions of an element with different neutrons have different masses and are called
isotopes.
The average atomic mass for an element is calculated by summing the masses of the element’s isotopes,
each multiplied by its natural abundance on Earth.
When doing any mass calculations involving elements or compounds, always use average atomic mass,
which can be found on the periodic table.

Key Terms

mass number: The total number of protons and neutrons in an atomic nucleus.
natural abundance: The abundance of a particular isotope naturally found on the planet.
average atomic mass: The mass calculated by summing the masses of an element’s isotopes, each
multiplied by its natural abundance on Earth.

The atomic number of an element defines the element’s identity and signifies the number of protons in the nucleus 
of one atom. For example, the element hydrogen (the lightest element) will always have one proton in its nucleus. 
The element helium will always have two protons in its nucleus.

97



Atoms of the same element can, however, have differing numbers of neutrons in their nucleus. For example, stable
helium atoms exist that contain either one or two neutrons, but both atoms have two protons. These different types
of helium atoms have different masses (3 or 4 atomic mass units ), and they are called isotopes. For any given
isotope, the sum of the numbers of protons and neutrons in the nucleus is called the mass number. This is because
each proton and each neutron weigh one atomic mass unit (amu). By adding together the number of protons and
neutrons and multiplying by 1 amu, you can calculate the mass of the atom. All elements exist as a collection of
isotopes. The word ‘isotope’ comes from the Greek ‘isos’ (meaning ‘same’) and ‘topes’ (meaning ‘place’) because
the elements can occupy the same place on the periodic table while being different in subatomic construction.

Lithium Atom: Stylized lithium-7 atom: 3 protons (red), 4 neutrons (black), and 3 electrons (blue). (Lithium also has another, rarer 
isotope with only 2 neutrons.)

Calculating Average Atomic Mass

The average atomic mass of an element is the sum of the masses of its isotopes, each multiplied by its natural 
abundance (the decimal associated with percent of atoms of that element that are of a given isotope).

Average atomic mass = f1M1 + f2M2 +… + fnMn where f is the fraction representing the natural abundance of the 
isotope and M is the mass number (weight) of the isotope.

The average atomic mass of an element can be found on the periodic table, typically under the elemental symbol. 
When data are available regarding the natural abundance of various isotopes of an element, it is simple to calculate 
the average atomic mass.

For helium, there is approximately one isotope of Helium-3 for every million isotopes of Helium-4; therefore,
the average atomic mass is very close to 4 amu (4.002602 amu).
Chlorine consists of two major isotopes, one with 18 neutrons (75.77 percent of natural chlorine atoms) and
one with 20 neutrons (24.23 percent of natural chlorine atoms). The atomic number of chlorine is 17 (it has
17 protons in its nucleus).

To calculate the average mass, first convert the percentages into fractions (divide them by 100). Then, calculate the 
mass numbers. The chlorine isotope with 18 neutrons has an abundance of 0.7577 and a mass number of 35 amu. 
To calculate the average atomic mass, multiply the fraction by the mass number for each isotope, then add them 
together.

Average atomic mass of chlorine = (0.7577 ⋅ 35 amu) + (0.2423 ⋅ 37 amu) = 35.48 amu

Another example is to calculate the atomic mass of boron (B), which has two isotopes: B-10 with 19.9% natural 
abundance, and B-11 with 80.1% abundance. Therefore,

Average atomic mass of boron = (0.199 ⋅  10 amu) + (0.801 ⋅   11 amu) = 10.80 amu

Whenever we do mass calculations involving elements or compounds (combinations of elements), we always use 
average atomic masses.
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Mass spectrometry is a powerful characterization method that identifies elements, isotopes, and compounds based
on mass-to-charge ratios.

Learning Objectives

Define the primary application of a mass spectrometer

Key Takeaways

Key Points

Mass spectrometers work on samples in a gaseous state.
The gaseous samples are ionized by an ion source, which adds or removes charged particles ( electrons
or ions). Examples of ion sources include inductively coupled plasma and electron impact.
Mass analyzers separate ionized samples according to their mass-to-charge ratio. Time-of-flight and
quadrupole are examples of mass analyzers.
A particle’s mass can be calculated very accurately based on parameters such as how long it takes to
travel a certain distance or its angle of travel.
Mass spectrometers are so accurate that they can determine the types of elements in a compounds or
measure the differences between the mass of different isotopes of the same atom.

Key Terms

ionization: Any process that leads to the dissociation of a neutral atom or molecule into charged particles
(ions).
plasma: A state of matter consisting of partially ionized gas, usually at high temperatures.
mass-to-charge ratio: The best way to separate ions in a mass spectrometer. This number is calculated
by dividing the ions weight by its charge.

Mass spectrometry (MS) is a powerful technique that can identify a wide variety of chemical compounds. It is used
to determine a particle’s mass, the elemental composition of a sample, and the chemical structures of larger
molecules.

Mass spectrometers separate compounds based on a property known as the mass-to-charge ratio: the mass of the
atom divided by its charge. First, the sample is ionized. Ionization is the process of converting an atom or molecule
into an ion by adding or removing charged particles such as electrons or ions. Once the sample is ionized, it is
passed through some form of electric or magnetic field. A particle’s mass can be calculated based on parameters
such as how long it takes to travel a certain distance or its angle of travel.
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Schematic of Mass Spectrometer: A sample is loaded onto the mass spectrometer, where it undergoes vaporization and 
ionization. The components of the sample are ionized by one of a variety of methods, such as the ionizing filament. The ions are 
separated in an analyze by magnetic fields. They are separated according to their mass-to-charge ratios. The ions are detected, 
usually by a quantitative method such as a Faraday collector. The ion signal is processed into a mass spectrum.

The Make-Up of Mass Spectrometry (MS) Instruments

MS instruments consist of two main components:

An ion source, which can convert sample molecules into ions
A mass analyzer, which sorts the ions by mass by applying electromagnetic fields

There are a wide variety of techniques for ionizing and detecting compounds.

Ionizing Compounds

The ion source is the part of the mass spectrometer that ionizes the compound. Depending on the information
desired from mass spectrometry analysis, different ionization techniques may be used. For example, the most
common ion source for analyzing elements is inductively coupled plasma (ICP). In ICP, a 10,000-degree C “flame”
of plasma gas is used to atomize sample molecules and strip the outer electrons from those atoms.

The plasma is usually generated from argon gas. Plasma gas is electrically neutral overall, but a substantial number
of its atoms are ionized by the high temperature.

Electron impact (EI) is another method for generating ions. In EI, the sample is heated until it becomes a gas. It is
then passed through a beam of electrons. This high-energy beam strips electrons from the sample molecules,
leaving behind a positively charged radical species.

Mass Analyzers

Mass analyzers separate the ions according to their mass-to-charge ratios. There are many types of mass
analyzers. Each has its strengths and weaknesses, including:

how accurately they can measure similar mass-to-charge ratios
the range of masses and sample concentrations they can measure.

For example, a time-of-flight (TOF) analyzer uses an electric field to accelerate the ions through the same potential
and then measures the time they take to reach the detector. Since the particles all have the same charge, their
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Inductively coupled plasma (ICP) flame: Picture of an ICP flame viewed through green welder’s glass.

velocities depend only on their masses, and lighter ions will reach the detector first.

Time-of-Flight mass analyzer: Schematic of a time-of-flight (TOF) mass analyzer.

Another type of detector is a quadrupole. Here, ions are passed through four parallel rods, which apply a varying
electric voltage. As the field changes, ions respond by following complex paths. Depending on the applied voltage,
only ions of a certain mass-to-charge ratio will pass through the analyzer. All other ions will be lost by collision with
the rods.

Using a Mass Spectrometer to Measure Mass

Here is how a mass spectrometer would analyze a sample of sodium chloride (table salt).

In the ion source, the sample is vaporized (turned into gas) and ionized into sodium (Na+) and chloride (Cl–)
ions.
Sodium atoms and ions have only one isotope and a mass of about 23 amu.
Chloride atoms and ions come in two isotopes, with masses of approximately 35 amu (at a natural
abundance of about 75 percent) and approximately 37 amu (at a natural abundance of about 25 percent).
The mass analyzer part of the spectrometer contains electric and magnetic fields, which exert forces on ions
traveling through these fields. The angle at which the ion moves through the fields depends on its mass-to-
charge ratio: lighter ions change direction more than heavier ions.
The streams of sorted ions pass from the analyzer to the detector, which records the relative abundance of
each ion type. This information is used to determine the chemical composition of the original sample (i.e. that

both sodium and chlorine are present in the sample) as well as its isotopic composition (the ratio of chlorine-
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both sodium and chlorine are present in the sample) as well as its isotopic composition (the ratio of chlorine-
35 to chlorine-37).
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MOLAR MASS

Avogadro’s Number and the Mole

The mole is represented by Avogadro’s number, which is 6.022×1023 atoms or molecules per mol.

Learning Objectives

Define and memorize Avogadro’s number

Key Takeaways

Key Points

The mole allows scientists to calculate the number of elementary entities (usually atoms or molecules ) in
a certain mass of a given substance.
Avogadro’s number is an absolute number: there are 6.022×1023 elementary entities in 1 mole. This can
also be written as 6.022×1023 mol-1.
The mass of one mole of a substance is equal to that substance’s molecular weight. For example, the
mean molecular weight of water is 18.015 atomic mass units (amu), so one mole of water weight 18.015
grams.

Key Terms

mole: The amount of substance of a system that contains as many elementary entities as there are
atoms in 12 g of carbon-12.

The chemical changes observed in any reaction involve the rearrangement of billions of atoms. It is impractical to try
to count or visualize all these atoms, but scientists need some way to refer to the entire quantity. They also need a
way to compare these numbers and relate them to the weights of the substances, which they can measure and
observe. The solution is the concept of the mole, which is very important in quantitative chemistry.

Avogadro’s Number

Amadeo Avogadro first proposed that the volume of a gas at a given pressure and temperature is proportional to the
number of atoms or molecules, regardless of the type of gas. Although he did not determine the exact proportion, he
is credited for the idea.

Avogadro’s number is a proportion that relates molar mass on an atomic scale to physical mass on a human scale.
Avogadro’s number is defined as the number of elementary particles (molecules, atoms, compounds, etc.) per mole
of a substance. It is equal to 6.022×1023 mol-1 and is expressed as the symbol NA.

Avogadro’s number is a similar concept to that of a dozen or a gross. A dozen molecules is 12 molecules. A gross of
molecules is 144 molecules. Avogadro’s number is 6.022×1023 molecules. With Avogadro’s number, scientists can
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Amedeo Avogadro: Amedeo Avogadro is credited with the
idea that the number of entities (usually atoms or
molecules) in a substance is proportional to its physical
mass.

discuss and compare very large numbers, which is useful
because substances in everyday quantities contain very
large numbers of atoms and molecules.

The Mole

The mole (abbreviated mol) is the SI measure of quantity of a
“chemical entity,” such as atoms, electrons, or protons. It is
defined as the amount of a substance that contains as many
particles as there are atoms in 12 grams of pure carbon-12.
So, 1 mol contains 6.022×1023 elementary entities of the
substance.

Chemical Computations with Avogadro’s
Number and the Mole

Avogadro’s number is fundamental to understanding both the
makeup of molecules and their interactions and
combinations. For example, since one atom of oxygen will
combine with two atoms of hydrogen to create one molecule
of water (H2O), one mole of oxygen (6.022×1023 of O atoms)
will combine with two moles of hydrogen (2 × 6.022×1023 of
H atoms) to make one mole of H2O.

Another property of Avogadro’s number is that the mass of
one mole of a substance is equal to that substance’s
molecular weight. For example, the mean molecular weight
of water is 18.015 atomic mass units (amu), so one mole of
water weight 18.015 grams. This property simplifies many
chemical computations.

If you have 1.25 grams of a molecule with molecular weight of 134.1 g/mol, how many moles of that molecule do
you have?

Watch the video at this link.

The Mole, Avogadro: This video introduces counting by mass, the mole, and how it relates to atomic mass units
(AMU) and Avogadro’s number.

Converting between Moles and Atoms

By understanding the relationship between moles and Avogadro’s number, scientists can convert between number
of moles and number of atoms.

Learning Objectives

Convert between the number of moles and the number of atoms in a given substance using Avagadro’s number

Key Takeaways

Key Points
Avogadro’s number is a very important relationship to remember: 1 mole =  atoms,

1.25 g × = 0.0093 moles1 mole
134.1 g

6.022 × 23
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Avogadro’s number is a very important relationship to remember: 1 mole =  atoms,
molecules, protons, etc.
To convert from moles to atoms, multiply the molar amount by Avogadro’s number.
To convert from atoms to moles, divide the atom amount by Avogadro’s number (or multiply by its
reciprocal).

Key Terms

mole: The amount of substance of a system that contains as many elementary entities as there are
atoms in 12 g of carbon-12.
Avogadro’s number: The number of atoms present in 12 g of carbon-12, which is  and the
number of elementary entities (atoms or molecules) comprising one mole of a given substance.

Moles and Atoms

As introduced in the previous concept, the mole can be used to relate masses of substances to the quantity of
atoms therein. This is an easy way of determining how much of one substance can react with a given amount of
another substance.

From moles of a substance, one can also find the number of atoms in a sample and vice versa. The bridge between
atoms and moles is Avogadro’s number, 6.022×1023.

Avogadro’s number is typically dimensionless, but when it defines the mole, it can be expressed as 6.022×1023

elementary entities/mol. This form shows the role of Avogadro’s number as a conversion factor between the number
of entities and the number of moles. Therefore, given the relationship 1 mol = 6.022 x 1023 atoms, converting
between moles and atoms of a substance becomes a simple dimensional analysis problem.

Converting Moles to Atoms

Given a known number of moles (x), one can find the number of atoms (y) in this molar quantity by multiplying it by
Avogadro’s number:

For example, if scientists want to know how may atoms are in six moles of sodium (x = 6), they could solve:

Note that the solution is independent of whether the element is sodium or otherwise.

Converting Atoms to Moles

Reversing the calculation above, it is possible to convert a number of atoms to a molar quantity by dividing it by
Avogadro’s number:

This can be written without a fraction in the denominator by multiplying the number of atoms by the reciprocal of
Avogadro’s number:

For example, if scientists know there are atoms in a sample, they can calculate the number of moles this
quantity represents:

6.022 × 1023

6.022 × 1023

x moles ⋅ = y atoms6.022× atoms1023

1 mole

6 moles ⋅ = 3.61 ×  atoms6.022×  atoms1023

1 mole
1024

= y molesx atoms

6.022×1023 atoms

1 mole

x atoms ⋅ = y moles1 mole

6.022×  atoms1023

3.5 ⋅ 1024

24 1 mole
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Molar Mass of Compounds
The molar mass of a particular substance is the mass of one mole of that substance.

Learning Objectives

Calculate the molar mass of an element or compound

Key Takeaways

Key Points

The molar mass is the mass of a given chemical element or chemical compound (g) divided by the
amount of substance (mol).
The molar mass of a compound can be calculated by adding the standard atomic masses (in g/mol) of
the constituent atoms.
Molar mass serves as a bridge between the mass of a material and the number of moles since it is not
possible to measure the number of moles directly.

Key Terms

molar mass: The mass of a given substance (chemical element or chemical compound in g) divided by
its amount of substance (mol).
mole: The amount of substance of a system that contains as many elementary entities as there are
atoms in 12 g of carbon-12.

Measuring Mass in Chemistry

Chemists can measure a quantity of matter using mass, but in chemical reactions it is often important to consider
the number of atoms of each element present in each sample. Even the smallest quantity of a substance will contain
billions of atoms, so chemists generally use the mole as the unit for the amount of substance.

One mole (abbreviated mol) is equal to the number of atoms in 12 grams of carbon-12; this number is referred to as
Avogadro’s number and has been measured as approximately 6.022 x 1023. In other words, a mole is the amount of
substance that contains as many entities (atoms, or other particles) as there are atoms in 12 grams of pure carbon-
12.

amu vs. g/mol

Each ion, or atom, has a particular mass; similarly, each mole of a given pure substance also has a definite mass.
The mass of one mole of atoms of a pure element in grams is equivalent to the atomic mass of that element in
atomic mass units (amu) or in grams per mole (g/mol). Although mass can be expressed as both amu and g/mol,
g/mol is the most useful system of units for laboratory chemistry.

Calculating Molar Mass

Molar mass is the mass of a given substance divided by the amount of that substance, measured in g/mol. For
example, the atomic mass of titanium is 47.88 amu or 47.88 g/mol. In 47.88 grams of titanium, there is one mole, or

3.5 ×  atoms ⋅ = 5.81 moles1024 1 mole

6.022×  atoms1023
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6.022 x 1023 titanium atoms.

The characteristic molar mass of an element is simply the atomic mass in g/mol. However, molar mass can also be
calculated by multiplying the atomic mass in amu by the molar mass constant (1 g/mol). To calculate the molar mass
of a compound with multiple atoms, sum all the atomic mass of the constituent atoms.

For example, the molar mass of NaCl can be calculated for finding the atomic mass of sodium (22.99 g/mol) and the
atomic mass of chlorine (35.45 g/mol) and combining them. The molar mass of NaCl is 58.44 g/mol.

Watch the video at this link.

Molar Mass Calculations – YouTube: This video shows how to calculate the molar mass for several compounds
using their chemical formulas.

Converting between Mass and Number of Moles

A substance’s molar mass can be used to convert between the mass of the substance and the number of moles in
that substance.

Learning Objectives

Convert between the mass and the number of moles, and the number of atoms, in a given sample of compound

Key Takeaways

Key Points

The molar mass of a compound is equal to the sum of the atomic masses of its constituent atoms in
g/mol.
Although there is no physical way of measuring the number of moles of a compound, we can relate its
mass to the number of moles by using the compound’s molar mass as a direct conversion factor.
To convert between mass and number of moles, you can use the molar mass of the substance. Then, you
can use Avogadro’s number to convert the number of moles to number of atoms.

Key Terms

molar mass: The mass of a given substance (chemical element or chemical compound) divided by its
amount of substance (mol), in g/mol.
dimensional analysis: The analysis of the relationships between different physical quantities by
identifying their fundamental dimensions (such as length, mass, time, and electric charge) and units of
measure (such as miles vs. kilometers, or pounds vs. kilograms vs. grams) and tracking these
dimensions as calculations or comparisons are performed.
mole: The amount of substance that contains as many elementary entities as there are atoms in 12 g of
carbon-12.

Chemists generally use the mole as the unit for the number of atoms or molecules of a material. One mole
(abbreviated mol) is equal to 6.022×1023 molecular entities (Avogadro’s number), and each element has a different
molar mass depending on the weight of 6.022×1023 of its atoms (1 mole). The molar mass of any element can be
determined by finding the atomic mass of the element on the periodic table. For example, if the atomic mass of
sulfer (S) is 32.066 amu, then its molar mass is 32.066 g/mol.

By recognizing the relationship between the molar mass (g/mol), moles (mol), and particles, scientists can use
dimensional analysis convert between mass, number of moles and number of atoms very easily.
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Converting between mass, moles, and particles: This flowchart illustrates the relationships between mass, moles, and particles.
These relationships can be used to convert between units.

Determining the Molar Mass of a Compound

In a compound of NaOH, the molar mass of Na alone is 23 g/mol, the molar mass of O is 16 g/mol, and H is 1
g/mol. What is the molar mass of NaOH?

The molar mass of the compound NaOH is 40 g/mol.

Converting Mass to Number of Moles

How many moles of NaOH are present in 90 g of NaOH?

Since the molar mass of NaOH is 40 g/mol, we can divide the 90 g of NaOH by the molar mass (40 g/mol) to find
the moles of NaOH. This the same as multiplying by the reciprocal of 40 g/mol.

If the equation is arranged correctly, the mass units (g) cancel out and leave moles as the unit.

There are 2.25 moles of NaOH in 90g of NaOH.

Converting Between Mass, Number of Moles, and Number of Atoms

How many moles and how many atoms are contained in 10.0 g of nickel?

According to the periodic table, the atomic mass of nickel (Ni) is 58.69 amu, which means that the molar mass of
nickel is 58.69 g/mol. Therefore, we can divide 10.0 g of Ni by the molar mass of Ni to find the number of moles
present.

Using dimensional analysis, it is possible to determine that:

To determine the number of atoms, convert the moles of Ni to atoms using Avogadro’s number:

Given a sample’s mass and number of moles in that sample, it is also possible to calculate the sample’s molecular
mass by dividing the mass by the number of moles to calculate g/mol.

What is the molar mass of methane (CH4) if there are 0.623 moles in a 10.0g sample?

The molar mass of CH4 is 16.05 g/mol.

Na + O + H = NaOH

23 g/mol + 16 g/mol + 1 g/mol = 40 g/mol

90 g NaOH × = 2.25 mol NaOH1 mol
40 g

10 g Ni × = 0.170 mol Ni1 mol Ni
58.69 g Ni

0.170 moles Ni × = 1.02 ×  atoms Ni6.022×  atoms Ni1023

1 mol Ni
1023

= 16.05
10.0 g CH4

0.623 mol CH4
 g/mol CH4
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COMPOUND COMPOSITION

Percent Composition of Compounds
The percent composition (by mass) of a compound can be calculated by dividing the mass of each element by the
total mass of the compound.

Learning Objectives

Translate between a molecular formula of a compound and its percent composition by mass

Key Takeaways

Key Points

The atomic composition of chemical compounds can be described in a variety of ways, including
molecular formulas and percent composition.
The percent composition of a compound is calculated with the molecular formula: divide the mass of each
element found in one mole of the compound by the total molar mass of the compound.
The percent composition of a compound can be measured experimentally, and these values can be used
to determine the empirical formula of a compound.

Key Terms

percent by mass: The fraction, by weight, of one element of a compound.

The atomic composition of chemical compounds can be described using a variety of notations including molecular,
empirical, and structural formulas. Another convenient way to describe atomic composition is to examine the
percent composition of a compound by mass.

Percent Composition by Mass

Percent composition is calculated from a molecular formula by dividing the mass of a single element in one mole of
a compound by the mass of one mole of the entire compound. This value is presented as a percentage.

Watch the video at this link.

Percentage Composition – YouTube: This video shows how to calculate the percent composition of a compound.

For example, butane has a molecular formula of C4H10. Butane’s percent composition can be calculated as follows:

Mass of H per mol butane: 
Mass of C per mol butane: 

Mass percent H in butane: 

10 mol H ⋅ = 10.079 g H
1.00794 g

1 mol H

4 mol C ⋅ = 48.044g C
12.011 g C

1mol C

⋅ 100 = 17.3% H
10.079g H

58.123 g butane

48.044g C
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Mass percent C in butane: 

Therefore, the atomic composition of butane can also be described as 17.3% hydrogen and 82.7% carbon, and, as
expected, these values sum to 100%.

Butane: The structural formula of butane.

In practice, this calculation is often reversed. Mass percents can be determined experimentally via elemental
analysis, and these values can be used to calculate the empirical formula of unknown compounds. However, this
information is insufficient to determine the molecular formula without additional information on the compound’s
molecular weight.

Combustion Analysis
Combustion analysis is commonly used to determine the relative ratios of carbon, hydrogen, and oxygen in organic
compounds.

Learning Objectives

Describe the process of combustion analysis.

Key Takeaways

Key Points

Combustion is the process of burning an organic compound in oxygen to produce energy, carbon dioxide,
and water vapor.
In combustion analysis, a sample of known mass is combusted, and the resulting carbon dioxide and
water vapor are captured and weighed.
The relative amounts of carbon, hydrogen, and oxygen in the starting compound can be determined from
the masses of the products of the combustion reaction.
Combustion analysis can thus be used to determine the empirical formula of an unknown organic
compound.

Key Terms

combustion analysis: Using burning to determine the elemental composition of an organic compound.
The compound is burned, the products are collected and weighed, and the composition is determined.
combustion: A process wherein a fuel is combined with oxygen, usually at high temperature, releasing
heat, carbon dioxide and water vapor.

Combustion analysis is an elemental analytical technique used on solid and liquid organic compounds. It can
determine the relative amounts of carbon, hydrogen, oxygen in compounds, and occasionally can also identify the
amounts nitrogen and sulfur in compounds. This technique was invented by Joseph Louis Gay-Lussac.

Combustion

⋅ 100 = 82.7% C
48.044g C

58.123 g butane
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Combustion: Energy is released in the form of flames as
the fuel combusts.

Combustion analysis is commonly used to analyze samples of unknown chemical formula. It requires only
milligrams of a sample. The sample is weighed and then fully combusted at a high temperature in the presence of
excess oxygen, which produces carbon dioxide and water.

Watch the video at this link.

Combustion Reactions – YouTube: This video describes the basics of combustion reactions, how to identify them,
predict the products and balance the chemical equation. Three explosions are included: methane mamba, the
whoosh bottle, and a hydrogen gas balloon.

One example of a simple combustion reaction is the combustion of methane:

Another common example of combustion is the burning of
wood to produce thermal energy. When 1 mole of propane
(C3H8) is burned in excess oxygen, 3 moles of CO2 and 4
moles of H2O are produced.

Combustion Analysis

In combustion analysis, the products, carbon dioxide and
water vapor, are trapped by absorption onto reactive solids
located in tubes above the reaction vessel. These tubes can
then be weighed to determine the absorbed masses of
carbon dioxide and water.

The mass of carbon in the starting material is
determined by a 1:1 ratio with the mass of carbon
dioxide produced (as in the combustion reaction for
methane already displayed).
The initial hydrogen mass is determined by a 2:1 ratio
with the amount of water produced.

The data and the ratios can then be used to calculate the
empirical formula of the unknown sample. Combustion
analysis can also be performed using a CHN analyzer, which
uses gas chromatography to analyze the combustion
products.
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EXPERIMENTAL DATA AND EMPIRICAL FORMULAS

Writing Chemical Equations
A chemical equation expresses a chemical reaction by showing how certain reactants yield certain products.

Learning Objectives

Identify the symbols used to represent the states of matter in a chemical equation.

Key Takeaways

Key Points

In a chemical equation, the reactants are written on the left, and the products are written on the right.
The coefficients next to the symbols of entities indicate the number of moles of a substance produced or
used in the chemical reaction.
The reactants and products are separated by an arrow, usually read aloud as “yields.”
Chemical equations should contain information about the state properties of products and reactants,
whether aqueous (dissolved in water — aq), solid (s), liquid (l), or gas (g).

Key Terms

chemical equation: A symbolic representation of a chemical reaction; reactants are represented on the
left and products on the right.
reactant: The starting materials in a chemical reaction.
product: The compounds produced by a chemical reaction.

A chemical equation is the symbolic representation of a chemical reaction. The reactants (the starting substances)
are written on the left, and the products (the substances found in the chemical reaction) are written on the right. The
coefficients next to the symbols of entities indicate the number of moles of a substance produced or used in the
chemical reaction.

Notation for a Chemical Equation

A chemical equation consists of the chemical formulas of the reactants (on the left) and the products (on the right).
The two are separated by an arrow symbol (“→” usually read aloud as “yields”). Each individual substance’s
chemical formula is separated from others by a plus sign. The state of matter of each compound or molecule is
indicated in subscript next to the compound by an abbreviation in parentheses. For example, a compound in the gas
state would be indicated by (g), solid (s), liquid (l), and aqueous (aq). Aqueous means dissolved in water; it is a
common state of matter for acids, bases, and dissolved ionic compounds.

As an example, the formula for the burning of methane can be written as follows:

+ 2 → + 2CH4 (g) O2 (g) CO2 (g) H2O(g)

114



This equation would be read as “CH four plus two O two yields CO two and two H two O.” For equations involving
complex chemicals, read the chemical formulas using IUPAC nomenclature, rather than reading the letter and its
subscript. Using IUPAC nomenclature, this equation would be read as “methane plus oxygen yields carbon dioxide
and water.”

This equation indicates that oxygen and CH4 react to form H2O and CO2. It also indicates that two oxygen
molecules are required for every methane molecule, and that the reaction will form two water molecules and one
carbon dioxide molecule for every methane and two oxygen molecules that react. The equation also identifies that
all the compounds are in the gaseous state. The stoichiometric coefficients (the numbers in front of the chemical
formulas) result from the law of conservation of mass and the law of conservation of charge (see the “Balancing
Chemical Equations” section for more information). Also, please note that, as in the mathematical commutative
property of addition, chemical equations are commutative. Reactants and products can be written in any order,
provided they are on the appropriate side of the reaction arrow.

Common Symbols

Symbols are used to differentiate among different types of reactions. Sometimes, different arrows are used to
indicate something about the reaction. For example:

 indicates where the forward reaction is favored: in other words, more of the product is being produced.

 indicates where the reverse reaction is favored: in other words, more of the reactant is being produced.

 or  is used to denote a system in equilibrium.

If the reaction requires energy, it is often indicated above the arrow. A capital Greek letter delta (Δ) is written on top
of the reaction arrow to show that energy in the form of heat is added to the reaction; hv is written if the energy is
added in the form of light.

When a baking soda volcano is made by mixing vinegar (dilute aqueous acetic acid) and baking soda (sodium
bicarbonate), the resulting evolution of gas occurs via the following reaction:

Balancing Chemical Equations

Matter cannot be created or destroyed, so there must be the same number of atoms of each element on each side
of a chemical equation.

Learning Objectives

Formulate a balanced chemical equation for a given reaction

Key Takeaways

Key Points

Every chemical equation adheres to the law of conservation of mass, which states that matter cannot be
created or destroyed. Therefore, there must be the same number of atoms of each element on each side
of a chemical equation.
Use coefficients of products and reactants to balance the number of atoms of an element on both sides of
a chemical equation.
When an equal number of atoms of an element is present on both sides of a chemical equation, the
equation is balanced.

→

←

⇋ ↔

+ → + +HCH3 CO2(aq) NaHCO3(s) CH3 CO2Na(aq) H2O(l) CO2(g)
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Key Terms

law of conservation of mass: Matter cannot be created or destroyed. Therefore, in a closed system, the
mass of the reactants must equal the mass of the products.
coefficient: A constant by which an algebraic term is multiplied.

A chemical equation is an expression of the net composition change associated with a chemical reaction. It shows
how a certain amount of reactants yields a certain amount of products. Both of these amounts are measured in
moles. Chemical equations often contain information about the state of the reactants: solid, liquid, gas, or aqueous.
In addition, they always adhere to the law of conservation of mass, which holds that matter can change form, but
cannot be created or destroyed.

This means that the mass of a closed system of substances will remain constant, regardless of the processes acting
inside the system. In other words, for any chemical equation in a closed system, the mass of the reactants must
equal the mass of the products. Therefore, there must be the same number of atoms of each element on each side
of a chemical equation. A properly balanced chemical equation shows this.

How to Balance Reactions

Take a look at the equation for the chemical reaction that yields table salt (NaCl, sodium chloride) from sodium
metal and chlorine gas:

There are two chlorine atoms on the reactant’s side, which is indicated by the subscript 2 next to chlorine. However,
there is only one Cl atom on the product’s side because the ratio of Na to Cl is one to one. Therefore, to balance
this reaction, a coefficient will have to be added to the NaCl on the product’s side.

Never attempt to balance a reaction by changing the subscripts on a molecule. The subscripts indicate a very
specific molecule; changing the subscripts would indicate a new molecule (not the desired product).

To balance this reaction, add a 2 in front of the NaCl.

Now, there are two chlorine atoms on each side of the reaction. However, now there is one sodium atom on the
reactant’s side and two sodium atoms on the product’s side. Therefore, add a 2 in front of the sodium on the
reactant’s side.

Now, there are two sodium atoms on both sides and two chlorine atoms on both sides. Therefore, the reaction is
balanced.

The law of conservation of mass applies in all chemical equations. This means that the number of atoms of products
present is conserved in the number of atoms of reactants.

 
Visit this page in your course online to use this simulation.
Interactive: Stoichiometry and Balancing Reactions: To make hydrogen chloride or any other chemical there
is only one ratio of reactants that works so that all of the hydrogen and chlorine are used to make hydrogen
chloride. Try several different ratios to see which ones form a complete reaction with nothing left over. What is
the simplest ratio of hydrogen to chlorine for forming hydrogen chloride?

Watch the video at this link.

Balancing Chemical Equations – YouTube: This video shows simple steps to balance chemical equations.

+ →Na(s) Cl2(g) NaCl(s)

+ → 2Na(s) Cl2(g) NaCl(s)

2 + → 2Na(s) Cl2(g) NaCl(s)
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REACTION STOICHIOMETRY

Amount of Reactants and Products
Stoichiometry is the study of the relative quantities of reactants and products in chemical reactions and how to
calculate those quantities.

Learning Objectives

Construct a balanced chemical equation

Key Takeaways

Key Points

To fully understand a chemical reaction, a balanced chemical equation must be written.
Chemical reactions are balanced by adding coefficients so that the number of atoms of each element is
the same on both sides.
Stoichiometry describes the relationship between the amounts of reactants and products in a reaction.

Key Terms

stoichiometry: The field of chemistry that is concerned with the relative quantities of reactants and
products in chemical reactions and how to calculate those quantities.

Chemical equations are symbolic representations of chemical reactions. The reacting materials (reactants) are
given on the left, and the products are displayed on the right, usually separated by an arrow showing the direction of
the reaction. The numerical coefficients next to each chemical entity denote the proportion of that chemical entity
before and after the reaction. The law of conservation of mass dictates that the quantity of each element must
remain unchanged in a chemical reaction. Therefore, in a balanced equation each side of the chemical equation
must have the same quantity of each element.
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Chemical equations: A chemical equation shows what reactants are needed to make specific products. Reactions are balanced by
adding coefficients so that there are the same number of atoms of each element on both sides of the reaction. So the left side of the
equation, , has four hydrogen atoms and two oxygen atoms, as does the right side of the equation, .

Stoichiometry

Stoichiometry is the field of chemistry that is concerned with the relative quantities of reactants and products in
chemical reactions. For any balanced chemical reaction, whole numbers (coefficients) are used to show the
quantities (generally in moles ) of both the reactants and products. For example, when oxygen and hydrogen react
to produce water, one mole of oxygen reacts with two moles of hydrogen to produce two moles of water.

In addition, stoichiometry can be used to find quantities such as the amount of products that can be produced with a
given amount of reactants and percent yield. Upcoming concepts will explain how to calculate the amount of
products that can be produced given certain information.

The relationship between the products and reactants in a balanced chemical equation is very important in
understanding the nature of the reaction. This relationship tells us what materials and how much of them are
needed for a reaction to proceed. Reaction stoichiometry describes the quantitative relationship among substances
as they participate in various chemical reactions.

Molar Ratios
Molar ratios, or conversion factors, identify the number of moles of each reactant needed to form a certain number
of moles of each product.

Learning Objectives

Calculate the molar ratio between two substances given their balanced reaction

Key Takeaways

Key Points

Molar ratios state the proportions of reactants and products that are used and formed in a chemical
reaction.
Molar ratios can be derived from the coefficients of a balanced chemical equation.
Stoichiometric coefficients of a balanced equation and molar ratios do not tell the actual amounts of
reactants consumed and products formed.

2 +H2 O2 2 OH2
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Key Terms

stoichiometric ratio: The ratio of the coefficients of the products and reactants in a balanced reaction.
This ratio can be used to calculate the amount of products or reactants produced or used in a reaction.

Chemical equations are symbolic representations of chemical reactions. In a chemical equation, the reacting
materials are written on the left, and the products are written on the right; the two sides are usually separated by an
arrow showing the direction of the reaction. The numerical coefficient next to each entity denotes the absolute
stoichiometric amount used in the reaction. Because the law of conservation of mass dictates that the quantity of
each element must remain unchanged over the course of a chemical reaction, each side of a balanced chemical
equation must have the same quantity of each particular element.

In a balanced chemical equation, the coefficients can be used to determine the relative amount of molecules,
formula units, or moles of compounds that participate in the reaction. The coefficients in a balanced equation can be
used as molar ratios, which can act as conversion factors to relate the reactants to the products. These conversion
factors state the ratio of reactants that react but do not tell exactly how much of each substance is actually involved
in the reaction.

Determining Molar Ratios

The molar ratios identify how many moles of product are formed from a certain amount of reactant, as well as the
number of moles of a reactant needed to completely react with a certain amount of another reactant. For example,
look at this equation:

From this reaction equation, it is possible to deduce the following molar ratios:

1 mol CH4: 1 mol CO2
1 mol CH4: 2 mol H2O
1 mol CH4: 2 mol O2
2 mol O2: 1 mol CO2
2 mol O2: 2 mol H2O

In other words, 1 mol of methane will produced 1 mole of carbon dioxide (as long as the reaction goes to completion
and there is plenty of oxygen present). These molar ratios can also be expressed as fractions. For example, 1 mol
CH4: 1 mol CO2 can be expressed as . These molar ratios will be very important for quantitative chemistry
calculations that will be discussed in later concepts.

Mole-to-Mole Conversions

Mole-to-mole conversions can be facilitated by using conversion factors found in the balanced equation for the
reaction of interest.

Learning Objectives

Calculate how many moles of a product are produced given quantitative information about the reactants.

Key Takeaways

Key Points

The law of conservation of mass dictates that the quantity of an element does not change over the course

+ 2 → + 2 OCH4 O2 CO2 H2

1 mol CH4

1 mol CO2
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The law of conservation of mass dictates that the quantity of an element does not change over the course
of a reaction. Therefore, a chemical equation is balanced when all elements have equal values on both
the left and right sides.
The balanced equation for the reaction of interest contains the stoichiometric ratios of the reactants and
products; these ratios can be used as conversion factors for mole -to-mole conversions.
Stoichiometric ratios are unique for each chemical reaction.

Key Terms

conversion factor: A ratio of coefficients found in a balanced reaction, which can be used to inter-
convert the amount of products and reactants.
mole: In the International System of Units, the base unit of the amount of substance; the amount of
substance of a system that contains as many elementary entities as there are atoms in 12 g of carbon-12.

Stoichiometric Values in a Chemical Reaction

A chemical equation is a visual representation of a chemical reaction. In a typical chemical equation, an arrow
separates the reactants on the left and the products on the right. The coefficients next to the reactants and products
are the stoichiometric values. They represent the number of moles of each compound that needs to react so that the
reaction can go to completion.

On some occasions, it may be necessary to calculate the number of moles of a reagent or product under certain
reaction conditions. To do this correctly, the reaction needs to be balanced. The law of conservation of matter states
that the quantity of each element does not change in a chemical reaction. Therefore, a chemical equation is
balanced when the number of each element in the equation is the same on both the left and right sides of the
equation.

Using Stoichiometry to Calculate Moles

The next step is to inspect the coefficients of each element of the equation. The coefficients can be thought of as
the amount of moles used in the reaction. The key is reaction stoichoimetry, which describes the quantitative
relationship among the substances as they participate in the chemical reaction. The relationship between two of the
reaction’s participants (reactant or product) can be viewed as conversion factors and can be used to facilitate mole-
to-mole conversions within the reaction.

Example 1

For example, to determine the number of moles of water produced from 2 mol O2, the balanced chemical
reaction should be written out:

There is a clear relationship between O2 and H2O: for every one mole of O2, two moles of H2O are produced.

Therefore, the ratio is one mole of O2 to two moles of H2O, or . Assume abundant hydrogen and two
moles of O2, then one can calculate:

Therefore, 4 moles of H2O were produced by reacting 2 moles of O2 in excess hydrogen.

Each stoichiometric conversion factor is reaction-specific and requires that the reaction be balanced. Therefore,
each reaction must be balanced before starting calculations.

Example 2

2 + → 2H2(g) O2(g) H2O(g)

1 mol O2

2 O moles H2

2 ⋅ = 4 O moles O2
2 O mol H2

1 mol O2
 moles H2
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If 4.44 mol of O2 react with excess hydrogen, how many moles of water are produced?

The chemical equation is . Therefore, to calculate the number of moles of water produced:

Watch the video at this link.

Stoichiometry: Moles to Moles – YouTube: This video shows how to determine the number of moles of reactants
and products using the number of moles of one of the substances in the reaction.

Mass-to-Mass Conversions

Mass-to-mass conversions cannot be done directly; instead, mole values must serve as intermediaries in these
conversions.

Learning Objectives

Calculate the mass of reactants and products from a balanced chemical equation and information about the
amount of reactant(s) present.

Key Takeaways

Key Points

The law of conservation of mass dictates that the quantity of an element does not change over the course
of the reaction. Therefore, a chemical equation is balanced when each element has equal numbers on
both the left and right sides of the equation.
Stoichiometric ratios, the ratios of the amounts of each substance used, are unique for each chemical
reaction.
The balanced equation of a reaction contains the stoichiometric ratios of the reactants and products;
these ratios can be used for mole -to-mole conversions. There is no direct way to convert from the mass
of one substance to the mass of another.
To convert from one mass (substance A) to another mass (substance B), you must convert the mass of A
first to moles, then use the mole-to-mole conversion factor (B/A), then convert the mole amount of B back
to grams of B.

Key Terms

stoichiometric ratio: The quantitative ratio between the reactants and products of a specific reaction or
chemical equation. The ratio is made up of their coefficients from the balanced equation.

A chemical equation is a visual representation of a chemical reaction. A typical chemical equation follows the form

where an arrow separates the reactants on the left and the products on the right. The coefficients before the
reactants and products are their stoichiometric values.

Calculating the Mass of Reactants & Products

One may need to compute the mass of a reactant or product under certain reaction conditions. To do this, it is
necessary to ensure that the reaction is balanced. The ratio of the coefficients of two of the compounds in a reaction
(reactant or product) can be viewed as a conversion factor and can be used to facilitate mole-to-mole conversions

+ 2 → 2 OO2 H2 H2

4.44 ⋅ = 8.88 O mol O2
2 O moles H2

1 mole O2
 moles H2

aA + bB → cC + dD
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within the reaction. It is not possible to directly convert from the mass of one element to the mass of another.
Therefore, for a mass-to-mass conversion, it is necessary to first convert one amount to moles, then use the
conversion factor to find moles of the other substance, and then convert the molar value of interest back to mass.

Mass to mass conversions: A chart detailing the steps that need to be taken to convert from the mass of substance A to the mass
of substance B.

Example

This can be illustrated by the following example, which calculates the mass of oxygen needed to burn 54.0
grams of butane (C4H10). The balanced equation is:

Because there is no direct way to compare the mass of butane to the mass of oxygen, the mass of butane must
be converted to moles of butane:

With the number of moles of butane equal to 54 grams, it is possible to find the moles of O2 that can react with
it. Taking coefficients from the reaction equation (13 O2 and 2 C4H10), the molar ratio of O2 to C4H10 is 13:2.

This last equation shows that 6.05 moles of O2 can react with 0.929 moles of C4H10. The molar amount of O2
can now be easily converted back to grams of oxygen:

2 + 13 → 8 + 10 OC4 H10 O2 CO2 H2

54.0 ⋅ = 0.929 g C4H10
1 mol
58.1 g

 mol C4H10

0.929 ⋅ = 6.05 mol C4H10
13 mol O2

2 mol C4H10
 mol O2

6.05 mol ⋅ = 193
32 g

1 mol
 g O2
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In summary, it was impossible to directly determine the mass of oxygen that could react with 54.0 grams of
butane. But by converting the butane mass to moles (0.929 moles) and using the molar ratio (13 moles oxygen:
2 moles butane), one can find the molar amount of oxygen (6.05 moles) that reacts with 54.0 grams of butane.
Using the molar amount of oxygen, it is then possible to find the mass of the oxygen (193 g).

Watch the video at this link.

Stoichiometry: Grams to Grams – YouTube: This video shows how to determine the grams of the other
substances in the chemical equation if the grams of one of the substances is known

Mass-to-Mole Conversions

Mass-to-mole conversions can be facilitated by employing the molar mass as a conversion ratio.

Learning Objectives

Convert from grams to moles using a compound’s molar mass.

Key Takeaways

Key Points

The mole is the universal measurement of quantity in chemistry. Although it is not possible to directly
measure how many moles a substance contains, it is possible to first measure its mass and then convert
that amount to moles.
A substance’s molar mass is calculated by multiplying its relative atomic mass by the molar mass
constant (1 g/mol).
The molar mass constant can be used to convert mass to moles. By multiplying a given mass by the
molar mass, the amount of moles of the substance can be calculated.

Key Terms

molar mass: The mass of a given substance (chemical element or chemical compound) divided by its
amount (mol) of substance.
mole: In the International System of Units, the base unit of the amount of substance; the amount of
substance of a system that contains as many elementary entities as there are atoms in 12 g of carbon-12.

The mole is the universal measurement of quantity in chemistry. However, the measurements that researchers take
every day provide answers not in moles but in more physically concrete units, such as grams or milliliters.
Therefore, scientists need some way of comparing what can be physically measured to the amount of measurement
they are interested in: moles.

Molar Mass

Because scientists of the early 18th and 19th centuries could not determine the exact masses of the elements due
to technology limitations, they instead assigned relative weights to each element. The relative atomic mass is a ratio
between the average mass of an element and 1/12 of the mass of an atom of carbon-12. From this scale, hydrogen
has an atomic weight of 1.0079 amu, and sodium has an atomic weight of 22.9997 amu.

From the relative atomic mass of each element, it is possible to determine each element’s molar mass by
multiplying the molar mass constant (1 g/mol) by the atomic weight of that particular element. Multiplying by the
molar mass constant ensures that the calculation is dimensionally correct because atomic weights are
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dimensionless. The molar mass value can be used as a conversion factor to facilitate mass-to-mole and mole-to-
mass conversions.

Converting Grams to Moles

The compound ‘s molar mass is necessary when converting from grams to moles.

For a single element, the molar mass is equivalent to its atomic weight multiplied by the molar mass constant
(1 g/mol).
For a compound, the molar mass is the sum of the atomic weights of each element in the compound
multiplied by the molar mass constant.

After the molar mass is determined, dimensional analysis can be used to convert from grams to moles.

Mass and mole conversions: The mass and molar quantities of a substance can be easily interconverted by using the molecular
weight as a conversion factor.

Example 1

For example, convert 18 grams of water to moles of water. The molar mass of water is 18 g/mol. Therefore:

Example 2

If you have 34.5 g of NaCl, how many moles of NaCl do you have?

Watch the video at this link.

Stoichiometry, Grams to Moles – YouTube: This video describes how to determine the number of moles of
reactants and products if given the number of grams of one of the substances in the chemical equation.

Limiting Reagents

The reagent that limits how much product is produced (the reactant that runs out first) is known as the limiting
reagent.

18 O × = 1.0 O g H2
1 mol

18 O g H2
 mol H2

34.5 g NaCl ⋅ = 0.591 moles NaCl1 mol NaCl
58.4 g NaCl
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Learning Objectives

Determine the limiting reagent and the amount of a product formed in a given reavion

Key Takeaways

Key Points

The limiting reagent is the reactant that is used up completely. This stops the reaction and no further
products are made.
Given the balanced chemical equation that describes the reaction, there are several ways to identify the
limiting reagent.
One way to determine the limiting reagent is to compare the mole ratios of the amounts of reactants
used. This method is most useful when there are only two reactants.
The limiting reagent can also be derived by comparing the amount of products that can be formed from
each reactant.

Key Terms

limiting reagent: The reactant in a chemical reaction that is consumed first; prevents any further reaction
from occurring.

In a chemical reaction, the limiting reagent, or limiting reactant, is the substance that has been completely
consumed when the chemical reaction is complete. The amount of product produced by the reaction is limited by
this reactant because the reaction cannot proceed further without it; often, other reagents are present in excess of
the quantities required to to react with the limiting reagent. From stoichiometry, the exact amount of reactant needed
to react with another element can be calculated. However, if the reagents are not mixed or present in these correct
stoichiometric proportions, the limiting reagent will be entirely consumed and the reaction will not go to
stoichiometric completion.
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Limiting reagent: The limiting reagent in a reaction is the first to be completely used up and prevents any further reaction from
occurring. In this reaction, reactant B is the limiting reagent because there is still some left over A in the products. Therefore, A was
in excess when B was all used up.

Determining the Limiting Reagent

One way to determine the limiting reagent is to compare the mole ratio of the amount of reactants used. This
method is most useful when there are only two reactants. One reactant (A) is chosen, and the balanced chemical
equation is used to determine the amount of the other reactant (B) necessary to react with A. If the amount of B
actually present exceeds the amount required, then B is in excess, and A is the limiting reagent. If the amount of B
present is less than is required, then B is the limiting reagent.

To begin, the chemical equation must first be balanced. The law of conservation states that the quantity of each
element does not change over the course of a chemical reaction. Therefore, the chemical equation is balanced
when the amount of each element is the same on both the left and right sides of the equation. Next, convert all
given information (typically masses) into moles, and compare the mole ratios of the given information to those in the
chemical equation.

For example: What would be the limiting reagent if 75 grams of C2H3Br3 reacted with 50.0 grams of O2 in the
following reaction:

First, convert the values to moles:

It is then possible to calculate how much C2H3Br3 would be required if all the O2 is used up:

4 + 11 → 8 + 6 O + 6C2 H3Br3 O2 CO2 H2 Br2

75 g × = 0.281 mole
266.72 g

 mol C2H3Br3

50.0 g × = 1.561 mol
32 g

 mol O2

1.56 × = 0.567 mol O2
4 mol C2H3Br3

11 mol O2
 mol C2H3Br3
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This demonstrates that 0.567 mol C2H3Br3 is required to react with all the oxygen. Since there is only 0.28 mol
C2H3Br3 present, C2H3Br3 is the limiting reagent.

Another method of determining the limiting reagent involves the comparison of product amounts that can be formed
from each reactant. This method can be extended to any number of reactants more easily than the previous
method. Again, begin by balancing the chemical equation and by converting all the given information into moles.
Then use stoichiometry to calculate the mass of the product that could be produced for each individual reactant. The
reactant that produces the least amount of product is the limiting reagent.

For example: What would be the limiting reagent if 80.0 grams of Na2O2 reacted with 30.0 grams of H2O in the
reaction?

The comparison can be done with either product; for this example, NaOH will be the product compared. To
determine how much NaOH is produced by each reagent, use the stoichiometric ratio given in the chemical
equation as a conversion factor:

 and 

Then convert the grams of each reactant into moles of NaOH to see how much NaOH each could produce if the
other reactant was in excess.

Obviously the Na2O2 produces less NaOH than H2O; therefore, Na2O2 is the limiting reagent.

Watch the video at this link.

STOICHIOMETRY – Limiting Reactant & Excess Reactant Stoichiometry & Moles – YouTube: A video showing
two examples of how to solve limiting reactant stoichiometry problems. This video also explains how to determine
the excess reactant too.

Calculating Theoretical and Percent Yield

The percent yield of a reaction measures the reaction’s efficiency. It is the ratio between the actual yield and the
theoretical yield.

Learning Objectives

Calculate the percent yield of a reaction, distinguishing from theoretical and actual yield.

Key Takeaways

Key Points

The theoretical yield for a reaction is calculated based on the limiting reagent. This allows researchers to
determine how much product can actually be formed based on the reagents present at the beginning of
the reaction.
The actual yield will never be 100 percent due to limitations.

. Percent yield measures how efficient the reaction is under

certain conditions.

2 + 2 O → 4NaOH +Na2O2 H2 O2

4 mol NaOH
2 mol Na2O2

4 mol NaOH
2 O mol H2

80.0 × × = 2.06 moles NaOH g Na2O2
1 mol Na2O2

77.98 g Na2O2

4 moles NaOH
2 mol Na2O2

30.0 O × × = 3.33 moles NaOH g H2
1 O mol H2

18 O g H2

4 moles NaOH
2 O moles H2

Percent yield = × 100
actual yield

theoretical yield
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Key Terms

actual yield: The amount of product actually obtained in a chemical reaction.

percent yield: Refers to the efficiency of a chemical reaction; defined as the 

theoretical yield: The amount of product that could possibly be produced in a given reaction, calculated
according to the starting amount of the limiting reagent.

In chemistry, it is often important to know how efficient a reaction is. This is because when a reaction is carried out,
the reactants may not always be present in the proportions written in the balanced equation. As a result, some of
the reactants will be used, and some will be left over when the reaction is completed.

Theoretical, Actual, and Percents Yields

A reaction should theoretically produce as much of the product as the stoichiometric ratio of product to the limiting
reagent suggests. This number can be calculated and is called the theoretical yield. However, the amount of product
actually produced by the reaction will usually be less than the theoretical yield and is referred to as the actual yield.
This is because often reactions have “side reactions” that compete for reactants and produce undesired products.
To evaluate the efficiency of the reaction, chemists compare the theoretical and actual yields by calculating the
percent yield of a reaction:

 To calculate percent yield using this equation, it is not necessary to use a particular unit of measurement (moles,
mL, g etc.), but it is important that the two values being compared are consistent in units. The theoretical yield of a
reaction is 100 percent, but this value becomes nearly impossible to achieve due to limitations.

To accurately calculate the yield, the equation needs to be balanced. Next, identify the limiting reagent. Then the
theoretical yield of the product can be determined and, finally, compared to the actual yield. Then, percent yield can
be calculated.

For example, consider the preparation of nitrobenzene (C6H5NO2), starting with 15.6g of benzene (C6H6) in excess
of nitric acid (HNO3):

In theory, therefore, if all C6H6 were converted to product and isolated, 24.6 grams of product would be obtained
(100 percent yield). If 18.0 grams were actually produced, the percent yield could be calculated:

percent yield = 

percent yield = 73.2%

Watch the video at this link.

Limiting Reactants and Percent Yield – YouTube: This video explains the concept of a limiting reactant (or a
limiting reagent) in a chemical reaction. It also shows how to calculate the limiting reactant and the percent yield in a
chemical reaction.

× 100
actual yield

theoretical yield

Percent yield = × 100
actual yield

theoretical yield

+ → + OC6 H6 HNO3 C6 H5NO2 H2

15.6 × × × = 24.6 g C6H6
1 mol C6H6

78.1 g C6H6

1 mol C6H5NO2

1 mol C6H6

123.1 g C6H5NO2

1 mol C6H5NO2
 g C6H5NO2

× 100
18.0g

24.6g
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AQUEOUS REACTIONS

TYPES OF AQUEOUS SOLUTIONS

Electrolyte and Nonelectrolyte Solutions
Unlike nonelectrolytes, electrolytes contain dissolved ions that enable them to easily conduct electricity.

Learning Objectives

Recognize the properties of an electrolyte solution.

Key Takeaways

Key Points

Electrolytes are salts or molecules that ionize completely in solution. As a result, electrolyte solutions
readily conduct electricity.
Nonelectrolytes do not dissociate into ions in solution; nonelectrolyte solutions do not, therefore, conduct
electricity.

Key Terms

nonelectrolyte: A substance that does not dissociate into ions when in solution.
solution: A homogeneous mixture, which may be a liquid, gas, or solid, formed by dissolving one or more
substances.
solute: Any substance that is dissolved in a liquid solvent to create a solution.
electrolyte: A substance that dissociates into ions when in solution.
salt: An ionic compound composed of cations and anions that are held together by electrostatic
attraction.

Electrolyte Solutions

An electrolyte is any salt or ionizable molecule that, when dissolved in solution, will give that solution the ability to
conduct electricity. This is because when a salt dissolves, its dissociated ions can move freely in solution, allowing a
charge to flow.

Electrolyte solutions are normally formed when a salt is placed into a solvent such as water. For example, when
table salt, NaCl, is placed in water, the salt (a solid) dissolves into its component ions, according to the dissociation
reaction:
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NaCl(s) → Na+(aq) + Cl−(aq)

It is also possible for substances to react with water to yield ions in solution. For example, carbon dioxide gas, CO2,
will dissolve in water to produce a solution that contains hydrogen ions, carbonate, and hydrogen carbonate ions:

2 CO2(g)+ 2 H2O(l) → 3 H+(aq) + CO3
2-(aq) + HCO3

–(aq)

The resulting solution will conduct electricity because it contains ions. It is important to keep in mind, however, that
CO2 is not an electrolyte, because CO2 itself does not dissociate into ions. Only compounds that dissociate into
their component ions in solution qualify as electrolytes.

Strong and Weak Electrolytes

As mentioned above, when an ionizable solute dissociates, the resulting solution can conduct electricity. Therefore,
compounds that readily form ions in solution are known as strong electrolytes. (By this reasoning, all strong acids
and strong bases are strong electrolytes.)

By contrast, if a compound dissociates to a small extent, the solution will be a weak conductor of electricity; a
compound that only dissociates weakly, therefore, is known as a weak electrolyte.

A strong electrolyte will completely dissociate into its component ions in solution; a weak electrolyte, on the other
hand, will remain mostly undissociated in solution. An example of a weak electrolyte is acetic acid, which is also a
weak acid.

Gatorade as an electrolyte solution: The sports drink Gatorade advertises that it contains electrolytes because it contains sodium,
potassium, magnesium, and other ions. When humans sweat, we lose ions necessary for vital bodily functions; to replenish them, we
need to consume more ions, often in the form of an electrolyte solution. In the human body, electrolytes have many uses, including
helping neurons conduct electrical impulses.

Nonelectrolyte Solutions

Nonelectrolytes are compounds that do not ionize at all in solution. As a result, solutions containing nonelectrolytes
will not conduct electricity. Typically, nonelectrolytes are primarily held together by covalent rather than ionic bonds.
A common example of a nonelectrolyte is glucose, or C6H12O6. Glucose (sugar) readily dissolves in water, but
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because it does not dissociate into ions in solution, it is considered a nonelectrolyte; solutions containing glucose do
not, therefore, conduct electricity.

Water’s Solvent Properties
Water’s polarity makes it an excellent solvent for other polar molecules and ions.

Learning Objectives

Explain why some molecules do not dissolve in water.

Key Takeaways

Key Points

Water dissociates salts by separating the cations and anions and forming new interactions between the
water and ions.
Water dissolves many biomolecules, because they are polar and therefore hydrophilic.

Key Terms

dissociation: The process by which a compound or complex body breaks up into simpler constituents
such as atoms or ions, usually reversibly.
hydration shell: The term given to a solvation shell (a structure composed of a chemical that acts as a
solvent and surrounds a solute species) with a water solvent; also referred to as a hydration sphere.

Water’s Solvent Properties

Water, which not only dissolves many compounds but also dissolves more substances than any other liquid, is
considered the universal solvent. A polar molecule with partially-positive and negative charges, it readily dissolves
ions and polar molecules. Water is therefore referred to as a solvent: a substance capable of dissolving other polar
molecules and ionic compounds. The charges associated with these molecules form hydrogen bonds with water,
surrounding the particle with water molecules. This is referred to as a sphere of hydration, or a hydration shell, and
serves to keep the particles separated or dispersed in the water.

When ionic compounds are added to water, individual ions interact with the polar regions of the water molecules
during the dissociation process, disrupting their ionic bonds. Dissociation occurs when atoms or groups of atoms
break off from molecules and form ions. Consider table salt (NaCl, or sodium chloride): when NaCl crystals are
added to water, the molecules of NaCl dissociate into Na+ and Cl– ions, and spheres of hydration form around the
ions. The positively-charged sodium ion is surrounded by the partially-negative charge of the water molecule’s
oxygen; the negatively-charged chloride ion is surrounded by the partially-positive charge of the hydrogen in the
water molecule.
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Dissociation of NaCl in water: When table salt (NaCl) is mixed in water, spheres of hydration form around the ions.

Since many biomolecules are either polar or charged, water readily dissolves these hydrophilic compounds. Water
is a poor solvent, however, for hydrophobic molecules such as lipids. Nonpolar molecules experience hydrophobic
interactions in water: the water changes its hydrogen bonding patterns around the hydrophobic molecules to
produce a cage-like structure called a clathrate. This change in the hydrogen-bonding pattern of the water solvent
causes the system’s overall entropy to greatly decrease, as the molecules become more ordered than in liquid
water. Thermodynamically, such a large decrease in entropy is not spontaneous, and the hydrophobic molecule will
not dissolve.

Electrolytic Properties

When electrodes are placed in an electrolyte solution and a voltage is applied, the electrolyte will conduct electricity.

Learning Objectives

Use a table of standard reduction potentials to determine which species in solution will be reduced or oxidized.

Key Takeaways

Key Points

When an electrical current passes through a solution (often of electrolytes ), a cation or neutral molecule
gets reduced at the cathode, and an anion or neutral molecule gets oxidized at the anode.
To determine which species in solution will be oxidized and which reduced, a table of standard reduction
potentials can identify the most thermodynamically viable option.
In practice, electrolysis of pure water can create hydrogen gas.

Key Terms

electrode: the terminal through which electric current passes between metallic and nonmetallic parts of
an electric circuit; in electrolysis, the cathode and anode are placed in the solution separately.
electron: the subatomic particle that has a negative charge and orbits the nucleus; the flow of electrons
in a conductor constitutes electricity.

Electrolytic Properties
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When electrodes are placed in an electrolyte solution and a voltage is applied, the electrolyte will conduct electricity.
Lone electrons cannot usually pass through the electrolyte; instead, a chemical reaction occurs at the cathode that
consumes electrons from the anode. Another reaction occurs at the anode, producing electrons that are eventually
transferred to the cathode. As a result, a negative charge cloud develops in the electrolyte around the cathode, and
a positive charge develops around the anode. The ions in the electrolyte neutralize these charges, enabling the
electrons to keep flowing and the reactions to continue.

For example, in a solution of ordinary table salt (sodium chloride, NaCl) in water, the cathode reaction will be:

and hydrogen gas will bubble up. The anode reaction is:

and chlorine gas will be liberated. The positively-charged sodium ions Na+ will react toward the cathode,
neutralizing the negative charge of OH− there; the negatively-charged hydroxide ions OH− will react toward the
anode, neutralizing the positive charge of Na+ there. Without the ions from the electrolyte, the charges around the
electrode slow continued electron flow; diffusion of H+ and OH− through water to the other electrode takes longer
than movement of the much more prevalent salt ions.

In other systems, the electrode reactions can involve electrode metal as well as electrolyte ions. In batteries for
example, two materials with different electron affinities are used as electrodes: outside the battery, electrons flow
from one electrode to the other; inside, the circuit is closed by the electrolyte’s ions. Here, the electrode reactions
convert chemical energy to electrical energy.

Oxidation and Reduction at the Electrodes

Oxidation of ions or neutral molecules occurs at the anode, and the reduction of ions or neutral molecules occurs at
the cathode. Two mnemonics for remembering that reduction happens at the cathode and oxidation at the anode
are: “Red Cat” (reduction – cathode) and “An Ox” (anode – oxidation). The mnemonic “LeO said GeR” is useful for
remembering “lose an electron in oxidation” and “gain an electron in reduction.”

It is possible to oxidize ferrous ions to ferric ions at the anode. For example:

Neutral molecules can also react at either electrode. For example, p-Benzoquinone can be reduced to hydroquinone
at the cathode:

Hydroquinone: Hydroquinone is a reductant or electron donor and organic molecule.

Para-benzoquinone: P-benzoquinone is an oxidant or electron acceptor.

2 O + 2 → 2 +H2 e− OH− H2

2NaCl → 2 + + 2Na+ Cl2 e−

(aq) → (aq) +Fe2+ Fe3+ e−

+2 + 2 →e− H+
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In the last example, H+ ions (hydrogen ions) also take part in the reaction, and are provided by an acid in the
solution or by the solvent itself (water, methanol, etc.). Electrolysis reactions involving H+ ions are fairly common in
acidic solutions, while reactions involving OH- (hydroxide ions) are common in alkaline water solutions.

The oxidized or reduced substances can also be the solvent (usually water) or electrodes. It is possible to have
electrolysis involving gases.

In order to determine which species in solution will be oxidized and which will be reduced, the standard electrode
potential of each species may be obtained from a table of standard reduction potentials, a small sampling of which
is shown here:

Standard electrode potentials table: This is the standard reduction potential for the reaction shown, measured in volts. Positive
potential is more favorable in this case.

Historically, oxidation potentials were tabulated and used in calculations, but the current standard is to only record
the reduction potential in tables. If a problem demands use of oxidation potential, it may be interpreted as the
negative of the recorded reduction potential. For example, referring to the data in the table above, the oxidation of
elemental sodium (Na(s)) is a highly favorable process with a value of = + 2.71 V; this makes intuitive sense
because the loss of one electron from a sodium atom produces a sodium cation, which has the same electron
configuration as neon, a noble gas. The production of this low-energy and stable electron configuration is clearly a
favorable process. Chlorine gas on the other hand is much more likely to be reduced under normal conditions, as
can be inferred from the value of = +1.36 V in the table. Recall that a more positive potential always means
that that reaction will be favored; this will have consequences concerning redox reactions.
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PRECIPITATION REACTIONS

Precipitation Reactions
Precipitation reactions transform ions into an insoluble salt in aqueous solution.

Learning Objectives

Distinguish ways to write precipitation reactions (complete ionic equation and net ionic equation) and use a
solubility table to determine whether a precipitation reaction will occur

Key Takeaways

Key Points

A precipitation reaction refers to the formation of an insoluble salt when two solutions containing soluble
salts are combined. The insoluble salt that falls out of solution is known as the precipitate, hence the
reaction’s name.
Precipitation reactions can help determine the presence of various ions in solution.
A solubility table can be used to predict precipitation reactions.

Key Terms

precipitation: the process of an insoluble salt forming from its aqueous ions and falling out of solution
net ionic equation: a method or writing a precipitation reaction without spectator ions

Precipitation refers to a chemical reaction that occurs in aqueous solution when two ions bond together to form an
insoluble salt, which is known as the precipitate.

A precipitation reaction can occur when two solutions containing different salts are mixed, and a cation/anion pair in
the resulting combined solution forms an insoluble salt; this salt then precipitates out of solution.

The following is a common laboratory example of a precipitation reaction. Aqueous silver nitrate (AgNO3) is added
to a solution containing potassium chloride (KCl), and the precipitation of a white solid, silver chloride (AgCl), is
observed:

AgNO3 (aq) + KCl (aq) → AgCl (s) + KNO3(aq)

Note that the product silver chloride is the precipitate, and it is designated as a solid. This reaction can be also be
written in terms of the individual dissociated ions in the combined solution. This is known as the complete ionic
equation:

Ag+ 
(aq) + NO3

−
(aq) + K+ 

(aq) + Cl−(aq) → AgCl (s) + K+ 
(aq) + NO3

−
(aq)

A final way to represent a precipitation reaction is known as the net ionic equation. In this case, any spectator ions
(those that do not contribute to the precipitation reaction) are left out of the formula completely. Without the
spectator ions, the reaction equation simplifies to the following:
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Ag+
(aq) + Cl−(aq) → AgCl (s)

Observing precipitation reactions can be useful in the laboratory to determine the presence of various ions in
solution. For instance, if silver nitrate is added to a solution of an unknown salt and a precipitate is observed, the
unknown solution might contain chloride (Cl–).

Lastly, to make predictions about precipitation reactions, it is important to remember solubility rules. The following
solubility chart gives a useful summary:

Solubility chart: To determine the solubility of an given salt, find the cationic component along the left-hand side, match it to the
anionic component along the top, then check to see if it is S – soluble, I – insoluble, or sS – slightly soluble.

Solubility
Solubility is the relative ability of a solute (solid, liquid, or gas) to dissolve into a solvent and form a solution.

Learning Objectives

Recognize the various ions that cause a salt to generally be soluble/insoluble in water.

Key Takeaways

Key Points

Solubility is the relative ability of a solute to dissolve into a solvent.
Several factors affect the solubility of a given solute in a given solvent. Temperature often plays the
largest role, although pressure can have a significant effect for gases.
To predict whether a compound will be soluble in a given solvent, remember the saying, “Like dissolves
like.” Highly polar ionic compounds such as salt readily dissolve in polar water, but do not readily dissolve
in non-polar solutions such as benzene or chloroform.
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Key Terms

solute: the compound that dissolves in solution (can be a solid, liquid, or gas)
solubility: the relative ability of a solute to dissolve into a solvent
solvent: the compound (usually a liquid) that dissolves the solute

De�nition of Solubility

Solubility is the ability of a solid, liquid, or gaseous chemical substance (referred to as the solute) to dissolve in
solvent (usually a liquid) and form a solution. The solubility of a substance fundamentally depends on the solvent
used, as well as temperature and pressure. The solubility of a substance in a particular solvent is measured by the
concentration of the saturated solution. A solution is considered saturated when adding additional solute no longer
increases the concentration of the solution.

The degree of solubility ranges widely depending on the substances, from infinitely soluble (fully miscible), such as
ethanol in water, to poorly soluble, such as silver chloride in water. The term “insoluble” is often applied to poorly
soluble compounds. Under certain conditions, the equilibrium solubility can be exceeded, yielding a supersaturated
solution.

Solubility does not depend on particle size; given enough time, even large particles will eventually dissolve.

Factors A�ecting Solubility

Temperature

The solubility of a given solute in a given solvent typically depends on temperature. For many solids dissolved in
liquid water, solubility tends to correspond with increasing temperature. As water molecules heat up, they vibrate
more quickly and are better able to interact with and break apart the solute.
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Solubilty of various substances vs. temperature change: Solubility increases with temperature for most substances; for example,
more sugar will dissolve in hot water than in cold water.

The solubility of gases displays the opposite relationship with temperature; that is, as temperature increases, gas
solubility tends to decrease. In a chart of solubility vs. temperature, notice how solubility tends to increase with
increasing temperature for the salts and decrease with increasing temperature for the gases.

Pressure

Pressure has a negligible effect on the solubility of solid and liquid solutes, but it has a strong effect on solutions
with gaseous solutes. This is apparent every time you open a soda can; the hissing sound from the can is due to the
fact that its contents are under pressure, which ensures that the soda stays carbonated (that is to say, that the
carbon dioxide stays dissolved in solution). The takeaway from this is that the solubility of gases tends to correlate
with increasing pressure.

Polarity

A popular saying used for predicting solubility is “Like dissolves like.” This statement indicates that a solute will
dissolve best in a solvent that has a similar chemical structure; the ability for a solvent to dissolve various
compounds depends primarily on its polarity. For example, a polar solute such as sugar is very soluble in polar
water, less soluble in moderately polar methanol, and practically insoluble in non-polar solvents such as benzene. In
contrast, a non-polar solute such as naphthalene is insoluble in water, moderately soluble in methanol, and highly
soluble in benzene.
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Solubility Chart

The solubility chart shows the solubility of many salts. Salts of alkali metals (and ammonium), as well as those of
nitrate and acetate, are always soluble. Carbonates, hydroxides, sulfates, phosphates, and heavy metal salts are
often insoluble.

Solubility chart: The solubilities of salts formed from cations on the left and anions on the top are designated as: soluble (S),
insoluble (I), or slightly soluble (sS).

Watch the video at this link.

Solubility: Solubility of salt and gas solutes in liquid solvent.

Molecular, Ionic, and Complete Ionic Equations

Precipitation reactions can be written as molecular, ionic, or complete ionic equations.

Learning Objectives

Recognize whether a chemical equation is written in molecular, ionic, or complete ionic form.

Key Takeaways

Key Points

Chemical reactions that proceed through ionic forms can be written in a variety of ways.
Molecular equations show species reacting as their molecular formula, with subscripts added to indicate
their solid, liquid, gaseous, or aqueous nature.
Ionic equations show species reacting as their ionic components. Subscripts are not needed to describe
the state of the matter, because all ions are in aqueous solution. A net ionic equation is one in which
spectator ions are removed.
Spectator ions are present in solution but do not participate in the actual precipitation reaction.
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Spectator ions are present in solution but do not participate in the actual precipitation reaction.

Key Terms

electrolyte: a substance that, when dissolved in solution, will enable the solution to conduct electricity
salt: An ionic compound that is composed of cations and anions. The constituent ions are held together
by ionic bonds, not covalent bonds
spectator ion: an ion that is present in solution but does not participate in a precipitation reaction

Molecular Equation

There are various ways to write out precipitation reactions. In the molecular equation, electrolytes are written as
salts followed by (aq) to indicate that the electrolytes are completely dissociated into their constituent ions; the (aq)
designation indicates that the ions are in aqueous solution. For example, aqueous calcium chloride’s reaction with
aqueous silver nitrate can be written as follows:

On the right hand side of the equation, the precipitant (AgCl) is written in its full formula and designated as a solid,
since this is the precipitate that is formed in the reaction. Note that the remaining salt, Ca(NO3)2, is still designed
with (aq) to indicate that the ions are dissociated in solution.

Complete Ionic and Net Ionic Equations

Because the reactants and one of the products are strong electrolytes, it is possible to write them out in terms of
their constituent ions. The resulting equation is known as the complete ionic equation, and it looks as follows:

In this equation, every ion is written out on both sides. The equation is balanced with the molar amount of each ion
preceding it. This can be simplified to the net or complete ionic equation, which is shown below:

In this representation, the ions that are uninvolved in the precipitation reaction (  and ) are simply
excluded from the reaction, because they are essentially redundant on both the left and right side. In this particular
instance, the equation can be further simplified to the reduced balanced form, with the cation coming before the
anion as is most commonly practiced:

The precipitated silver chloride appears as a white solid.

(aq) + 2 (aq) ⇌ Ca( (aq) + 2AgCl(s)CaCl2 AgNO3 NO3)2

(aq) + 2 (aq) + 2Ag+(aq) + 2 (aq) → (aq) + 2 (aq) + 2AgCl(s)Ca2+ Cl− NO−
3 Ca2+ NO−

3

2 (aq) + 2 (aq) → 2AgCl(s)Cl− Ag+

Ca2+ NO−
3

(aq) + (aq) → AgCl(s)Ag+ Cl−
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Silver chloride: Silver chloride is a precipitant of silver and chloride ions reacting in solution.

The and the ions remain in solution and are not part of the reaction. They are termed spectator ions
because they do not participate directly in the reaction; rather, they exist with the same oxidation state on both the
reactant and product side of the chemical equation. They are only needed for charge balance of the original
reagents.
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ACID-BASE REACTIONS

pH, Bu�ers, Acids, and Bases

Acids dissociate into H+ and lower pH, while bases dissociate into OH– and raise pH; buffers can absorb these
excess ions to maintain pH.

Learning Objectives

Explain the composition of buffer solutions and how they maintain a steady pH

Key Takeaways

Key Points

A basic solution will have a pH above 7.0, while an acidic solution will have a pH below 7.0.
Buffers are solutions that contain a weak acid and its a conjugate base; as such, they can absorb excess
H+ ions or OH– ions, thereby maintaining an overall steady pH in the solution.
pH is equal to the negative logarithm of the concentration of H+ ions in solution: pH = – log[H+].

Key Terms

alkaline: having a pH greater than 7; basic
acidic: having a pH less than 7
buffer: a solution composed of a weak acid and its conjugate base that can be used to stabilize the pH of
a solution

Self-Ionization of Water

Hydrogen ions are spontaneously generated in pure water by the dissociation (ionization) of a small percentage of
water molecules into equal numbers of hydrogen (H+) ions and hydroxide (OH–) ions. The hydroxide ions remain in
solution because of their hydrogen bonds with other water molecules; the hydrogen ions, consisting of naked
protons, are immediately attracted to un-ionized water molecules and form hydronium ions (H30+). By convention,
scientists refer to hydrogen ions and their concentration as if they were free in this state in liquid water.

The concentration of hydrogen ions dissociating from pure water is 1 × 10-7 moles H+ ions per liter of water. The pH
is calculated as the negative of the base 10 logarithm of this concentration:

The negative log of 1 × 10-7 is equal to 7.0, which is also known as neutral pH. Human cells and blood each
maintain near-neutral pH.

2 O ⇋ +H2 H3O+ OH−

pH = −log[ ]H+
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pH Scale

The pH of a solution indicates its acidity or basicity (alkalinity). The pH scale is an inverse logarithm that ranges
from 0 to 14: anything below 7.0 (ranging from 0.0 to 6.9) is acidic, and anything above 7.0 (from 7.1 to 14.0) is
basic (or alkaline ). Extremes in pH in either direction from 7.0 are usually considered inhospitable to life. The pH in
cells (6.8) and the blood (7.4) are both very close to neutral, whereas the environment in the stomach is highly
acidic, with a pH of 1 to 2.

The pH scale: The pH scale measures the concentration of hydrogen ions (H+) in a solution.

Non-neutral pH readings result from dissolving acids or bases in water. Using the negative logarithm to generate
positive integers, high concentrations of hydrogen ions yield a low pH, and low concentrations a high pH.

An acid is a substance that increases the concentration of hydrogen ions (H+) in a solution, usually by dissociating
one of its hydrogen atoms. A base provides either hydroxide ions (OH–) or other negatively-charged ions that react
with hydrogen ions in solution, thereby reducing the concentration of H+ and raising the pH.
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Strong Acids and Strong Bases

The stronger the acid, the more readily it donates H+. For example, hydrochloric acid (HCl) is highly acidic and
completely dissociates into hydrogen and chloride ions, whereas the acids in tomato juice or vinegar do not
completely dissociate and are considered weak acids; conversely, strong bases readily donate OH– and/or react
with hydrogen ions. Sodium hydroxide (NaOH) and many household cleaners are highly basic and give up OH–

rapidly when placed in water; the OH– ions react with H+ in solution, creating new water molecules and lowering the
amount of free H+ in the system, thereby raising the overall pH. An example of a weak basic solution is seawater,
which has a pH near 8.0, close enough to neutral that well-adapted marine organisms thrive in this alkaline
environment.

Bu�ers

How can organisms whose bodies require a near-neutral pH ingest acidic and basic substances (a human drinking
orange juice, for example) and survive? Buffers are the key. Buffers usually consist of a weak acid and its conjugate
base; this enables them to readily absorb excess H+ or OH–, keeping the system’s pH within a narrow range.

Maintaining a constant blood pH is critical to a person’s well-being. The buffer that maintains the pH of human blood
involves carbonic acid (H2CO3), bicarbonate ion (HCO3

–), and carbon dioxide (CO2). When bicarbonate ions
combine with free hydrogen ions and become carbonic acid, hydrogen ions are removed, moderating pH changes.
Similarly, excess carbonic acid can be converted into carbon dioxide gas and exhaled through the lungs; this
prevents too many free hydrogen ions from building up in the blood and dangerously reducing its pH; likewise, if too
much OH– is introduced into the system, carbonic acid will combine with it to create bicarbonate, lowering the pH.
Without this buffer system, the body’s pH would fluctuate enough to jeopardize survival.

Buffers in the body: This diagram shows the body’s buffering of blood pH levels: the blue arrows show the process of raising pH as
more CO2 is made; the purple arrows indicate the reverse process, lowering pH as more bicarbonate is created.

Antacids, which combat excess stomach acid, are another example of buffers. Many over-the-counter medications
work similarly to blood buffers, often with at least one ion (usually carbonate) capable of absorbing hydrogen and
moderating pH, bringing relief to those that suffer “heartburn” from stomach acid after eating.

Brønsted Acids and Bases
A Brønsted acid is any species capable of donating a proton; a Brønsted base is any capable of accepting a proton.

Learning Objectives

Identify the Brønsted acid, Brønsted base, conjugate acid, and conjugate base in an acid-base reaction.

Key Takeaways

Key Points

The Brønsted-Lowry theory is defined by the following reaction: acid + base <=> conjugate base +
conjugate acid. A conjugate base forms after the acid loses a proton, while the conjugate acid forms
when the base accepts the proton. The reaction can proceed in either direction.
The Brønsted-Lowry acid-base theory has several advantages over the Arrhenius theory: for example,
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The Brønsted-Lowry acid-base theory has several advantages over the Arrhenius theory: for example,
only the Brønsted theory describes the reaction between acetic acid and ammonia, which does not
produce hydrogen ions in solution.
Water is amphoteric, which means it can act as either an acid or a base.

Key Terms

Brønsted-Lowry base: any chemical species that acts as an acceptor of protons
Brønsted-Lowry acid: any chemical species that acts as a donor of protons
conjugate base: the species formed after an acid donates its proton; typically a weak base
conjugate acid: the species formed after a base accepts a proton; typically a weak acid

In chemistry, the Brønsted-Lowry theory is an acid-base theory, independently proposed by Johannes Nicolaus
Brønsted and Thomas Martin Lowry in 1923. In this system, acids and bases are defined as follows: an acid is any
species that is able to donate a hydrogen cation (H+, a proton); a base is any species with the ability to accept a
hydrogen cation (H+). To that end, if a compound is to behave as an acid by donating a proton, there must be a
base to accept that proton; the Brønsted-Lowry concept is therefore defined by the reaction:

acid + base ⇌ conjugate base + conjugate acid

The conjugate base is the ion or molecule that remains after the acid has donated its proton, and the conjugate acid
is the species created after the base accepts the proton. The reaction can proceed either forward backward; in each
case, the acid donates a proton to the base.

Advantages of Brønsted-Lowry Theory

The Brønsted-Lowry acid-base theory has several advantages over the Arrhenius theory. Recall that the Arrhenius
theory defines an acid as any species that increases the concentration of H+/H3O+ in solution. Consider the
following reactions of acetic acid (CH3COOH), the organic acid that gives vinegar its characteristic taste:

1. CH3COOH + H2O ⇌ CH3COO– + H3O+

2. CH3COOH + NH3 ⇌ CH3COO– + NH4
+

Both theories easily describe the first reaction: CH3COOH acts as an Arrhenius acid because it acts as a source of
H3O+ when dissolved in water, and it acts as a Brønsted acid by donating a proton to water. In the second example
CH3COOH undergoes the same transformation, in this case donating a proton to ammonia (NH3); this cannot be
described using the Arrhenius definition of an acid, however, because the reaction does not produce H3O+.

Amphoterism of Water

Water is amphoteric, which means it can act as either an acid or a base. In the reaction between acetic acid,
CH3CO2H, and water, H2O, water acts as a base. The acetate ion CH3CO2

– is the conjugate base of acetic acid,
and the hydronium ion H3O+ is the conjugate acid of the base, water:

CH3COOH + H2O ⇌ CH3COO– + H3O+

Water can also act as an acid, as when it reacts with ammonia. The equation given for this reaction is:

H2O + NH3 ⇌ OH– + NH4
+

Here, H2O donates a proton to NH3. The hydroxide ion is the conjugate base of water, which acts as an acid, and
the ammonium ion is the conjugate acid of the base, ammonia.
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Acid-Base Titrations

Acid-base titration can determine the concentrations of unknown acid or base solutions.

Learning Objectives

Compute the concentration of an unknown acid or base given its volume and the volume and concentration of
the standardized titrant.

Key Takeaways

Key Points

An acid – base titration is a quantitative analysis of acids and bases; through this process, an acid or
base of known concentration neutralizes an acid or base of unknown concentration.
The titration progress can be monitored by visual indicators, pH electrodes, or both.
The reaction’s equivalence point is the point at which the titrant has exactly neutralized the acid or base in
the unknown analyte; if you know the volume and concentration of the titrant at the equivalence point, you
can calculate the concentration of a base or acid in the unknown solution.

Key Terms

analyte: the unknown solution whose concentration is being determined in the titration
equivalence point: the point at which an added titrant’s moles are stoichiometrically equal to the moles
of acid/base in the sample; the smallest amount of titrant needed to fully neutralize or react with the
analyte
acid-base titration: determines the concentration of an acid or base by exactly neutralizing it with an
acid or base of known concentration
titrant: the standardized (known) solution (either an acid or a base) that is added during titration

Setting up an Acid-Base Titration

An acid-base titration is an experimental procedure used to determined the unknown concentration of an acid or
base by precisely neutralizing it with an acid or base of known concentration. This lets us quantitatively analyze the
concentration of the unknown solution. Acid-base titrations can also be used to quantify the purity of chemicals.

148



Acid-base titration: The solution in the flask contains an unknown number of equivalents of base (or acid). The burette is calibrated
to show volume to the nearest 0.001 cm3. It is filled with a solution of strong acid (or base) of known concentration. Small increments
are added from the burette until, at the end point, one drop changes the indicator color permanently. (An indication of the
approaching equivalence point is that the indicator changes color but changes back after stirring.) At the equivalence point, the total
amount of acid (or base) is recorded from the burette readings. The number of equivalents of acid and base must be equal at the
equivalence point.

Alkalimetry, or alkimetry, is the specialized analytic use of acid-base titration to determine the concentration of a
basic (alkaline) substance; acidimetry, or acidometry, is the same concept applied to an acidic substance.

Materials for a Titration Procedure

burette
white tile (used to see a color change in the solution)
pipette
pH indicator (the type depends on the reactants )
Erlenmeyer or conical flask
titrant (a standard solution of known concentration; a common example is aqueous sodium carbonate)
analyte, or titrand (the solution of unknown concentration)

Equivalence Point Indicators

Before you begin the titration, you must choose a suitable pH indicator, preferably one that will experience a color
change (known as the “end point”) close to the reaction’s equivalence point; this is the point at which equivalent
amounts of the reactants and products have reacted. Below are some common equivalence point indicators:

strong acid – strong base titration: phenolphthalein indicator
weak acid – weak base titration: bromthymol blue indicator
strong acid-weak base titration: methyl orange indicator the base is off the scale (e.g., pH > 13.5) and the
acid has pH > 5.5: alizarine yellow indicator
the base is off the scale (e.g., pH > 13.5) and the acid has pH > 5.5: alizarine yellow indicator
the base is off the scale (e.g., pH > 13.5) and the acid has pH > 5.5: alizarine yellow indicator

the acid is off the scale (e.g., pH < 0.5) and the base has pH < 8.5:
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Acid-base titration setup: The pink
color is caused by the phenolphthalein
indicator.

the acid is off the scale (e.g., pH < 0.5) and the base has pH < 8.5:
thymol blue indicator

Estimating the Equivalence Point’s pH

The resulting solution at the equivalence point will have a pH dependent on
the acid and base’s relative strengths. You can estimate the equivalence
point’s pH using the following rules:

A strong acid will react with a weak base to form an acidic (pH < 7)
solution.
A strong acid will react with a strong base to form a neutral (pH = 7)
solution.
A weak acid will react with a strong base to form a basic (pH > 7)
solution.

When a weak acid reacts with a weak base, the equivalence point solution will
be basic if the base is stronger and acidic if the acid is stronger; if both are of
equal strength, then the equivalence pH will be neutral. Weak acids are not
often titrated against weak bases, however, because the color change is brief
and therefore very difficult to observe.

You can determine the pH of a weak acid solution being titrated with a strong
base solution at various points; these fall into four different categories: (1)
initial pH; (2) pH before the equivalence point; (3) pH at the equivalence point;
and (4) pH after the equivalence point.

Titration of a weak acid by a strong base: The pH of a weak acid solution being titrated with a strong base solution can be found
at each indicated point.
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Titration Procedure

1. Rinse the burette with the standard solution, the pipette with the unknown solution, and the conical flask with
distilled water.

2. Place an accurately measured volume of the analyte into the Erlenmeyer flask using the pipette, along with a
few drops of indicator. Place the standardized solution into the burette, and indicate its initial volume in a lab
notebook. At this stage, we want a rough estimate of the amount of known solution necessary to neutralize
the unknown solution. Let the solution out of the burette until the indicator changes color, and record the
value on the burette. This is the first titration and it is not very precise; it should be excluded from any
calculations.

3. Perform at least three more titrations, this time more accurately, taking into account where the end point will
roughly occur. Record the initial and final readings on the burette, prior to starting the titration and at the end
point, respectively. (Subtracting the initial volume from the final volume will yield the amount of titrant used to
reach the endpoint.)

4. The end point is reached when the indicator permanently changes color.

Watch the video at this link.

Chemistry 12.6b Calculating Titrations – YouTube: This lesson shows how to carry out calculations for titrations
and neutralization reactions to find the concentration of an unknown acid or base. It also discusses how to deal with
polyprotic acids and bases with multiple hydroxides.

Gas Evolution Reactions

A gas evolution reaction is a chemical process that produces a gas, such as oxygen or carbon dioxide.

Learning Objectives

Identify when a reaction will evolve a gas.

Key Takeaways

Key Points

Acids react with carbonates to produce a salt, carbon dioxide, and water.
Limewater can be used to detect the presence of carbon dioxide evolved in a reaction.
Hydrogen gas and a metal salt are produced when acids react with metals.

Key Terms

gas evolution reaction: a chemical process that produce a gas, such as oxygen or carbon dioxide
limewater: an aqueous solution of Ca(OH)2; a common indicator used to detect the presence of carbon
dioxide gas

A gas evolution reaction is a chemical process that produces a gas, such as oxygen or carbon dioxide. In the
following examples, an acid reacts with a carbonate, producing salt, carbon dioxide, and water, respectively.

Nitric acid reacts with sodium carbonate to form sodium nitrate, carbon dioxide, and water:

Sulfuric acid reacts with calcium carbonate to form calcium sulfate, carbon dioxide, and water:

2 (aq) + (aq) → 2 (aq) + (g) + O(l)HNO3 Na2CO3 NaNO3 CO2 H2

(aq) + (aq) → (aq) + (g) + O(l)H2SO4 CaCO3 CaSO4 CO2 H2
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Hydrochloric acid reacts with calcium carbonate to form calcium chloride, carbon dioxide, and water:

The following setup demonstrates this type of reaction:

Reaction of acids with carbonates: In this reaction setup, lime water is poured into one of the test tubes and sealed with a stopper.
A small amount of hydrochloric acid is carefully poured into the remaining test tube. A small amount of sodium carbonate is added to
the acid, and the tube is sealed with a rubber stopper. The two tubes are connected. As a result of the acid-carbonate reaction,
carbon dioxide is produced and the lime water turns milky.

The test tube on the right contains limewater (a solution of calcium hydroxide, Ca(OH)2). On the left, a solution of
hydrochloric acid has been added to a solution of sodium carbonate to generate . The test tubes are sealed
with rubber stoppers and connected with a delivery tube. As the reaction proceeds, the limewater on the right turns
from clear to milky; this is due to the  reacting with the aqueous calcium hydroxide to form calcium
carbonate, which is only slightly soluble in water. The entire experiment is illustrated in the following video:

Watch the video at this link.

Science Experiment: Carbon Dioxide (CO₂) & Limewater (Chemical Reaction): Carbon dioxide (formed from
bicarbonate) and an acid react with limewater, turning it from clear to milky.

When this experiment is repeated with nitric or sulfuric acid instead of HCl, it yields the same results: the clear
limewater turns milky, indicating the production of carbon dioxide.

Oxidation of Metals in Acidic Solution

The oxidation of a metal in acidic solution will yield a metal salt and hydrogen gas:

Acid and metal reaction: Hydrochloric acid oxidizes zinc to produce an aqueous metal salt and hydrogen gas
bubbles.

Recall that oxidation refers to a loss of electrons, and reduction refers to the gain of electrons. In the above redox
reaction, neutral zinc is oxidized to Zn2+, and the acid, H+, is reduced to H2(g). The oxidation of metals by strong
acids is another common example of a gas evolution reaction.

2HCl(aq) + (aq) → (aq) + (g) + O(l)CaCO3 CaCl2 CO2 H2

(g)CO2

(g)CO2

2 + → +HCl(aq) Zn(s) ZnCl2(aq) H2(g)
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OXIDATION-REDUCTION REACTIONS

Oxidation States
Oxidation state is the hypothetical charge of an atom if all of its bonds to other atoms were completely ionic.

Learning Objectives

Predict the oxidation states of common elements by their group number.

Key Takeaways

Key Points

The oxidation state of a pure element is always zero.
The oxidation state for a pure ion is equivalent to its ionic charge.
In general, hydrogen has an oxidation state of +1, while oxygen has an oxidation state of -2.
The sum of the oxidation states for all atoms of a neutral molecule must add up to zero.

Key Terms

reduction: the gain of electrons, which causes a decrease in oxidation state
oxidation: the loss of electrons, which causes an increase in oxidation state

Oxidation state indicates the degree of oxidation for an atom in a chemical compound; it is the hypothetical charge
that an atom would have if all bonds to atoms of different elements were completely ionic. Oxidation states are
typically represented by integers, which can be positive, negative, or zero. In some cases, the average oxidation
state of an element is a fraction, such as 8/3 for iron in magnetite (Fe3O4).

The highest known oxidation state is +8 in the tetroxides of ruthenium, xenon, osmium, iridium, hassium, and some
complexes involving plutonium; the lowest known oxidation state is −4 for some elements in the carbon group.
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Oxidation states of plutonium: Here, plutonium varies in color with oxidation state.

An atom’s increase in oxidation state through a chemical reaction is called oxidation, and it involves a loss of
electrons; an decrease in an atom’s oxidation state is called reduction, and it involves the gain of electrons.

General Rules Regarding Oxidation States

1. The oxidation state of a free element (uncombined element) is zero.
2. For a simple (monoatomic) ion, the oxidation state is equal to the net charge on the ion. For example, Cl– has

an oxidation state of -1.
3. When present in most compounds, hydrogen has an oxidation state of +1 and oxygen an oxidation state of

−2. The exceptions to this are that hydrogen has an oxidation state of −1 in hydrides of active metals (such
as LiH), and an oxidation state of −1 in peroxides (such as H2O2) or -1/2 in superoxides (such as KO).

4. The algebraic sum of oxidation states for all atoms in a neutral molecule must be zero. In ions, the algebraic
sum of the oxidation states of the constituent atoms must be equal to the charge on the ion.

Predicting Oxidation States

Generally, the oxidation state for most common elements can be determined from their group number on the
periodic table. This is summarized in the following chart:

155



Typical oxidation states of the most common elements by group: Transition metals are not included, as they tend to exhibit a
variety of oxidation states.

The above table can be used to conclude that boron (a Group III element) will typically have an oxidation state of
+3, and nitrogen (a group V element) an oxidation state of -3. Keep in mind that oxidation states can change, and
this prediction method should only be used as a general guideline; for example, transition metals do not adhere to
any fixed rules and tend to exhibit a wide range of oxidation states.

As stated in rule number four above, the sum of the oxidation states for all atoms in a molecule or polyatomic ion is
equal to the charge of the molecule or ion. This helps determine the oxidation state of any one element in a given
molecule or ion, assuming that we know the common oxidation states of all of the other elements. For example, in a
sulfite ion (SO3

2-), the total charge of the ion is 2-, and each oxygen is assumed to be in its usual oxidation state of
-2. Because there are three oxygen atoms in sulfite, oxygen contributes  to the total charge.
Therefore, sulfur must have an oxidation state of +4 for the overall charge on sulfite to be 2-: 

Do not confuse the formal charge on an atom with its formal oxidation state, as these may be different (and often
are different, in polyatomic ions). For example, the charge on the nitrogen atom in ammonium ion NH4

+ is 1+, but
the formal oxidation state is -3—the same as it is for nitrogen in ammonia. In the case between ammonium and
ammonia, the formal charge on the N atom changes, but its oxidation state does not.

Types of Redox Reactions
The five main types of redox reactions are combination, decomposition, displacement, combustion, and
disproportionation.

Learning Objectives

Explain the processes involved in a redox reaction and describe what happens to their various components.

3 × −2 = −6
(+4 − 6 = −2).
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Key Takeaways

Key Points

In combination reactions, two elements are combined. .
In decomposition reactions, a compound is broken down into its constituent parts. .
In displacement reactions, one or more atoms is swapped out for another. .
In combustion reactions, a compound reacts with oxygen to produce carbon dioxide, water, and heat.
In disproportionation reactions, a molecule is both reduced and oxidized; these types of reactions are
rare.

Key Terms

redox: a shorthand term for “reduction-oxidation,” two methods of electron transfer that always occur
together
combustion: a process in which a fuel combines with oxygen, usually at high temperature, releasing
CO2, H2O, and heat

Redox reactions are all around us. In fact, much of our technology, from fire to laptop batteries, is largely based on
redox reactions. Redox ( reduction – oxidation ) reactions are those in which the oxidation states of the reactants
change. This occurs because in such reactions, electrons are always transferred between species. Redox reactions
take place through either a simple process, such as the burning of carbon in oxygen to yield carbon dioxide (CO2),
or a more complex process such as the oxidation of glucose (C6H12O6) in the human body through a series of
electron transfer processes.

The term “redox” comes from two concepts involved with electron transfer: reduction and oxidation. These
processes are defined as follows:

Oxidation is the loss of electrons or an increase in oxidation state by a molecule, atom, or ion.
Reduction is the gain of electrons or a decrease in oxidation state by a molecule, atom, or ion.

A simple mnemonic for remembering these processes is “OIL RIG”—Oxidation Is Losing (electrons), Reduction Is
Gaining (electrons).

Redox reactions are matched sets: if one species is oxidized in a reaction, another must be reduced. Keep this in
mind as we look at the five main types of redox reactions: combination, decomposition, displacement, combustion,
and disproportion.

Combination

Combination reactions “combine” elements to form a chemical compound. As usual, oxidation and reduction occur
together.

General equation:  

Sample 1. equation: 2 H2 + O2 → 2 H2O

The sum of oxidation states in the reactants is equal to that in the products: 0 + 0 → (2)(+1) + (-2)

In this equation, both H2 and O2 are the molecular forms of their respective elements and therefore their oxidation
states are 0. The product is H2O: the oxidation state is -2 for oxygen and +1 for hydrogen.

Decomposition

A + B → AB
AB → A + B

AB + C → A + CB

A + B → AB
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Decomposition reactions are the reverse of combination reactions, meaning they are the breakdown of a chemical
compound into its component elements.

General equation: AB → A + B

Sample 2. equation: 2 H2O → 2 H2 + O2

Calculation: (2)(+1) + (-2) = 0 → 0 + 0

In this equation, the water is “decomposed” into hydrogen and oxygen, both of which are neutral. Similar to the
previous example, H2O has a total oxidation state of 0, with each H taking on a +1 state and the O a -2; thus,
decomposition oxidizes oxygen from -2 to 0 and reduces hydrogen from +1 to 0.

Displacement

Displacement reactions, also known as replacement reactions, involve compounds and the “replacing” of elements.
They occur as single and double replacement reactions.

General equation (single displacement): A + BC → AB + CA

A single replacement reaction “replaces” an element in the reactants with another element in the products.

Sample 3. equation: Cl2 + 2 NaBr → 2 NaCl + Br2

Calculation: 0 + [(+1) + (-1) = 0]  [(+1) + (-1) = 0] + 0

In this equation, Cl is reduced and replaces Br, while Br is oxidized.

General equation (double displacement): AB + CD → AD + CB

A double replacement reaction is similar to a single replacement reaction, but involves “replacing” two elements in
the reactants with two in the products.

Sample 4. equation: Fe2O3 + 6 HCl → 2 FeCl3 + 3 H2O

In this equation, Fe and H as well as O and Cl trade places.

Combustion

Combustion reactions always involve oxygen and an organic fuel. In the following image, we see methane
combusting to release energy.

Combustion reaction of methane: This is an example of a combustion reaction, a redox process. Methane ( ), reacts with
oxygen ( )  to form carbon dioxide ( ) and two water molecules ( ).

The general equation of a combustion reaction is:

→

CH4

O2 CO2 2 OH2

( )y y
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Disproportionation

In some redox reactions, substances can be both oxidized and reduced. These are known as disproportionation
reactions. One real-life example of such a process is the reaction of hydrogen peroxide, H2O2, when it is poured
over a wound. At first, this might look like a simple decomposition reaction, because hydrogen peroxide breaks
down to produce oxygen and water:

2 H2O2(aq) → 2 H2O(l) + O2(g)

The key to this reaction lies in the oxidation states of oxygen, however. Notice that oxygen is present in the reactant
and both products. In H2O2, oxygen has an oxidation state of -1. In H2O, its oxidation state is -2, and it has been
reduced. In O2 however, its oxidation state is 0, and it has been oxidized. Oxygen has been both oxidized and
reduced in the reaction, making this a disproportionation reaction. The general form for this reaction is as follows:

2A → A’ + A”

Balancing Redox Equations

Balancing redox reactions involves splitting the reaction into two half-reactions.

Learning Objectives

Formulate a balanced redox reaction from two half-reactions.

Key Takeaways

Key Points

Reducing agents get oxidized, and therefore lose electrons.
Oxidizing agents get reduced, and therefore gain electrons.
Remember the mnemonic device OIL RIG—” Oxidation Involves Loss” and ” Reduction Involves Gain” to
distinguish between oxidizing and reducing agents.

Key Terms

oxidation: a reaction in which an element’s atoms lose electrons and its oxidation state increases
reduction: a reaction in which electrons are gained and oxidation state is reduced, often by the removal
of oxygen or the addition of hydrogen
half-reactions: one of the two constituent parts of any redox reaction in which only oxidation or reduction
is shown

Every balanced redox reaction is composed of two half-reactions: the oxidation half-reaction, and the reduction half-
reaction. For example, look at the following redox reaction between iron and copper:

In this reaction, iron is oxidized, and copper is reduced (or, iron is the reducing agent, and copper is the oxidizing
agent.) We can split this reaction into two half-reactions. The oxidation half-reaction looks as follows:

+ (x + ) → x + OCxHy
y

4
O2 CO2

y

2
H2

Fe + → + CuCu+2 Fe+2

Fe → + 2Fe+2 e−
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This shows the oxidation of iron and the loss of two electrons. Notice that this equation is balanced in both mass
and charge: we have one atom of iron on each side of the equation (mass is balanced), and the net charge on each
side of the equation is equal to zero (charge is balanced).

Next, look at the reduction half-reaction:

This half-reaction explicitly shows the copper (II) ion gaining two electrons. Note again that the equation is balanced
in mass and charge. Now that we have our two balanced half-reactions, we can combine them to get the full redox
reaction:

Cu

Adding the two halves of a redox reaction: These two halves of the reaction can be added like any other
chemical equation. Once the equations are added, the electrons on each side cancel out.

Note that the two electrons on each side of the equation cancel out. This is very important, because the final
balanced equation for any redox reaction should never contain any electrons.

Electrons moving from one pole of a battery through a circuit and back through the battery’s other pole is an
example of applied redox reaction.

Balancing Redox Equations in Acidic Solution: Basic Rules

If a reaction occurs in an acidic environment, you can balance the redox equation as follows:

1. Write the oxidation and reduction half-reactions, including the whole compound involved in the reaction—not
just the element that is being reduced or oxidized.

2. Balance both reactions for all elements except oxygen and hydrogen.
3. If the oxygen atoms are not balanced in either reaction, add water molecules to the side missing the oxygen.
4. If the hydrogen atoms are not balanced, add hydrogen ions (H+) until the hydrogen atoms are balanced.
5. Multiply the half-reactions by the appropriate numbers so that they both have equal numbers of electrons.
6. Add the two equations to cancel out the electrons to balance the equation.

Example: Balancing Redox Equations in Acidic Solution

The following is an unbalanced redox equation that takes place in acidic solution:

First, we need to split this reaction into its two half-reactions. Let’s start with the oxidation half-reaction:

We need to balance this equation by mass. The equation is already balanced in nitrogens, but not oxygens. You
can balance oxygen by adding the appropriate number of water molecules:

Now the equation is balanced in oxygens, but not hydrogens. To balance hydrogens in acidic solution, we add
H+(aq):

The equation is now balanced in mass, but not charge. To balance the charge, we will add two electrons to the
right side of the equation:

+ 2 → CuCu+2 e−

Fe → + 2Fe2+ e−

+ 2Cu2+ e− →

Fe + + 2Cu2+ e−
¯ ¯¯̄¯̄¯̄ ¯̄ ¯̄ ¯̄¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ → Cu + + 2Fe2+ e−

¯ ¯¯̄¯̄¯̄ ¯̄ ¯̄ ¯̄¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄

(aq) + (aq) → (aq) + (aq)Cr2O2−
7 NO−

2 Cr3+ NO−
3

(aq) → (aq)NO−
2 NO−

3

O(l) + (aq) → (aq)H2 NO−
2 NO−

3

O(l) + (aq) → (aq) + 2 (aq)H2 NO−
2 NO−

3 H+

O(l) (aq) → (aq) + 2 (aq) + 2H2 NO−
2 NO−

3 H+ e−

160



The charge is now balanced; each side of the equation has an equal net charge of -1.
Let’s now move on to the reduction half-reaction:

Once again, we will balance mass first, balancing oxygens by adding in water molecules:

Again, since we are in acidic solution, we balance hydrogens by adding H+(aq):

The equation is now balanced for mass, and we need only balance for charge. As it stands now, the left side of
the equation has a net charge of +14 – 2 = +12. The right side of the equation has a net charge of +6 (2 x +3 =
+6). We therefore need to add 6 electrons to the right side of the equation to balance the charges:

Now we have balanced both of our half-reactions. To sum up so far:
Balanced oxidation half-reaction: 

Balanced reduction half-reaction: 
Lastly, in order to get our full balanced redox equation, we need to add our half-reactions so that all the electrons
cancel out. For this reaction, we can multiply the first half-reaction by 3:

Now we can add our half-reactions together:

Canceling out all common terms, including the electrons, we get our final balanced equation:

Notice that the final equation is balanced in mass as well as charge (each side of the equation has a net charge
of +3).
Although this example seems intimidating, balancing redox reactions in acidic solution becomes much easier
with careful practice.

Example: Balancing Redox Reactions in Basic Solution

If a redox reaction occurs in basic solution, we proceed as we did above, with one minor difference: once we
have added H+(aq) to balance hydrogens, we simply add the same number of hydroxides to both sides of the
equation. For instance:

The half-reaction above is balanced for mass in acidic solution. If we are in basic solution, however, we would
need to add 2 hydroxides to both sides of the equation:

Notice that we have both H+(aq) and OH-(aq) on the right side of the equation. These species will neutralize
each other to form water, so we can rewrite this as follows:

→Cr2O2−
7 Cr3+

→ 2 + 7 O(l)Cr2O2−
7 Cr3+ H2

14 (aq) + → 2 + 7 O(l)H+ Cr2O2−
7 Cr3+ H2

6 + 14 (aq) + → 2 + 7 O(l)e− H+ Cr2O2−
7 Cr3+ H2

O(l) + (aq) → (aq) + 2 (aq) + 2H2 NO−
2 NO−

3 H+ e−

6 + 14 (aq) + → 2 + 7 O(l)e− H+ Cr2O2−
7 Cr3+ H2

3 × ( O(l) + (aq) → (aq) + 2 (aq) + 2 ) =H2 NO−
2 NO−

3 H+ e−

3 O(l) + 3 (aq) → 3 (aq) + 6 (aq) + 6H2 NO−
2 NO−

3 H+ e−

3 O(l) + 3 (aq)H2 NO−
2 → 3 (aq) + 6 (aq) + 6NO−

3 H+ e−

6 + 14 (aq) +e− H+ Cr2O2−
7 → 2 + 7 O(l)Cr3+ H2

6 + 3 O(l) + 3 (aq) + 14 (aq) +e− H2 NO−
2 H+ Cr2O2−

7

¯ ¯¯̄¯̄¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄¯̄ ¯̄ → 2 + 7 O(l) + 3 (aq) + 6 (aq) + 6Cr3+ H2 NO−
3 H+ e−¯ ¯¯̄¯̄¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄

3 (aq) + 8 (aq) + → 2 + 4 O(l) + 3N (aq)NO−
2 H+ Cr2O2−

7 Cr3+ H2 O−
3

O(l) + (aq) → (aq) + 2 (aq)H2 NO−
2 NO−

3 H+

2 (aq) + O(l) + (aq) → (aq) + 2 (aq) + 2 (aq)OH− H2 NO−
2 NO−

3 H+ OH−

2 (aq) + O(l) + (aq) → (aq) + 2 O(l)OH− H2 NO−
2 NO−

3 H2

161



Lastly, because we have water molecules on both sides of the equation, we cancel out like terms to give us:

This half-reaction is now balanced for mass in basic solution. From here, we proceed just as we did above in
acidic solution: balance the charge by adding the appropriate number of electrons.

Balancing redox equations can certainly be complicated and time-consuming, so it is wise to practice them
extensively.

Watch the video at this link.

Balance a Redox Reaction (ACIDIC solution): A great walkthrough on how to balance a redox reaction in acidic
solution.

Watch the video at this link.

Balance a Redox Reaction (BASIC solution): A great walkthrough on how to balance a redox reaction in basic
solution.

Redox Titrations

Redox titration determines the concentration of an analyte containing either an oxidizing or a reducing agent.

Learning Objectives

Calculate the concentration of an unknown analyte by performing a redox titration.

Key Takeaways

Key Points

The titrant is the standardized solution; the analyte is the analyzed substance.
Redox titration determines the concentration of an unknown solution (analyte) that contains an oxidizing
or reducing agent.
Not all titrations require an external indicator. Some titrants can serve as their own indicators, such as
when potassium permanganate is titrated against a colorless analyte.

Key Terms

titration: a method in which known amounts of the titrant are added to the analyte until the reaction
reaches the endpoint
analyte: any substance undergoing analysis
titrant: the standardized solution used in titrations; the solution of known concentration

Determining the Concentration of an Analyte

As with acid-base titrations, a redox titration (also called an oxidation- reduction titration) can accurately determine
the concentration of an unknown analyte by measuring it against a standardized titrant. A common example is the
redox titration of a standardized solution of potassium permanganate (KMnO4) against an analyte containing an
unknown concentration of iron (II) ions (Fe2+). The balanced reaction in acidic solution is as follows:

2 (aq) + (aq) → (aq) + O(l)OH− NO−
2 NO−

3 H2

(aq) + 5 (aq) + 8 (aq) → 5 (aq) + (aq) + 4 O(l)MnO−
4 Fe2+ H+ Fe3+ Mn2+ H2
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In this case, the use of KMnO4 as a titrant is particularly useful, because it can act as its own indicator; this is due to
the fact that the KMnO4 solution is bright purple, while the Fe2+ solution is colorless. It is therefore possible to see
when the titration has reached its endpoint, because the solution will remain slightly purple from the unreacted
KMnO4.

Watch the video at this link.

Permanganate Titration Endpoint: A redox titration using potassium permanganate as the titrant. Because of its
bright purple color, KMnO4 serves as its own indicator. Note how the endpoint is reached when the solution remains
just slightly purple.

Example: Sample Calculation from Experimental Data

A standardized 4 M solution of KMnO4 is titrated against a 100 mL sample of an unknown analyte containing
Fe2+. A student conducts the redox titration and reaches the endpoint after adding 25 mL of the titrant. What is
the concentration of the analyte?
We know from our balanced equation above that permanganate and iron react in a 1:5 mole ratio. We can
therefore perform the following calculation:

Now that we know the number of moles of iron present in the sample, we can calculate the concentration of the
analyte:

Other Types of Redox Titrations

There are various other types of redox titrations that can be very useful. For example, wines can be analyzed for
sulfur dioxide using a standardized iodine solution as the titrant. In this case, starch is used as an indicator; a blue
starch-iodine complex is formed in the presence of excess iodine, signaling the endpoint.

Another example is the reduction of iodine (I2) to iodide (I−) by thiosulphate (S2O3
2−), again using starch as the

indicator. This is essentially the reverse titration of what was just described; here, when all the iodine has been
reduced, the blue color disappears. This is called an iodometric titration.

Most often, the reduction of iodine to iodide is the last step in a series of reactions in which the initial reactions are
used to convert an unknown amount of the analyte to an equivalent amount of iodine, which can then be titrated.
Sometimes halogens (or organic compounds containing halogens) other than iodine are used in the intermediate
reactions because they are available in better-measurable standard solutions or they react more readily with the
analyte. While these extra steps make an iodometric titration much more involved, they are often worthwhile,
because the equivalence point involving the bright blue iodine-starch complex is more precise than various other
analytical methods.

25 ( )( )( ) = 0.5 mL KMnO4
1 L

1000 mL

4 mol KMnO4

1 L
5 mol Fe2+

1 mol KMnO4
 mol Fe2+

M = = = 5 Mmol
L

0.5 mol
0.100 L
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SOLUTION CONCENTRATION

Dilutions of Solutions
Diluting a solution involves adding additional solvent to decrease the solution’s concentration.

Learning Objectives

Calculate the concentration of a diluted solution.

Key Takeaways

Key Points

Most commonly, a solution ‘s concentration is expressed in terms of mass percent, mole fraction, molarity,
molality, and normality. When calculating dilution factors, it is important that the units of volume and
concentration remain consistent.
Dilution calculations can be performed using the formula M1V1 = M2V2.
A serial dilution is a series of stepwise dilutions, where the dilution factor is held constant at each step.

Key Terms

dilution: a solution that has had additional solvent, such as water, added to make it less concentrated
serial dilution: stepwise dilution of a substance in solution

Dilution refers to the process of adding additional solvent to a solution to decrease its concentration. This process
keeps the amount of solute constant, but increases the total amount of solution, thereby decreasing its final
concentration. Dilution can also be achieved by mixing a solution of higher concentration with an identical solution of
lesser concentration. Diluting solutions is a necessary process in the laboratory, as stock solutions are often
purchased and stored in very concentrated forms. For the solutions to be usable in the lab (for a titration, for
instance), they must be accurately diluted to a known, lesser concentration.

The volume of solvent needed to prepare the desired concentration of a new, diluted solution can be calculated
mathematically. The relationship is as follows:

M1 denotes the concentration of the original solution, and V1 denotes the volume of the original solution; M2
represents the concentration of the diluted solution, and V2 represents the final volume of the diluted solution. When
calculating dilution factors, it is important that the units for both volume and concentration are the same for both
sides of the equation.

Example

175 mL of a 1.6 M aqueous solution of LiCl is diluted with water to a final volume of 1.0 L. What is the
final concentration of the diluted solution?

=M1 V1 M2 V2

=M V M V
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(1.6 M)(175 mL) = M2(1000 mL)
M2 = 0.28 M

Dilutions: Dilutions can sometimes be visually observed. In the image above, the intense red color slowly fades as the solutions
become more diluted.

Serial Dilutions

Serial dilutions involve diluting a stock or standard solution multiple times in a row. Typically, the dilution factor
remains constant for each dilution, resulting in an exponential decrease in concentration. For example, a ten-fold
serial dilution could result in the following concentrations: 1 M, 0.1 M, 0.01 M, 0.001 M, and so on. As is evidenced
in this example, the concentration is reduced by a factor of ten in each step. Serial dilutions are used to accurately
create extremely diluted solutions, as well as solutions for experiments that require a concentration curve with an
exponential or logarithmic scale. Serial dilutions are widely used in experimental sciences, including biochemistry,
pharmacology, microbiology, and physics.

Watch the video at this link.

Solving Dilution Problems in Solution Chemistry CLEAR & SIMPLE – YouTube: This video shows how to solve
two dilution problems, using the standard dilution formula, M1V1 = M2V2.

Using Molarity in Calculations of Solutions

Molarity is a unit of concentration; it is equal to moles of solute divided by the total volume of the solution in liters.

Learning Objectives

Translate between molarity, grams of solute in solution, and volume of solution.

Key Takeaways

Key Points

Molar concentration, also called molarity, is the number of moles of solute per liter of solution. Molarity is
the most common measurement of solution concentration.
Because molarity measurements are mole/L measurements, we often use this unit for stoichiometric
calculations to determine the amount of chemical in a given mixture.
Do not confuse moles with molarity: molarity is a measure of concentration, while moles are a measure of
the amount of substance.

Key Terms

molarity: The concentration of a substance in solution, expressed as the number moles of solute per liter

=M1 V1 M2 V2
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molarity: The concentration of a substance in solution, expressed as the number moles of solute per liter
of solution.
solution: a homogeneous mixture, either liquid, gas, or solid, formed by dissolving one or more
substances
mole:

Molarity

In chemistry, molar concentration, or molarity, is defined as moles of solute per total liters of solution. This is an
important distinction; the volume in the definition of molarity refers to the volume of the solution, and not the volume
of the solvent. The reason for this is because one liter of solution usually contains either slightly more or slightly less
than 1 liter of solvent, due to the presence of the solute. The SI unit for molarity is is mol/m3; however, you will
almost always encounter molarity with the units of mol/L. A solution of concentration 1 mol/L is also denoted as “1
molar” (1 M). Mol/L can also be written in the following ways (however, mol/L, or simply M, is most common):

1 mol/L = 1 M = 1 mol/dm3 = 1 mol dm−3 = 1000 mol/m3

It is important to distinguish moles from molarity; molarity is a measurement of concentration while moles are a
measure of the amount of substance present at a given time.

Molarity: Molarity is a measurement of concentration, with units of mol solute per liter solution.

Using Molarity in Calculations Involving Solutions
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Molarity can be used in a various calculations involving solutions. The following formula is very useful, as it relates
the molarity of the solution, the total volume of the solution (in liters), and the number of moles solute:

Example 1

A student pipettes a 100 mL sample of a 1.5 M solution of potassium bromide. How many moles of potassium
bromide are contained in the sample?

(1.5 M)(0.100 L) = mol
mol = 0.15 mol KBr
Notice in the example above that volume must be converted to L from mL.
You might notice that the above formula bears some resemblance to our dilution formula:

Because we now know that MV = mol, we can simplify our the dilution formula to the following:

This shouldn’t surprise us. After all, in any dilution, what changes is the amount of solvent, while the number of
moles of solute remains constant throughout.

Example 2

What is the molarity of a solution containing 0.32 moles of NaCl in 3.4 liters of solution?

Watch the video at this link.

Molarity Practice Problems – YouTube: This video demonstrates practice problems with molarity, calculating the
moles and liters to find the molar concentration. It also uses conversion factors to convert between grams and
moles and between milliliters and liters.

Watch the video at this link.

Molarity Practice Problems (Part 2) – YouTube: Use molarity to convert between mass and volume in a solution.
This video looks at how to use molarity as a conversion factor. If you know the molarity, you can solve for either the
number of moles or the volume of a solution. Also, molarity is a ratio that describes the moles of solute per liter of
solution.

Solution Stoichiometry
Stoichiometry can be used to calculate the quantitative relationships between species in aqueous solution.

Learning Objectives

Calculate concentrations of solutions in molarity, molality, mole fraction and percent by mass and volume.

Key Takeaways

Key Points
Stoichiometry deals with the relative quantities of reactants and products in chemical reactions. It can be

MV = mol

MV = mol

=M1 V1 M2 V2

=mol1 mol2

M = = 0.094 M NaCl0.32 mol NaCl
3.4 L solution
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Stoichiometry deals with the relative quantities of reactants and products in chemical reactions. It can be
used to find the quantities of the products from given reactants in a balanced chemical reaction, as well
as percent yield.
To calculate the quantity of a product, calculate the number of moles for each reactant. Moles of a
product are equal to the moles of a limiting reactant in one-to-one reaction stoichiometry. To find product
mass, moles must be multiplied by the product’s molecular weight.
In stoichiometric calculations involving solutions, a given solution’s concentration is often used as a
conversion factor.

Key Terms

stoichiometry: the study and calculation of quantitative (measurable) relationships of the reactants and
products in chemical reactions (chemical equations)
molarity: the concentration of a substance in solution, expressed as the number moles of solute per liter
of solution
molality: the concentration of a substance in solution, expressed as the number of moles of solute per
kilogram of solvent

Concentration of Solutions

Recall that a solution consists of two components: solute (the dissolved material) and solvent (the liquid in which the
solute is dissolved). The amount of solute in a given amount of solution or solvent is known as the concentration.
The two most common ways of expressing concentration are molarity and molality.

Molarity

The molar concentration (M) of a solution is defined as the number of moles of solute (n) per liter of solution (i.e, the
volume, Vsolution):

The units of molarity are mol/L, often abbreviated as M.

For example, the number of moles of NaCl in 0.123L of a 1.00M solution of NaCl can be calculated as follows:

Molality

The molal concentration (m) of a solution is defined as the number of moles of solute (n) per kilogram of solvent
(i.e., the mass of the solvent, msolvent):

The units of molality are mol/kg, or m.

For example, the number of moles of NaCl dissolved in 0.123kg of H2O (the solvent), in order to make a 1.00m
solution of NaCl, can be calculated as follows:

Reaction Stoichiometry in Solutions

We can perform stoichiometric calculations for aqueous phase reactions just as we can for reactions in solid, liquid,
or gas phases. Almost always, we will use the concentrations of the solutions as conversion factors in our

M = n
Vsolution

0.123 L of solution × = 0.123 moles NaCl1.00 mole
1.00 L of solution

m = n
msolvent

0.123 kg of solvent × = 0.123 moles NaCl1.00 mole
1.00 kg of solvent
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Crystals of silver chloride (AgCl): Stoichiometry
deals with the relative quantities of reactants and
products in chemical reactions. It can be used to
find the quantities of the products from given
reactants in a balanced chemical reaction, as well
as percent yield.

calculations.

Example

123 mL of a 1.00 M solution of NaCl is mixed with 72.5 mL of a 2.71 M solution of AgNO3. What is the
mass of AgCl(s) formed in the precipitation reaction?

First, we need to write out our balanced reaction equation:

The next step, as in any calculation involving stoichiometry, is to
determine our limiting reactant. We can do this by converting both
of our reactants into moles:

We can see from our reaction equation that AgNO3 and NaCl
react in a 1:1 ratio. Because there are fewer moles of NaCl
present in solution, NaCl is our limiting reactant. We can now
solve for the mass of AgCl formed:

Therefore, 17.6 g AgCl(s) is formed in the reaction.
To sum up: we converted to each reactant’s moles by using the given concentrations as conversion factors,
expressing molarity as mol/L; once we found our limiting reactant, we converted through to grams of AgCl
formed.
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123 mL NaCl × × = 0.123 mol NaCl1 L
1000 mL

1.00 mol NaCl
1 L

× × =72.5 mL AgNO3
1 L

1000 mL

2.71 mol AgNO3

1 L
0.196 mol AgNO3

123 mL NaCl × × × × = 17.6 g AgCl1 L
1000 mL

1.00 mol NaCl
1 L

1 mol AgCl
1 mol NaCl

143 g
1 mol AgCl
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GASES

PROPERTIES OF GASES

Substances that Exist as Gases
Substances that exist in the gas phase exhibit negligible intermolecular forces.

Key Takeaways

Key Points

A gas is one of the three classical states of matter (the others being liquid and solid ).
Under standard temperature and pressure (STP, or 1 atm and 273 K), a substance which exists as a gas
is called a pure gas.
A pure gas may be made up of individual atoms (e.g. a noble gas or atomic gas like neon), elemental
molecules made from one type of atom (e.g. oxygen ), or compound molecules made from a variety of
atoms (e.g. carbon dioxide).
If the boiling point of a substance is below 273 K, then the substance to be in gas form at STP.

Key Terms

absolute zero: the coldest possible temperature, zero on the Kelvin scale, or approximately −273.15 °C,
−459.67 °F; total absence of heat; temperature at which motion of all molecules ceases

Gas as a State of Matter

Gas is one of the three classical states of matter (the others being liquid and solid). Near absolute zero, a substance
exists as a solid. As heat is added to this substance it melts into a liquid at its melting point, boils into a gas at its
boiling point, and if heated high enough would enter a plasma state in which the electrons are so energized that
they leave their parent atoms from within the gas.
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States of matter: Matter transitions between three classical states of matter (gas, solid, and liquid) and a fourth state of matter. Note
that the enthalpy of a system is the heat content of a system at constant pressure. The process of a solid converting to a liquid is
known as “melting”; liquid to a gas is “vaporization”; and gas back to a solid is “deposition.” These same processes in the reverse
direction are “freezing”; “condensation”; and “sublimation.”

Kinetic Theory of Matter

Why does matter exist in three different states? The Kinetic Theory of Matter provides a basic overview:

Matter is made up of constantly-moving particles.
All particles have energy, but the energy varies depending on whether the substance is a solid, liquid, or gas;
solid particles have the least amount of energy and gas particles the most.
The temperature of a substance is a measure of the average kinetic energy of the particles.
A change in phase may occur when the energy of the particles changes.
There are spaces between the particles of matter.
There are attractive forces between particles and these become stronger as the particles move closer
together. These attractive forces are known as intermolecular forces. An ideal gas is assumed to experience
no intermolecular forces whatsoever, due to the fact that the particles of an ideal gas are moving so quickly,
and are so far apart from one another, that they do not interact at all.
Gases behave most ideally at high temperatures and low pressures. This is because under these conditions,
intermolecular forces will be minimized.

Visit this page in your course online to use this simulation.

Interactive: Molecular View of a Gas: Explore the structure of a gas at the molecular level. Note that unlike
solids, gases do not follow a rigidly patterned structure; at a microscopic level, gases are always moving and
rearranging themselves.
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We discussed the basic states of matter in which a substance can be interconverted depending on conditions.
Under standard conditions (1 atm, 273 K), a substance which exists as a gas is called a pure gas and (disregarding
any substance-specific intermolecular forces or particle volume that could alter this value) has a volume of 22.4 L
per mole. A pure gas may be made up of individual atoms (e.g. a noble gas or atomic gas like neon), elemental
molecules made from one type of atom (e.g. oxygen), or compound molecules made from a variety of atoms (e.g.
carbon dioxide). At STP, if the boiling point of a given substance is below 273 K then you would expect that
substance to be in gas form.

Visit this page in your course online to use this simulation.
Interactive: What is Pressure?: Gases have no definite shape or volume. When they are constrained to a
container, we can measure the pressure they exert on the container walls. The model shows the inside (yellow
atoms) and outside (green atoms) of a balloon. The teal barrier represents the wall of the balloon. Add atoms to
the balloon and watch what happens. Because of the increased pressure, the volume increases!

Elemental Gases

The group VIII elements (helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe) and radon (Rn)) exist as
monatomic gases at standard temperature and pressure (STP) and are called the noble gases. The only other
elements which exist as gases at STP  are hydrogen (H2), nitrogen (N2) and oxygen (O2), plus the two halogens,
fluorine (F2) and chlorine (Cl2). These gases, when grouped together with the monatomic noble gases are called
“elemental gases. ”
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Periodic Table of Elements: Nobles Gases (Group VIII) exist as gases at STP.

SI Units of Pressure

The SI unit of pressure is the pascal (Pa), which is equal to one Newton per meter squared (N/m2).

Learning Objectives

Recognize the relationship between derived and base SI units

Key Takeaways

Key Points

The International System of Units (SI) is the basis of the modern metric system. All SI units can be
derived from the seven fundamental SI units.
Ranges of specific units are indicated by positive or negative multiples of powers of ten (e.g. 102, 10-2,
etc.).

Pressure —the effect of a force applied to a surface—is a derived unit, obtained from combining base
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Pressure —the effect of a force applied to a surface—is a derived unit, obtained from combining base
units.
The unit of pressure in the SI system is the pascal (Pa), defined as a force of one Newton per square
meter.
The conversion between atm, Pa, and torr is as follows: 1 atm = 101325 Pa = 760 torr.
A standardized prefix system indicates fractions and multiples of metric units (e.g. milli-, mega-).

Key Terms

International System of Units: the basis of the metric system; SI, from the French Système international
d’unités; metric measurements derive from seven base units and multiples of ten
Newton: in the International System of Units, the derived unit of force; the force required to accelerate a
mass of one kilogram by one meter per second per second; symbol: N
pascal: in the International System of Units, the derived unit of pressure and stress, equal to one newton
per square meter; symbol: Pa
Pressure: The amount of force applied over a given area divided by the size of the area.
barometer: an instrument for measuring atmospheric pressure

SI Units

The International System of Units (abbreviated SI from the French Système International d’Unités) is the basis of
the metric system. The SI was established in 1960 and is based on the metre-kilogram-second system rather than
the centimetre-gram-second system. The units are divided into two classes: base units and derived units. There are
seven base units, each representing a different kind of physical quantity.

Unit name Unit
symbol

Quantity
name

Quantity
symbol

Dimension
symbol

meter m length l, x, r L

kilogram (Note: Despite the prefix "kilo-," the kilogram is
the base unit of mass. The kilogram, not the gram, is
used in definitions of derived units. Nonetheless, units of
mass are named as if the gram were the base unit.)

kg mass m M

second s time t T

ampere A electric current I I

kelvin K thermodynamic
temperature T Θ

candela cd luminous
intensity Iv J

mole mol amount of
substance n N

Derived Units

Derived units are unlimited in number and are formed by multiplying and dividing the seven base units and other
derived units; for example, the SI derived unit of speed is meters per second, m/s. Some derived units have special
names; for example, the unit of resistance, the ohm (Ω), is uniquely defined by the following relation:

This follows the definition of electrical resistance.

Ω = ⋅ kg ⋅ ⋅m2 s3 A2

175



Pressure, the effect of a force applied to a surface, is a derived unit. The unit of pressure in the SI system is the
pascal (Pa), defined as the force of one newton per square meter:

In chemistry, it is more common to express pressures in units of atmospheres or torr:

1 atm = 101325 Pa = 760 torr  760 mm Hg

Torr and millimeters of mercury (mm Hg, defined as a one millimeter difference in the height of a mercury barometer
at 0°C) are nearly equivalent. Another unit of pressure used in meteorology is the bar:

1 bar = 105 N/m2 = 750.06 torr = 0.987 atm.

Since the quantities measured can have such a wide range, a standardized prefix system has been set in place.

Standard prefixes for SI units: A prefix may be added to a unit’s name to describe a multiple of the original unit.

This allows us to easily write out very small and very large numbers, such as 1 mPa (millipascal, 10-3) or 1 GPa
(gigapascal, 109, e.).

Pressure can be represented by many different units and prefixes. When performing pressure calculations, it is
important to ensure that all dimensions are in the same unit system.

Example 1

On a given day, the atmospheric pressure is 770 mm Hg. What is the pressure in pascals?

The pressure is 102.6 pascals.

Watch the video at this link.

Gas Pressure: The Basics – YouTube: What does pressure mean? How is gas pressure caused? How can you
measure pressure? manometer barometer mmhg atm kpa units kinetic molecular theory
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GAS LAWS

Boyle’s Law: Volume and Pressure
Boyle’s Law describes the inverse relationship between the pressure and volume of a fixed amount of gas at a
constant temperature.

Learning Objectives

Apply Boyle’s Law using mathematical calculations.

Key Takeaways

Key Points

According to Boyle’s Law, an inverse relationship exists between pressure and volume.
Boyle’s Law holds true only if the number of molecules (n) and the temperature (T) are both constant.
Boyle’s Law is used to predict the result of introducing a change in volume and pressure only, and only to
the initial state of a fixed quantity of gas.
The relationship for Boyle’s Law can be expressed as follows: P1V1 = P2V2, where P1 and V1 are the
initial pressure and volume values, and P2 and V2 are the values of the pressure and volume of the gas
after change.

Key Terms

isotherm: in thermodynamics, a curve on a p-V diagram for an isothermal process
Boyle’s law: the absolute pressure and volume of a given mass of confined gas are inversely
proportional, while the temperature remains unchanged within a closed system
ideal gas: a theoretical gas composed of a set of randomly-moving, non-interacting point particles

Boyle’s Law

Boyle’s Law (sometimes referred to as the Boyle-Mariotte Law) states that the absolute pressure and volume of a
given mass of confined gas are inversely proportional, provided the temperature remains unchanged within a closed
system. This can be stated mathematically as follows:

History and Derivation of Boyle’s Law

The law was named after chemist and physicist Robert Boyle, who published the original law in 1662. Boyle showed
that the volume of air trapped by a liquid in the closed short limb of a J-shaped tube decreased in exact proportion
to the pressure produced by the liquid in the long part of the tube.

=P1V1 P2V2
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Boyle’s Law: An animation of Boyle’s Law, showing the relationship between volume and pressure when mass and temperature are 
held constant.

The trapped air acted much like a spring, exerting a force opposing its compression. Boyle called this effect “the 
spring of the air” and published his results in a pamphlet with that title. The difference between the heights of the 
two mercury columns gives the pressure (76 cm = 1 atm), and the volume of the air is calculated from the length of 
the air column and the tubing diameter.

The law itself can be stated as follows: for a fixed amount of an ideal gas kept at a fixed temperature, P (pressure) 
and V (volume) are inversely proportional—that is, when one doubles, the other is reduced by half.

Remember that these relations hold true only if the number of molecules (n) and the temperature (T) are both 
constant.

Visit this page in your course online to use this simulation.
Interactive: The Volume-Pressure Relationship: Gases can be compressed into smaller volumes. How does
compressing a gas affect its pressure? Run the model, then change the volume of the containers and observe
the change in pressure. The moving wall converts the effect of molecular collisions into pressure and acts as a
pressure gauge. What happens to the pressure when the volume changes?

Example

In an industrial process, a gas confined to a volume of 1 L at a pressure of 20 atm is allowed to flow into a 12-L
container by opening the valve that connects the two containers. What is the final pressure of the gas?
Set up the problem by setting up the known and unknown variables. In this case, the initial pressure is 20 atm
(P1), the initial volume is 1 L (V1), and the new volume is 1L + 12 L = 13 L (V2), since the two containers are
connected. The new pressure (P2) remains unknown.

P1V1 = P2V2

(20 atm)(1 L) = (P2)(13 L)

20 atom = (13) P2
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P2 = 1.54 atm

The final pressure of the gas is 1.54 atm.

Watch the video at this link.

Boyle: An introduction to the relationship between pressure and volume, and an explanation of how to solve gas
problems with Boyle’s Law.

Charles’ and Gay-Lussac’s Law: Temperature and Volume

Charles’ and Gay-Lussac’s Law states that at constant pressure, temperature and volume are directly proportional.

Learning Objectives

State Charles’ Law and its underlying assumptions

Key Takeaways

Key Points

The lower the pressure of a gas, the greater its volume (Boyle’s Law); at low pressures,  will have a
larger value.
Charles’ and Gay-Lussac’s Law can be expressed algebraically as  or .

Key Terms

Charles’ law: at constant pressure, the volume of a given mass of an ideal gas increases or decreases
by the same factor as its temperature on the absolute temperature scale (i.e. gas expands as
temperature increases)
absolute zero: the theoretical lowest possible temperature; by international agreement, absolute zero is
defined as 0 K on the Kelvin scale and as −273.15° on the Celsius scale

Charles’ and Guy-Lussac’s Law

Charles’ Law describes the relationship between the volume and temperature of a gas. The law was first published
by Joseph Louis Gay-Lussac in 1802, but he referenced unpublished work by Jacques Charles from around 1787.
This law states that at constant pressure, the volume of a given mass of an ideal gas increases or decreases by the
same factor as its temperature (in Kelvin); in other words, temperature and volume are directly proportional. Stated
mathematically, this relationship is:

Interactive: The Temperature-Volume Relationship: This model contains gas molecules on the left side and a
barrier that moves when the volume of gas expands or contracts, keeping the pressure constant. Run the model
and change the temperature. Why does the barrier move when the temperature changes? (Note: Although the
atoms in this model are in a flat plane, volume is calculated using 0.1 nm as the depth of the container.)

Example

A car tire filled with air has a volume of 100 L at 10°C. What will the expanded volume of the tire be after

V

273

= constantΔV

ΔT
=

V1

T1

V2

T2

=
V1

T1

V2

T2
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A car tire filled with air has a volume of 100 L at 10°C. What will the expanded volume of the tire be after
driving the car has raised the temperature of the tire to 40°C?

V vs. T Plot and Charles’ Law

A visual expression of Charles’ and Gay-Lussac’s Law is shown in a graph of the volume of one mole of an ideal
gas as a function of its temperature at various constant pressures. The plots show that the ratio  (and thus ) is
a constant at any given pressure. Therefore, the law can be expressed algebraically as  or 
.

Charles’ and Gay–Lussac’s Law: A visual expression of the law of Charles and Gay-Lussac; specifically, a chart of the volume of
one mole of an ideal gas as a function of its temperature at various constant pressures.

Extrapolation to Zero Volume

If a gas contracts by 1/273 of its volume for each degree of cooling, it should contract to zero volume at a
temperature of –273°C; this is the lowest possible temperature in the universe, known as absolute zero. This
extrapolation of Charles’ Law was the first evidence of the significance of this temperature.

=
V1

T1

V2

T2

=100 L
283 K

V2

313 K
= 110 LV2

V

T

ΔV

ΔT

= constantΔV
ΔT

=V1

T1

V2

T2
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Why Do the Plots for Di�erent Pressures Have Di�erent Slopes?

The lower a gas’ pressure, the greater its volume (Boyle’s Law), so at low pressures, the fraction  will have a
larger value; therefore, the gas must “contract faster” to reach zero volume when its starting volume is larger.

Watch the video at this link.

Charles: Discusses the relationship between volume and temperature of a gas, and explains how to solve problems
using Charles’ Law.

Avogadro’s Law: Volume and Amount

Avogadro’s Law states that at the same temperature and pressure, equal volumes of different gases contain an
equal number of particles.

Learning Objectives

State Avogadro’s Law and its underlying assumptions

Key Takeaways

Key Points

The number of molecules or atoms in a specific volume of ideal gas is independent of size or the gas’
molar mass.
Avogadro’s Law is stated mathematically as follows: , where V is the volume of the gas, n is the
number of moles of the gas, and k is a proportionality constant.
Volume ratios must be related to the relative numbers of molecules that react; this relationship was
crucial in establishing the formulas of simple molecules at a time when the distinction between atoms and
molecules was not clearly understood.

Key Terms

Avogadro’s Law: under the same temperature and pressure conditions, equal volumes of all gases
contain the same number of particles; also referred to as Avogadro’s hypothesis or Avogadro’s principle

De�nition of Avogadro’s Law

Avogadro’s Law (sometimes referred to as Avogadro’s hypothesis or Avogadro’s principle) is a gas law; it states that
under the same pressure and temperature conditions, equal volumes of all gases contain the same number of
molecules. The law is named after Amedeo Avogadro who, in 1811, hypothesized that two given samples of an ideal
gas—of the same volume and at the same temperature and pressure—contain the same number of molecules;
thus, the number of molecules or atoms in a specific volume of ideal gas is independent of their size or the molar
mass of the gas. For example, 1.00 L of N2 gas and 1.00 L of Cl2 gas contain the same number of molecules at
Standard Temperature and Pressure (STP).

Avogadro’s Law is stated mathematically as:

V is the volume of the gas, n is the number of moles of the gas, and k is a proportionality constant.

V

273

= k
V
n

= k
V
n
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As an example, equal volumes of molecular hydrogen and nitrogen contain the same number of molecules and
observe ideal gas behavior when they are at the same temperature and pressure. In practice, real gases show small
deviations from the ideal behavior and do not adhere to the law perfectly; the law is still a useful approximation for
scientists, however.

Visit this page in your course online to use this simulation.
Interactive: The Number-Volume Relationship: The model contains gas molecules under constant pressure.
The barrier moves when the volume of gas expands or contracts. Run the model and select different numbers of
molecules from the drop-down menu. What is the relationship between the number of molecules and the volume
of a gas? (Note: Although the atoms in this model are in a flat plane, volume is calculated using 0.1 nm as the
depth of the container.)

Signi�cance of Avogadro’s Law

Discovering that the volume of a gas was directly proportional to the number of particles it contained was crucial in
establishing the formulas for simple molecules at a time (around 1811) when the distinction between atoms and
molecules was not clearly understood. In particular, the existence of diatomic molecules of elements such as H2,
O2, and Cl2 was not recognized until the results of experiments involving gas volumes was interpreted.

Early chemists calculated the molecular weight of oxygen using the incorrect formula HO for water. This lead to the
molecular weight of oxygen being miscalculated as 8, rather than 16. However, when chemists found that an
assumed reaction of H + Cl  HCl yielded twice the volume of HCl, they realized hydrogen and chlorine were
diatomic molecules. The chemists revised their reaction equation to be H2 + Cl2  2HCl.

When chemists revisited their water experiment and their hypothesis that , they discovered that the
volume of hydrogen gas consumed was twice that of oxygen. By Avogadro’s Law, this meant that hydrogen and
oxygen were combining in a 2:1 ratio. This discovery led to the correct molecular formula for water (H2O) and the
correct reaction .

Experiment confirming the correct formula for water: It was originally assumed that 1 hydrogen and 1 oxygen atom went into a
water molecule. Using Avogadro’s Law, this experiment confirmed that 2 hydrogen and 1 oxygen form 1 water molecule.

Watch the video at this link.

Avogadro: Practice problems and examples, looking at the relationship between the volume and amount of gas
(number of moles) in a gas sample.

→
→

HO → H + O

2 O → 2 +H2 H2 O2

182

http://www.youtube.com/watch?v=i-vA9uLSf7Y&stop=888


Licensing & Attributions

CC licensed content, Speci�c attribution

ideal gas. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/ideal_gas. License: CC BY-SA: Attribution-ShareAlike
Boyle's law. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/Boyle's_law. License: CC BY-SA: Attribution-ShareAlike
Boyle's law. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Boyle's_law. License: CC BY-SA: Attribution-ShareAlike
Chemistry: the gas laws. Provided by: Steve Lower's Website. Located at: http://www.chem1.com/acad/webtext/gas/gas_2.html. License: CC BY-SA: Attribution-ShareAlike
isotherm. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/isotherm. License: CC BY-SA: Attribution-ShareAlike
Boyles Law animated. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Boyles_Law_animated.gif. License: Public Domain: No Known Copyright
Boyle. Located at: http://www.youtube.com/watch?v=ZoGtVVu3ymQ. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
absolute zero. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/absolute_zero. License: CC BY-SA: Attribution-ShareAlike
Charles's law. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Charles's_law. License: CC BY-SA: Attribution-ShareAlike
Provided by: AskApache. Located at: http://nongnu.askapache.com/fhsst/Chemistry_Grade_10-12.pdf. License: Public Domain: No Known Copyright
Chemistry: the gas laws. Provided by: Steve Lower's Website. Located at: http://www.chem1.com/acad/webtext/gas/gas_2.html. License: CC BY-SA: Attribution-ShareAlike
Charles. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Charles?+law. License: CC BY-SA: Attribution-ShareAlike
Boyles Law animated. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Boyles_Law_animated.gif. License: Public Domain: No Known Copyright
Boyle. Located at: http://www.youtube.com/watch?v=ZoGtVVu3ymQ. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
glussac.gif. Provided by: National Aeronautics and Space Administration. Located at: https://www.grc.nasa.gov/www/k-12/airplane/glussac.html. License: Public Domain: No Known Copyright
Charles. Located at: http://www.youtube.com/watch?v=oIfFoiwRCVE. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
Chemistry: the gas laws. Provided by: Steve Lower's Website. Located at: http://www.chem1.com/acad/webtext/gas/gas_2.html. License: CC BY-SA: Attribution-ShareAlike
Avogadro's law. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Avogadro's_law. License: CC BY-SA: Attribution-ShareAlike
Provided by: AskApache. Located at: http://nongnu.askapache.com/fhsst/Chemistry_Grade_10-12.pdf. License: Public Domain: No Known Copyright
Avogadro's Law. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Avogadro's%20Law. License: CC BY-SA: Attribution-ShareAlike
Boyles Law animated. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Boyles_Law_animated.gif. License: Public Domain: No Known Copyright
Boyle. Located at: http://www.youtube.com/watch?v=ZoGtVVu3ymQ. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
glussac.gif. Provided by: National Aeronautics and Space Administration. Located at: https://www.grc.nasa.gov/www/k-12/airplane/glussac.html. License: Public Domain: No Known Copyright
Charles. Located at: http://www.youtube.com/watch?v=oIfFoiwRCVE. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
Avogadro. Located at: http://www.youtube.com/watch?v=i-vA9uLSf7Y. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
Hofmann_voltameter.svg. Provided by: Wikimedia. Located at: https://commons.wikimedia.org/wiki/File:Hofmann_voltameter.svg. License: CC BY-SA: Attribution-ShareAlike

183

http://en.wiktionary.org/wiki/ideal_gas
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/Boyle's_law
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Boyle's_law
https://creativecommons.org/licenses/by-sa/4.0/
http://www.chem1.com/acad/webtext/gas/gas_2.html
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/isotherm
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Boyles_Law_animated.gif
https://creativecommons.org/about/pdm
http://www.youtube.com/watch?v=ZoGtVVu3ymQ
https://creativecommons.org/about/pdm
http://en.wiktionary.org/wiki/absolute_zero
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Charles's_law
https://creativecommons.org/licenses/by-sa/4.0/
http://nongnu.askapache.com/fhsst/Chemistry_Grade_10-12.pdf
https://creativecommons.org/about/pdm
http://www.chem1.com/acad/webtext/gas/gas_2.html
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Charles?+law
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Boyles_Law_animated.gif
https://creativecommons.org/about/pdm
http://www.youtube.com/watch?v=ZoGtVVu3ymQ
https://creativecommons.org/about/pdm
https://www.grc.nasa.gov/www/k-12/airplane/glussac.html
https://creativecommons.org/about/pdm
http://www.youtube.com/watch?v=oIfFoiwRCVE
https://creativecommons.org/about/pdm
http://www.chem1.com/acad/webtext/gas/gas_2.html
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Avogadro's_law
https://creativecommons.org/licenses/by-sa/4.0/
http://nongnu.askapache.com/fhsst/Chemistry_Grade_10-12.pdf
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Avogadro's%20Law
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Boyles_Law_animated.gif
https://creativecommons.org/about/pdm
http://www.youtube.com/watch?v=ZoGtVVu3ymQ
https://creativecommons.org/about/pdm
https://www.grc.nasa.gov/www/k-12/airplane/glussac.html
https://creativecommons.org/about/pdm
http://www.youtube.com/watch?v=oIfFoiwRCVE
https://creativecommons.org/about/pdm
http://www.youtube.com/watch?v=i-vA9uLSf7Y
https://creativecommons.org/about/pdm
https://commons.wikimedia.org/wiki/File:Hofmann_voltameter.svg
https://creativecommons.org/licenses/by-sa/4.0/


THE IDEAL GAS LAW

The Ideal Gas Equation
The ideal gas equation is given by .

Learning Objectives

Apply the ideal gas law to solve problems in chemistry

Key Takeaways

Key Points

An ideal gas exhibits no attractive forces between particles.
In the ideal gas equation, both pressure and volume are directly proportional to temperature.

Key Terms

ideal gas constant: R = 8.3145 J·mol-1·K-1
ideal gas: a gas whose particles exhibit no attractive interactions whatsoever; at high temperatures and
low pressures, gases behave close to ideally
kinetic energy: the energy possessed by an object because of its motion; in Kinetic Gas Theory, the
kinetic energy of gas particles is dependent upon temperature only

Kinetic Theory and Ideal Gases

All gases are modeled on the assumptions put forth by the Kinetic Theory of Matter, which assumes that all matter is
made up of particles (i.e. atoms or molecules); there are spaces between these particles, and attractive forces
become stronger as the particles converge. Particles are in constant, random motion, and they collide with one
another and the walls of the container in which they are enclosed. Each particle has an inherent kinetic energy that
is dependent upon temperature only.

PV = nRT
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Translational motion of helium: Real gases do not always behave according to the ideal model under certain conditions, such as
high pressure. Here, the size of helium atoms relative to their spacing is shown to scale under 1,950 atmospheres of pressure.

A gas is considered ideal if its particles are so far apart that they do not exert any attractive forces upon one
another. In real life, there is no such thing as a truly ideal gas, but at high temperatures and low pressures
(conditions in which individual particles will be moving very quickly and be very far apart from one another so that
their interaction is almost zero), gases behave close to ideally; this is why the Ideal Gas Law is such a useful
approximation.

http://www.youtube.com/watch?v=WhP6zJbSxec&stop=378

Ideal Gas Law Introduction: Discusses the ideal gas law PV = nRT, and how you use the different values for R:
0.0821, 8.31, and 62.4.

Ideal Gas Law Equation

The Ideal Gas Equation is given by:

The four variables represent four different properties of a gas:

Pressure (P), often measured in atmospheres (atm), kilopascals (kPa), or millimeters mercury/torr (mm Hg,
torr)
Volume (V), given in liters
Number of moles of gas (n)
Temperature of the gas (T) measured in degrees Kelvin (K)

R is the ideal gas constant, which takes on different forms depending on which units are in use. The three most
common formulations of R are given by:

Example 1

A 20 L box contains a fixed amount of gas at a temperature of 300 K and 101 kPa of pressure. How many moles
of gas are contained in the box?

PV = nRT

8.3145 = 0.0821 = 62.4
L ⋅ kPa

K ⋅ mol

L ⋅ atm

K ⋅ mol

L ⋅ mm Hg

K ⋅ mol

PV = nRT

n = = = 0.8 mol
PV

RT

(101 kPa)(20 L)

(8.3145 L ⋅ kPa ⋅ ⋅ ) ⋅ 300 KK−1 mol−1
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Example 2

Calculate the number of moles of gas contained within a bouncy house with a volume of 20.63 cubic meters, a
temperature of 300 Kelvin, and a pressure of 101 kPa.

The ideal gas equation enables us to examine the relationship between the non-constant properties of ideal gases
(n, P, V, T) as long as three of these properties remain fixed.

For the ideal gas equation, note that the product PV is directly proportional to T. This means that if the gas’
temperature remains constant, pressure or volume can increase as long as the complementary variable decreases;
this also means that if the gas’ temperature changes, it may be due in part to a change in the variable of pressure or
volume.

The ideal gas equation is a valuable tool that can give a very good approximation of gases at high temperatures and
low pressures.

Visit this page in your course online to use this simulation.
Interactive: Pressure Equilibrium: There are gases on both sides of a moveable barrier (piston), which stays
in the same place (more or less) when you run the model because the gas pressure on the piston is in
equilibrium. Add purple gas molecules and watch what happens to the piston. Reset the model. Now add yellow
gas molecules. What happens to the piston? Try heating or cooling the gas molecules. Explain the change in
equilibrium with each change. Which has a greater effect on equilibrium — changing the number of gas
molecules or changing the temperature? Why?

Visit this page in your course online to use this simulation.
Interactive: The Temperature-Pressure Relationship: Explore the relationship between the temperature of a
gas and the pressure it exerts on its container.

Density Calculations

A reformulation of the Ideal Gas Equation involving density allows us to evaluate the behaviors of ideal gases of
unknown quantity.

Learning Objectives

Apply the reformulated Ideal Gas Equation in your calculations

Key Takeaways

Key Points

Density calculations allow us to evaluate the behaviors of gases of unknown volume.
We can determine the density of an ideal gas using knowledge of three properties of the evaluated ideal
gas.
This reformulation of the Ideal Gas Equation relates pressure, density, and temperature of an ideal gas
independent of the volume or quantity of gas.

PV = nRT

= n ⋅ n = ⋅ n = 835.34 mols
PV

RT

101 kPa ⋅ (20.63 cubic meters)

(8.3143 J/mol) ⋅ K(300K)
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Key Terms

density: a measure of the amount of matter contained by a given volume

The Ideal Gas Equation in the form  is an excellent tool for understanding the relationship between the
pressure, volume, amount, and temperature of an ideal gas in a defined environment that can be controlled for
constant volume. However, in its most common form, the Ideal Gas Equation is not useful for examining the
behavior of gases of undetermined volume, such as the gases in the clouds that surround the stars in our solar
system or the atmospheric gases that support life on our planet.

Astronomical applications of the Ideal Gas Law: The Taurus Molecular
Cloud consists of dust and various gases, including hydrogen and helium. The
density form of the Ideal Gas Equation may be of theoretical use when studying
such astronomical phenomena as star formation.

To derive a form of the ideal gas equation that has broader applications, we can use calculations that employ the
physical property of density.

PV = nRT
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Atmosphere composition: Atmospheric science offers one plausible real-life application of the density form of the ideal gas
equation. Earth’s atmosphere is composed of gases that support life—as the image shows, oxygen involved in the water cycle, sulfur
emissions from oceans, methane from agriculture, and more. The density form of the Ideal Gas Law enables us to study the
behavior of these gases without enclosing them in a container of known volume.

Derivation of the Volume-Independent Ideal Gas Law

We know the Ideal Gas Equation in the form . We also know that:

If we substitute  for n:

Rearranging the above equation, we get:

PV = nRT

n = # moles of gas = =
mass of gas (m)

molecular weight (M)
m
M

m
M

PV = RTm
M

=P
RT

m
MV
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Now, recall that density is equal to mass divided by volume:

The term  appears on the right-hand side of the above rearranged Ideal Gas Law. We can substitute in density, D,
and get the following:

Rearranging in terms of D, we have:

This derivation of the Ideal Gas Equation allows us to characterize the relationship between the pressure, density,
and temperature of the gas sample independent of the volume the gas occupies; it also allows us to determine the
density of a gas sample given its pressure and temperature, or determine the molar mass of a gas sample given its
density.

http://www.youtube.com/watch?v=SYBaJ01uBsI&stop=638

Ideal Gas Law Practice Problems with Density – YouTube: Instead of using the regular ideal gas equation,
PV=nRT, we use a transformed version (D=PM/RT) to solve a problem with density and molar mass.

Molar Mass of Gas

We can derive a form of the Ideal Gas Equation, PV=nRT, that incorporates the molar mass of the gas (M, 
).

Learning Objectives

Apply knowledge of molar mass to the Ideal Gas Law

Key Takeaways

Key Points

The molecular weight ( molar mass ) of any gas is the mass of one particle of that gas multiplied by
Avogadro’s number (6.02 x 1023).
Knowing the molar mass of an element or compound can help us stoichiometrically balance a reaction
equation.
The average molar mass of a mixture of gases is equal to the sum of the mole fractions of each gas (xi)
multiplied by the molar mass (Mi) of that particular gas: .

Key Terms

ideal gas: a hypothetical gas whose molecules exhibit no interaction and undergo elastic collision with
each other and with the walls of the container
molar mass: the mass of one mole of an element or compound
stoichiometry: the study and calculation of quantitative (measurable) relationships of the reactants and
products in chemical reactions (chemical equations)

Molar Mass of Gases and Gas Mixtures

D = m
V

m
V

=P
RT

D
M

D = MP
RT

g ∗ mol−1

=M̄ ∑i xiMi
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Molar mass (M) is equal to the mass of one mole of a particular element or compound; as such, molar masses are
expressed in units of grams per mole (g mol–1) and are often referred to as molecular weights. The molar mass of a
particular gas is therefore equal to the mass of a single particle of that gas multiplied by Avogadro’s number (6.02 x
1023 ). To find the molar mass of a mixture of gases, you need to take into account the molar mass of each gas in
the mixture, as well as their relative proportion.

The average molar mass of a mixture of gases is equal to the sum of the mole fractions of each gas, multiplied by
their respective molar masses:

The molar volumes of all gases are the same when measured at the same temperature and pressure (22.4 L at
STP), but the molar masses of different gases will almost always vary.

Calculating Molar Mass using the Ideal Gas Equation

The molar mass of an ideal gas can be determined using yet another derivation of the Ideal Gas Law: .

We can write n, number of moles, as follows:

where m is the mass of the gas, and M is the molar mass. We can plug this into the Ideal Gas Equation:

Rearranging, we get:

Finally, putting the equation in terms of molar mass, we have:

This derivation of the Ideal Gas Equation is useful in determining the molar mass of an unknown gas.

Example

An unknown gas with a mass of 205 g occupies a volume of 20.0 L at standard temperature and
pressure. What is the molar mass of the gas?

http://www.youtube.com/watch?v=0VaupcMr3oQ&stop=542

Ideal Gas Law Practice Problems with Molar Mass – YouTube: How to set up and solve ideal gas law problems
that involve molar mass and converting between grams and moles.

=M̄ ∑i xiMi

PV = nRT

n = m
M

PV = ( )RTm
M

=PV

RT
m
M

M = mRT

PV

M = mRT

PV

M = = 230
(205)(0.0821)(273)

(1.0)(20.0)

g

mol
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GAS STOICHIOMETRY

Gas Stoichiometry
At standard temperature and pressure, one mole of any gas will occupy a volume of 22.4 L.

Learning Objectives

Calculate volumes of gases consumed/produced in a reaction using gas stoichiometry.

Key Takeaways

Key Points

At Standard Temperature and Pressure (STP), 1 mole of any gas will occupy a volume of 22.4 L.
The Ideal Gas Law, along with a balanced chemical equation, can be used to solve for the amount, either
in volume or mass, of gas consumed or produced in a chemical reaction.

Key Terms

stoichiometry: the study and calculation of quantitative (measurable) relationships of the reactants and
products in chemical reactions (chemical equations)

Stoichiometry is the quantitative study of the relative amounts of reactants and products in chemical reactions; gas
stoichiometry involves chemical reactions that produce gases. Stoichiometry is based on the law of conservation of
mass, meaning that the mass of the reactants must be equal to the mass of the products. This assumption can be
used to solve for unknown quantities of reactants or products.

Stoichiometric Calculations Involving Ideal Gases at STP

Stoichiometric calculations involving gases allow us to convert between mass, number of moles, and most
importantly, volume of gases. The following relationship makes this possible:

1 mole of any gas at standard temperature and pressure (273 K and 1 atm) occupies a volume of 22.4 L.

While the above relationship is an estimation, it is a relatively good approximation at STP, and can be used reliably
in calculations.

Example

According to the above reaction, what volume of NO2(g) is produced from the combustion of 100 g of
NH3(g), assuming the reaction takes place at standard temperature and pressure?

From the periodic table, we can determine that the molar mass of ammonia, NH3(g), is 17 g/mol, and

4 N (g) + 7 (g) → 4 N (g) + 6 O(l)H3 O2 O2 H2
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From the periodic table, we can determine that the molar mass of ammonia, NH3(g), is 17 g/mol, and
perform the following stoichiometric calculation:

Note the final conversion factor. Because we are told that the reaction takes place at STP, we can relate volume,
22.4 L, to 1 mol NO2.

http://www.youtube.com/watch?v=vKY3J2gkt_E&stop=298

Stoichiometry, Grams to Liters of a Gas – YouTube: Shows how to use stoichiometry to convert from grams of a
gas to liters of a gas.
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( )× ( )× ( )× ( ) = 132 L N (g)
100 g NH3 1 mol NH3

17 g

4 mol NO2

4 mol NH3

22.4 L
1 mol NO2

O2
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PARTIAL PRESSURE

Dalton’s Law of Partial Pressure
Dalton’s Law of Partial Pressure states the total pressure exerted by a mixture of gases is equal to the sum of the
partial pressure of each individual gas.

Learning Objectives

Demonstrate an understanding of partial pressures and mole fractions.

Key Takeaways

Key Points

The total pressure of a mixture of gases can be defined as the sum of the pressures of each individual
gas: .
The partial pressure of an individual gas is equal to the total pressure multiplied by the mole fraction of
that gas.
Boyle’s Law and the Ideal Gas Law tell us the total pressure of a mixture depends solely on the number
of moles of gas, and not the kinds of molecules; Dalton’s Law allows us to calculate the total pressure in a
system from each gas’ individual contribution.

Key Terms

mole fraction: number of moles of one particular gas divided by the total moles of gas in the mixture
Dalton’s Law of Partial Pressures: the total pressure exerted by the mixture of non-reactive gases is
equal to the sum of the partial pressures of each individual gas; also known as Dalton’s Law of Partial
Pressures

Because it is dependent solely the number of particles and not the identity of the gas, the Ideal Gas Equation
applies just as well to mixtures of gases is does to pure gases. In fact, it was with a gas mixture—ordinary air—that
Boyle, Gay-Lussac, and Charles performed their early experiments. The only new concept we need to deal with gas
mixtures is partial pressure, a concept invented by the famous English chemist John Dalton (1766-1844). Dalton
correctly reasoned that the low density and high compressibility of gases were indicative of the fact that they
consisted mostly of empty space; from this, it Dalton concluded that when two or more different gases occupy the
same volume, they behave entirely independently of one another.

Dalton’s Law (also called Dalton’s Law of Partial Pressures) states that the total pressure exerted by the mixture of
non-reactive gases is equal to the sum of the partial pressures of individual gases. Mathematically, this can be
stated as follows:

where P1, P2 and Pn represent the partial pressures of each compound. It is assumed that the gases do not react
with each other.

= + + … +Ptotal P1 P2 Pn

= + + … +Ptotal P1 P2 Pn
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Example

A 2.0 L container is pressurized with 0.25 atm of oxygen gas and 0.60 atm of nitrogen gas. What is the total
pressure inside the container?

The total pressure inside the contain is 0.85 atm.

Calculating the Mole Fraction

The mole fraction is a way of expressing the relative proportion of one particular gas within a mixture of gases. We
do this by dividing the number of moles of a particular gas i by the total number of moles in the mixture:

Example

A 3.0 L container contains 4 mol He, 2 mol Ne, and 1 mol Ar. What is the mole fraction of neon gas?

The mole fraction of neon gas is 2/7 or 0.28.

Calculating Partial Pressure

The partial pressure of one individual gas within the overall mixtures, pi, can be expressed as follows:

where xi is the mole fraction.

Example

A mixture of 2 mol H2 and 3 mol He exerts a total pressure of 3 atm. What is the partial pressure of He?

Calculating Total Pressure

We know from Boyle’s Law that the total pressure of the mixture depends solely on the number of moles of gas,
regardless of the types and amounts of gases in the mixture; the Ideal Gas Law reveals that the pressure exerted by
a mole of molecules does not depend on the identity of those particular molecules; Dalton’s Law now allows us to
calculate the total pressure in a system when we know each gas individual contribution.

Example

Consider a container of fixed volume 25.0 L. We inject into that container 0.78 moles of N2 gas at 298 K. From
the Ideal Gas Law, we can easily calculate the measured pressure of the nitrogen gas to be 0.763 atm.
We now take an identical container of fixed volume 25.0 L, and we inject into that container 0.22 moles of O2
gas at 298K. The measured pressure of the oxygen gas is 0.215 atm.

= + = 0.25 + 0.60 = 0.85 atmPtotal PO2 PN2

=xi
number of moles i

total number moles of gas

= = =xNe
number of moles Ne

total number moles of gas
2

4+2+1
2
7

=Pi Ptotalxi

= = (3)( ) = atmPHe PtotalxHe
3
5

9
5
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As a third measurement, we inject 0.22 moles of O2 gas at 298K into the first container, which already has 0.78
moles of N2. (Note that the mixture of gases we have prepared is very similar to that of air. ) The measured
pressure in this container is now found to be 0.975 atm.
Our data show that the total pressure of the mixture of N2 and O2 in the container is equal to the sum of the
pressures of the N2 and O2 samples taken separately. We now define the partial pressure of each gas in the
mixture to be the pressure of each gas as if it were the only gas present. Our measurements demonstrate that
the partial pressure of N2 as part of the gas PN2 is 0.763 atm, and the partial pressure of O2 as part of the gas
PO2, is 0.215 atm.

https://youtu.be/RqffPYOoxd8

Dalton: Dr. McCord describes Dalton’s Law of Partial Pressures.

Collecting Gases Over Water

The amount of gas present can be determined by collecting a gas over water and applying Dalton’s Law.

Learning Objectives

Apply Dalton’s Law to determine the partial pressure of a gas collected over water.

Key Takeaways

Key Points

The total pressure in an inverted tube can be determined by the height of the water displaced in the tube.
When calculating the amount of gas collected, Dalton’s Law must be used to account for the presence of
water vapor in the collecting bottle.

Key Terms

pneumatic trough: device used to collect a gas over water; the height of water displaced in the tube can
be used to determine the total pressure inside the tube

Since gases have such small densities, it can be difficult to measure their mass. A common way to determine the
amount of gas present is by collecting it over water and measuring the height of displaced water; this is
accomplished by placing a tube into an inverted bottle, the opening of which is immersed in a larger container of
water.

The Pneumatic Trough

This arrangement is called a pneumatic trough, and it was widely used in the early days of chemistry. As the gas
enters the bottle, it displaces the water and becomes trapped in the closed, upper part of the bottle. You can use this
method to measure a pure gas (i.e. O2) or the amount of gas produced from a reaction. The collected gas is not the
only gas in the bottle, however; keep in mind that liquid water itself is always in equilibrium with its vapor phase, so
the space at the top of the bottle is actually a mixture of two gases: the gas being collected, and gaseous H2O. The
partial pressure of H2O is known as the vapor pressure of water and is dependent on the temperature. To determine
the quantity of gas we have collected alone, we must subtract the vapor pressure of water from the total vapor
pressure of the mixture.
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Collecting gas over water: When collecting oxygen gas and calculating its partial pressure by displacing water from an inverted 
bottle, the presence of water vapor in the collecting bottle must be accounted for; this is easily accomplished using Dalton’s Law 
of Partial Pressures.

Calculating Gas Volume

Example 1

O2 gas is collected in a pneumatic trough with a volume of 0.155 L until the height of the water inside the trough
is equal to the height of the water outside the trough. The atmospheric pressure is 754 torr, and the temperature
is 295 K. How many moles of oxygen are present in the trough? (At 295 K, the vapor pressure of water is 19.8
torr.)
The total pressure in the tube can be written using Dalton’s Law of Partial Pressures:

Rearranging this in terms of , we have:

Because the height of the water inside the tube is equal to the height of the water outside the tube, the total
pressure inside the tube must be equal to the atmospheric pressure. With substitution, we have:

Next, we apply the Ideal Gas Law:

Example 2

Oxygen gas generated in an experiment is collected at 25°C in a bottle inverted in a trough of water. The
external laboratory pressure is 1.000 atm. When the water level in the originally full bottle has fallen to the level
in the trough, the volume of collected gas is 1750 ml. How many moles of oxygen gas have been collected?
If the water levels inside and outside the bottle are the same, then the total pressure inside the bottle equals
1.000 atm; at 25°C, the vapor pressure of water (or the pressure of water vapor in equilibrium with the liquid) is
23.8 mm Hg or 0.0313 atm.
Therefore, the partial pressure of oxygen gas is 1.000 – 0.031, or 0.969 atm.
The mole fraction of oxygen gas in the bottle is 0.969 (not 1.000), and the partial pressure of oxygen also is
0.969 atm. The number of moles is: 

= +Ptotal P OH2 PO2

PO2

= −PO2 Ptotal P OH2

= − = 754 − 19.8 = 734 torr = .966 atmPO2 Ptotal P OH2

n =

=

=

PV

RT

(.966 atm)(.155L)

(.082L⋅atm⋅ ⋅ )(295K)mol−1 K−1

.00619 mol O2

n = =PV

RT

(.969 atm)(1730 ) cm3

(82.054    )( 298 K) cm3 K−1  mole−1
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n = 0.068 moles O2

http://www.youtube.com/watch?v=BY1SQKOW7VE&stop=279

Collecting a Gas Over Water: How to calculate the pressure of a gas sample if it has been collected over water.
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KINETIC MOLECULAR THEORY

Kinetic Molecular Theory and Gas Laws
Kinetic Molecular Theory explains the macroscopic properties of gases and can be used to understand and explain
the gas laws.

Learning Objectives

Express the five basic assumptions of the Kinetic Molecular Theory of Gases.

Key Takeaways

Key Points

Kinetic Molecular Theory states that gas particles are in constant motion and exhibit perfectly elastic
collisions.
Kinetic Molecular Theory can be used to explain both Charles’ and Boyle’s Laws.
The average kinetic energy of a collection of gas particles is directly proportional to absolute temperature
only.

Key Terms

ideal gas: a hypothetical gas whose molecules exhibit no interaction and undergo elastic collision with
each other and the walls of the container
macroscopic properties: properties that can be visualized or measured by the naked eye; examples
include pressure, temperature, and volume

Basic Assumptions of the Kinetic Molecular Theory

By the late 19th century, scientists had begun accepting the atomic theory of matter started relating it to individual
molecules. The Kinetic Molecular Theory of Gases comes from observations that scientists made about gases to
explain their macroscopic properties. The following are the basic assumptions of the Kinetic Molecular Theory:

1. The volume occupied by the individual particles of a gas is negligible compared to the volume of the gas
itself.

2. The particles of an ideal gas exert no attractive forces on each other or on their surroundings.
3. Gas particles are in a constant state of random motion and move in straight lines until they collide with

another body.
4. The collisions exhibited by gas particles are completely elastic; when two molecules collide, total kinetic

energy is conserved.
5. The average kinetic energy of gas molecules is directly proportional to absolute temperature only; this implies

that all molecular motion ceases if the temperature is reduced to absolute zero.

Applying Kinetic Theory to Gas Laws
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Charles’ Law states that at constant pressure, the volume of a gas increases or decreases by the same factor as its
temperature. This can be written as:

According to Kinetic Molecular Theory, an increase in temperature will increase the average kinetic energy of the
molecules. As the particles move faster, they will likely hit the edge of the container more often. If the reaction is
kept at constant pressure, they must stay farther apart, and an increase in volume will compensate for the increase
in particle collision with the surface of the container.

Boyle’s Law states that at constant temperature, the absolute pressure and volume of a given mass of confined gas
are inversely proportional. This relationship is shown by the following equation:

At a given temperature, the pressure of a container is determined by the number of times gas molecules strike the
container walls. If the gas is compressed to a smaller volume, then the same number of molecules will strike against
a smaller surface area; the number of collisions against the container will increase, and, by extension, the pressure
will increase as well. Increasing the kinetic energy of the particles will increase the pressure of the gas.

http://www.youtube.com/watch?v=fIMdIMACyN4&stop=599

The Kinetic Molecular Theory of Gas (part 1) – YouTube: Reviews kinetic energy and phases of matter, and
explains the kinetic-molecular theory of gases.

Watch the video at this link.

The Kinetic Molecular Theory of Gas (part 2) – YouTube: Uses the kinetic theory of gases to explain properties of
gases (expandability, compressibility, etc. )

Distribution of Molecular Speeds and Collision Frequency
The Maxwell-Boltzmann Distribution describes the average molecular speeds for a collection of gas particles at a
given temperature.

Learning Objectives

Identify the relationship between velocity distributions and temperature and molecular weight of a gas.

Key Takeaways

Key Points

Gaseous particles move at random speeds and in random directions.
The Maxwell-Boltzmann Distribution describes the average speeds of a collection gaseous particles at a
given temperature.
Temperature and molecular weight can affect the shape of Boltzmann Distributions.
Average velocities of gases are often expressed as root-mean-square averages.

Key Terms

velocity: a vector quantity that denotes the rate of change of position with respect to time or a speed with
a directional component
quanta: the smallest possible packet of energy that can be transferred or absorbed

=V1

T1

V2

T2

=P1V1 P2V2
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According to the Kinetic Molecular Theory, all gaseous particles are in constant random motion at temperatures
above absolute zero. The movement of gaseous particles is characterized by straight-line trajectories interrupted by
collisions with other particles or with a physical boundary. Depending on the nature of the particles’ relative kinetic
energies, a collision causes a transfer of kinetic energy as well as a change in direction.

Root-Mean-Square Velocities of Gaseous Particles

Measuring the velocities of particles at a given time results in a large distribution of values; some particles may
move very slowly, others very quickly, and because they are constantly moving in different directions, the velocity
could equal zero. (Velocity is a vector quantity, equal to the speed and direction of a particle) To properly assess the
average velocity, average the squares of the velocities and take the square root of that value. This is known as the
root-mean-square (RMS) velocity, and it is represented as follows:

In the above formula, R is the gas constant, T is absolute temperature, and Mm is the molar mass of the gas
particles in kg/mol.

Energy Distribution and Probability

Consider a closed system of gaseous particles with a fixed amount of energy. With no external forces (e.g. a change
in temperature) acting on the system, the total energy remains unchanged. In theory, this energy can be distributed
among the gaseous particles in many ways, and the distribution constantly changes as the particles collide with
each other and with their boundaries. Given the constant changes, it is difficult to gauge the particles’ velocities at
any given time. By understanding the nature of the particle movement, however, we can predict the probability that a
particle will have a certain velocity at a given temperature.

Kinetic energy can be distributed only in discrete amounts known as quanta, so we can assume that any one time,
each gaseous particle has a certain amount of quanta of kinetic energy. These quanta can be distributed among the
three directions of motions in various ways, resulting in a velocity state for the molecule; therefore, the more kinetic
energy, or quanta, a particle has, the more velocity states it has as well.

If we assume that all velocity states are equally probable, higher velocity states are favorable because there are
greater in quantity. Although higher velocity states are favored statistically, however, lower energy states are more
likely to be occupied because of the limited kinetic energy available to a particle; a collision may result in a particle
with greater kinetic energy, so it must also result in a particle with less kinetic energy than before.

Visit this page in your course online to use this simulation.
Interactive: Diffusion & Molecular Mass: Explore the role of molecular mass on the rate of diffusion. Select
the mass of the molecules behind the barrier. Remove the barrier, and measure the amount of time it takes the
molecules to reach the gas sensor. When the gas sensor has detected three molecules, it will stop the
experiment. Compare the diffusion rates of the lightest, heavier and heaviest molecules. Trace an individual
molecule to see the path it takes.

Maxwell-Boltzmann Distributions

Using the above logic, we can hypothesize the velocity distribution for a given group of particles by plotting the
number of molecules whose velocities fall within a series of narrow ranges. This results in an asymmetric curve,
known as the Maxwell-Boltzmann distribution. The peak of the curve represents the most probable velocity among a
collection of gas particles.

= =v̄ vrms
3RT
Mm

− −−−√

KE = m1
2

v2

KE = m1
2

v2
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Velocity distributions are dependent on the temperature and mass of the particles. As the temperature increases,
the particles acquire more kinetic energy. When we plot this, we see that an increase in temperature causes the
Boltzmann plot to spread out, with the relative maximum shifting to the right.

Effect of temperature on root-mean-square speed distributions: As the temperature increases, so does the average kinetic
energy (v), resulting in a wider distribution of possible velocities. n = the fraction of molecules.

Larger molecular weights narrow the velocity distribution because all particles have the same kinetic energy at the
same temperature. Therefore, by the equation , the fraction of particles with higher velocities will
increase as the molecular weight decreases.

Root-Mean-Square Speed

The root-mean-square speed measures the average speed of particles in a gas, defined as .

Learning Objectives

Recall the mathematical formulation of the root-mean-square velocity for a gas.

Key Takeaways

Key Points

All gas particles move with random speed and direction.

KE = m1
2

v2

=vrms
3RT
M

− −−−√
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All gas particles move with random speed and direction.
Solving for the average velocity of gas particles gives us the average velocity of zero, assuming that all
particles are moving equally in different directions.
You can acquire the average speed of gaseous particles by taking the root of the square of the average
velocities.
The root-mean-square speed takes into account both molecular weight and temperature, two factors that
directly affect a material’s kinetic energy.

Key Terms

velocity: a vector quantity that denotes the rate of change of position, with respect to time or a speed
with a directional component

Kinetic Molecular Theory and Root-Mean-Square Speed

According to Kinetic Molecular Theory, gaseous particles are in a state of constant random motion; individual
particles move at different speeds, constantly colliding and changing directions. We use velocity to describe the
movement of gas particles, thereby taking into account both speed and direction.

Although the velocity of gaseous particles is constantly changing, the distribution of velocities does not change. We
cannot gauge the velocity of each individual particle, so we often reason in terms of the particles’ average behavior.
Particles moving in opposite directions have velocities of opposite signs. Since a gas’ particles are in random
motion, it is plausible that there will be about as many moving in one direction as in the opposite direction, meaning
that the average velocity for a collection of gas particles equals zero; as this value is unhelpful, the average of
velocities can be determined using an alternative method.

By squaring the velocities and taking the square root, we overcome the “directional” component of velocity and
simultaneously acquire the particles’ average velocity. Since the value excludes the particles’ direction, we now refer
to the value as the average speed. The root-mean-square speed is the measure of the speed of particles in a gas,
defined as the square root of the average velocity-squared of the molecules in a gas.

It is represented by the equation: , where vrms is the root-mean-square of the velocity, Mm is the
molar mass of the gas in kilograms per mole, R is the molar gas constant, and T is the temperature in Kelvin.

The root-mean-square speed takes into account both molecular weight and temperature, two factors that directly
affect the kinetic energy of a material.

Example

What is the root-mean-square speed for a sample of oxygen gas at 298 K?
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DIFFUSION AND EFFUSION

Gas Di�usion and E�usion
Due to their constant, random motion, gas molecules diffuse into areas of lower concentration, and effuse through
tiny openings.

Learning Objectives

Explain the concepts of diffusion and effusion.

Key Takeaways

Key Points

Gaseous particles are in constant random motion.
Gaseous particles tend to undergo diffusion because they have kinetic energy.
Diffusion is faster at higher temperatures because the gas molecules have greater kinetic energy.
Effusion refers to the movement of gas particles through a small hole.
Graham’s Law states that the effusion rate of a gas is inversely proportional to the square root of the
mass of its particles.

Key Terms

diffusion: movement of particles from an area of high concentration to one of low concentration
mean free path: the average distance traveled by a particle between collisions with other particles
Effusion: movement of gas molecules through a tiny hole

Di�usion

The kinetic theory describes a gas as a large number of submicroscopic particles (atoms or molecules), all of which
are in constant rapid motion that has randomness arising from their many collisions with each other and with the
walls of the container.

Diffusion refers to the process of particles moving from an area of high concentration to one of low concentration.
The rate of this movement is a function of temperature, viscosity of the medium, and the size (mass) of the particles.
Diffusion results in the gradual mixing of materials, and eventually, it forms a homogeneous mixture.
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Diffusion: Particles in a liquid-filled beaker are initially concentrated in one area, but diffuse from their area of high concentration to
the areas of low concentration until they are distributed evenly throughout the liquid.

E�usion

Not only do gaseous particles move with high kinetic energy, but their small size enables them to move through
small openings as well; this process is known as effusion. For effusion to occur, the hole’s diameter must be smaller
than the molecules’ mean free path (the average distance that a gas particle travels between successive collisions
with other gas particles). The opening of the hole must be smaller than the mean free path because otherwise, the
gas could move back and forth through the hole.

Effusion is explained by the continuous random motion of particles; over time, this random motion guarantees that
some particles will eventually pass through the hole.

Visit this page in your course online to use this simulation.

Interactive: Diffusion & Temperature: Explore the role of temperature on the rate of diffusion. Set the temperature,
then remove the barrier, and measure the amount of time it takes the blue molecules to reach the gas sensor. When
the gas sensor has detected three blue molecules, it will stop the experiment. Compare the diffusion rates at low,
medium and high temperatures. Trace an individual molecule to see the path it takes.

Visit this page in your course online to use this simulation.

Interactive: Diffusion and Molecular Mass: Explore the role of a molecule’s mass with respect to its diffusion rate.

Graham’s Law

Scottish chemist Thomas Graham experimentally determined that the ratio of the rates of effusion for two gases is
equal to the square root of the inverse ratio of the gases’ molar masses. This is written as follows:

where M represents the molar mass of the molecules of each of the two gases.

The gases’ effusion rate is directly proportional to the average velocity at which they move; a gas is more likely to
pass through an orifice if its particles are moving at faster speeds.

Example

What is the ratio of the rate of effusion of ammonia, NH3, to that of hydrogen chloride, HCl?

=
rate of effusion gas 1

rate of effusion gas 2

M2

M1

−−−√

− −−−−−−−√
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The NH3 molecules effuse at a rate 1.46 times faster than HCl molecules.

Derivation of Graham’s Law

Graham’s Law can be understood as a consequence of the average molecular kinetic energy of two different gas
molecules (marked 1 and 2) being equal at the same temperature. (Recall that a result of the Kinetic Theory of
Gases is that the temperature, in degrees Kelvin, is directly proportional to the average kinetic energy of the
molecules.) Therefore, equating the kinetic energy of molecules 1 and 2, we obtain:

The rate of effusion is determined by the number of molecules that diffuse through the hole in a unit of time, and
therefore by the average molecular velocity of the gas molecules.

Osmosis
Osmosis is the movement of water across a membrane from an area of low solute concentration to an area of high
solute concentration.

Learning Objectives

Describe the process of osmosis and explain how concentration gradient affects osmosis

Key Takeaways

Key Points

Osmosis occurs according to the concentration gradient of water across the membrane, which is
inversely proportional to the concentration of solutes.
Osmosis occurs until the concentration gradient of water goes to zero or until the hydrostatic pressure of
the water balances the osmotic pressure.
Osmosis occurs when there is a concentration gradient of a solute within a solution, but the membrane
does not allow diffusion of the solute.

Key Terms

solute: Any substance that is dissolved in a liquid solvent to create a solution
osmosis: The net movement of solvent molecules from a region of high solvent potential to a region of
lower solvent potential through a partially permeable membrane
semipermeable membrane: A type of biological membrane that will allow certain molecules or ions to
pass through it by diffusion and occasionally by specialized facilitated diffusion
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Osmosis and Semipermeable Membranes

Osmosis is the movement of water through a semipermeable membrane according to the concentration gradient of
water across the membrane, which is inversely proportional to the concentration of solutes. Semipermeable
membranes, also termed selectively permeable membranes or partially permeable membranes, allow certain
molecules or ions to pass through by diffusion.

While diffusion transports materials across membranes and within cells, osmosis transports only water across a
membrane. The semipermeable membrane limits the diffusion of solutes in the water. Not surprisingly, the
aquaporin proteins that facilitate water movement play a large role in osmosis, most prominently in red blood cells
and the membranes of kidney tubules.

Mechanism of Osmosis

Osmosis is a special case of diffusion. Water, like other substances, moves from an area of high concentration to
one of low concentration. An obvious question is what makes water move at all? Imagine a beaker with a
semipermeable membrane separating the two sides or halves. On both sides of the membrane the water level is the
same, but there are different concentrations of a dissolved substance, or solute, that cannot cross the membrane
(otherwise the concentrations on each side would be balanced by the solute crossing the membrane). If the volume
of the solution on both sides of the membrane is the same but the concentrations of solute are different, then there
are different amounts of water, the solvent, on either side of the membrane. If there is more solute in one area, then
there is less water; if there is less solute in one area, then there must be more water.

To illustrate this, imagine two full glasses of water. One has a single teaspoon of sugar in it, whereas the second
one contains one-quarter cup of sugar. If the total volume of the solutions in both cups is the same, which cup
contains more water? Because the large amount of sugar in the second cup takes up much more space than the
teaspoon of sugar in the first cup, the first cup has more water in it.

Osmosis: In osmosis, water always moves from an area of higher water concentration to one of lower concentration. In the diagram
shown, the solute cannot pass through the selectively permeable membrane, but the water can.

Returning to the beaker example, recall that it has a mixture of solutes on either side of the membrane. A principle
of diffusion is that the molecules move around and will spread evenly throughout the medium if they can. However,
only the material capable of passing through the membrane will diffuse through it. In this example, the solute cannot
diffuse through the membrane, but the water can. Water has a concentration gradient in this system. Thus, water
will diffuse down its concentration gradient, crossing the membrane to the side where it is less concentrated. This
diffusion of water through the membrane—osmosis—will continue until the concentration gradient of water goes to
zero or until the hydrostatic pressure of the water balances the osmotic pressure. In the beaker example, this means
that the level of fluid in the side with a higher solute concentration will go up.
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DEVIATION OF GAS FROM IDEAL BEHAVIOR

The E�ect of the Finite Volume
Real gases deviate from the ideal gas law due to the finite volume occupied by individual gas particles.

Learning Objectives

Demonstrate an understanding of the van der Waals equation for non-ideal gases.

Key Takeaways

Key Points

The ideal gas law assumes that gases are composed of point masses that interact via completely elastic
collisions.
Real gases are made up of particles that occupy a non-zero volume known as the excluded volume.
The van der Waals equation includes a volume-correction term that is specific to each gas; if a gas is
behaving in an ideal manner, the correction term becomes negligible relative to the total volume.

Key Terms

excluded volume: the volume occupied by non-ideal gas particles

The ideal gas law is commonly used to model the behavior of gas-phase reactions. Ideal gases are assumed to be
composed of point masses whose interactions are restricted to perfectly elastic collisions; in other words, a gas
particles’ volume is considered negligible compared to the container’s total volume.

Gas particles: Ideal gases are assumed to be composed of point masses that interact via elastic collisions.

There are two notable situations in which the behavior of real gases deviates from that model:

1. At high pressures where the volume occupied by gas molecules does not approach zero
2. At low temperatures where the contribution of intermolecular forces becomes significant
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Excluded Volume and the van der Waals Equation

The particles of a real gas do, in fact, occupy a finite, measurable volume. At high pressures, the deviation from
ideal behavior occurs because the finite volume that the gas molecules occupy is significant compared to the total
volume of the container. The van der Waals equation modifies the ideal gas law to correct for this excluded volume,
and is written as follows:

The available volume is now represented as , where b is a constant that is specific to each gas. In this
approximation, the gas molecules are considered hard spheres with a defined radius (r) that cannot overlap with the
radius of a neighboring particle. The constant b is defined as:

where NA is Avogadro’s number and r is the radius of the molecule.

It is important to note that this equation applies to ideal gases as well. It can be simplified because in an ideal
situation, the value of b is so much smaller than V that it does not make a measurable difference in the calculation.

Translational motion of helium: Under certain conditions, such as high pressure, real gases do not always behave according to the
ideal model. Here, the size of helium atoms relative to their spacing is shown to scale under 1,950 atmospheres of pressure.

The E�ect of Intermolecular Forces

At high pressures and low temperatures, intermolecular forces between gas particles can cause significant deviation
from ideal behavior.

Learning Objectives

Discover how intermolecular forces result in gases deviating from ideal behavior.

Key Takeaways

Key Points

Ideal gases are modeled as interacting through perfectly elastic collisions, implying that intermolecular

P (V − nb) = nRT

V − nb

b = 4 ⋅ π ⋅NA
4
3

r3

210



Ideal gases are modeled as interacting through perfectly elastic collisions, implying that intermolecular
interactions do not significantly contribute to the gas particles’ energetics.
Real gas interactions, such as attractive and repulsive intermolecular forces, are more complex than
perfectly elastic collisions; the significance of these contributions varies with the gases’ conditions.
The van der Waals equation takes into account these intermolecular forces and offers an improved model
for real gas behavior.

Key Terms

intermolecular forces: attractive and repulsive forces between molecules

The Ideal Gas Law is a convenient approximation for predicting the behavior of gases at low pressures and high
temperatures. This equation assumes that gas molecules interact with their neighbors solely through perfectly
elastic collisions, and that particles exert no intermolecular forces upon each other.

Elastic collisions between gas particles: Ideal gases are assumed to interact via perfectly elastic collisions in which no energy is
lost.

Intermolecular forces describe the attraction and repulsion between particles. They include:

Dipole -dipole forces
Ion-dipole forces
Dipole-induced dipole forces or Debye forces
Instantaneous dipole-induced dipole forces or London dispersion forces.

The contribution of intermolecular forces creates deviations from ideal behavior at high pressures and low
temperatures, and when the gas particles’ weight becomes significant.

Intermolecular Forces and the Limitations of the Ideal Gas Law

At low temperatures, gas particles have less kinetic energy, and therefore move more slowly; at slower
speeds, they are much more likely to interact (attracting or repelling one another) upon collision. The Ideal
Gas Law does not account for these interactions.
At high pressures, gas particles are forced into close proximity with one another, causing significant
intermolecular interactions.
When the weight of individual gas molecules becomes significant, London dispersion forces, or
instantaneous dipole forces, tend to increase, because as molecular weight increases, the number of
electrons within each gas molecule tends to increase as well. More electrons means that when two gas
molecules collide or converge, the electron clouds around each nucleus can repel one another, thereby
creating an “instantaneous dipole” (a separation of charge resulting in a partial positive and partial negative
charge across the molecule). The dipoles can then induce further dipoles in neighboring molecules, and the
unlike charges between molecules can attract one another. At high pressures and low temperatures, these
attractive forces can become significant.

Correcting for the Intermolecular Forces of Real Gases
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To correct for intermolecular forces between gas particles, J.D. van der Waals introduced a new term into the Ideal
Gas Equation in 1873. By adding the term n2a/V2 to pressure, van der Waals corrected for the slight reduction in
pressure due to the interaction between gas particles:

In the term above, a is a constant specific to each gas and V is the volume. van der Waals also corrected the
volume term by subtracting out the excluded volume of the gas. The full van der Waals equation of state is written
as:

where b is the excluded volume of the gas, R is the universal gas constant, and T is the absolute temperature.

Visit this page in your course online to use this simulation.
Interactive: Charged and Neutral Atoms: Explore the role of charge in interatomic interactions.

Visit this page in your course online to use this simulation.
Interactive: Seeing Intermolecular Attractions: Explore different types of attractions between molecules.

Van der Waals Equation

The van der Waals equation modifies the Ideal Gas Law to correct for the excluded volume of gas particles and
intermolecular attractions.

Learning Objectives

Distinguish the van der Waals equation from the Ideal Gas Law.

Key Takeaways

Key Points

The van der Waals equation is an equation of state that corrects for two properties of real gases: the
excluded volume of gas particles and attractive forces between gas molecules.
The van der Waals equation is frequently presented as: .
The constants a and b represent the magnitude of intermolecular attraction and excluded volume
respectively, and are specific to a particular gas.

Key Terms

ideal gas law: an equation describing the properties of an ideal gas, generally presented as PV = nRT
van der waals equation: a relation between particles of a fluid that have a non-zero volume and a
pairwise attractive inter-particle force

The Ideal Gas Law is based on the assumptions that gases are composed of point masses that undergo perfectly
elastic collisions. However, real gases deviate from those assumptions at low temperatures or high pressures. 
Imagine a container where the pressure is increased.  As the pressure increases, the volume of the container

P + an2

V 2

(P + ) (V − nb) = nRTan2

V 2

(P + ) (V − nb) = nRTan2

V 2
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decreases.  The volume occupied by the gas particles is no longer negligible compared to the volume of the
container and the volume of the gas particles needs to be taken into account.  At low temperatures, the gas particles
have lower kinetic energy and do not move as fast.  The gas particles are affected by the intermolecular forces
acting on them, which leads to inelastic collisions between them.  This leads to fewer collisions with the container
and a lower pressure than what is expected from an ideal gas.

The van der Waals Equation and P-V Isotherms

Derived by Johannes Diderik van der Waals in 1873, the van der Waals equation modifies the Ideal Gas Law; it
predicts the properties of real gases by describing particles of non-zero volume governed by pairwise attractive
forces. This equation of state is presented as:

where P is the pressure, V is the volume, R is the universal gas constant, and T is the absolute temperature.
Isotherm (plots of pressure versus volume at constant temperature) can be produced using the van der Waals
model.

van der Waals isotherms: This graph demonstrates the relationship between pressure, volume, and temperature based on the van
der Waals model. It correctly predicts a mostly incompressible liquid phase, but the oscillations in the phase transition zone do not fit
experimental data.

The constants a and b have positive values and are specific to each gas. The term involving the constant a corrects
for intermolecular attraction. Attractive forces between molecules decrease the pressure of a real gas, slowing the
molecules and reducing collisions with the walls.

The higher the value of a, the greater the attraction between molecules and the more easily the gas will
compress.
The b term represents the excluded volume of the gas or the volume occupied by the gas particles.

Notice that the van der Waals equation becomes the Ideal Gas Law as these two correction terms approach zero.

The van der Waals model offers a reasonable approximation for real gases at moderately high pressures. Additional
models have been subsequently introduced to more accurately predict the behavior of non-ideal gases.

Real Gases

Equations other than the Ideal Gas Law model the non-ideal behavior of real gases at high pressures and low
temperatures.

(P + ) (V − nb) = nRTan2

V 2
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Learning Objectives

Describe the five factors that lead to non-ideal behavior in gases and relate these to the two most common
models for real gases

Key Takeaways

Key Points

The Ideal Gas Law is a convenient approximation of most gas- phase reactions, but does not always
sufficiently describe real gases near the condensation point, near the critical point, or at high pressures.
Two common models for real gases are the van der Waals model and the Redlich-Kwong model.
The deviation of a real gas from ideality can be quantified using the compressibility factor, Z.

Key Terms

critical point: the temperature and pressure above which liquid and gas phases become
indistinguishable; above the critical point, a substance exists as neither a liquid nor gas, but as a
“supercritical fluid”
isotherm: in thermodynamics, a curve on a P-V diagram representing the state of a gas at constant
temperature (“iso-” means same and “-therm” refers to temperature)
specific heat: the amount of heat necessary to raise one gram of a substance by one degree Celsius

Isotherms and the P-V Diagram

The Ideal Gas Law assumes that a gas is composed of randomly moving, non-interacting point particles. This law
sufficiently approximates gas behavior in many calculations; real gases exhibit complex behaviors that deviate from
the ideal model, however, as shown by the isotherms in the graph below. (Isotherms refer to the different curves on
the graph, which represent a gas’ state at different pressure and volume conditions but at constant temperature;
“Iso-” means same and “-therm” means temperature—hence isotherm.)
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Real-gas isotherms: According to the Ideal Gas Equation, PV=nRT, pressure and volume should have an
inverse relationship. Notice that the higher isotherms on the graph, which represent the gas’ state at higher
temperature, show the typical, concave decreasing curve of an inverse relationship. As temperature
decreases, however, the isotherms on the lower portion of the graph significantly deviate from this ideal
inverse relationship between P and V.

Limitations of the Ideal Model

For most applications, the ideal gas approximation is reasonably accurate; the ideal gas model tends to fail at lower
temperatures and higher pressures, however, when intermolecular forces and the excluded volume of gas particles
become significant. The model also fails for most heavy gases (including many refrigerants) and for gases with
strong intermolecular forces (such as water vapor). At a certain point of combined low temperature and high
pressure, real gases undergo a phase transition from the gaseous state into the liquid or solid state. The ideal gas
model, however, does not describe or allow for phase transitions; these must be modeled by more complex
equations of state.

Real-gas models must be used near the condensation point of gases (the temperature at which gases begin to form
liquid droplets), near critical points, at very high pressures, and in other less common cases. Several different
models mathematically describe real gases.

van der Waals Model

Real gases are often modeled by taking into account their molar weight and volume:

( )
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where:

P = pressure
T = temperature
R = the ideal gas constant
V = volume
a is an empirically determined factor that corrects for the intermolecular forces between gas particles; it is
specific for each gas
b is an empirically determined factor that corrects for the excluded volume of gas particles; it is specific for
each gas

Redlich-Kwong Model

The Redlich-Kwong equation is another two-parameter relation that models real gases. It is almost always more
accurate than the van der Waals equation and frequently more accurate than some equations with more than two
parameters. The equation is:

Note that a and b here are defined differently than in the van der Waals equation.

Additional models that can be applied to non-ideal gases include the the Berthelot model, the Dieterici model, the
Clausius model, the Virial model, the Peng-Robinson model, the Wohl model, the Beattie-Bridgeman model, and the
Benedict-Webb-Rubin model. However, these systems are used less frequently than are the van der Waals and
Redlich-Kwong models.

Compressibility Factor and Deviation from Ideality

Deviation from ideality can be quantified using the compressibility factor Z:

Note that for an ideal gas, PV=nRT, and Z will equal 1; under non-ideal conditions, however, Z deviates from unity.
The graph below depicts how the compressibility factor varies with increasing pressure for a generalized graph.
Note that the isotherms representing high temperatures deviate less from ideal behavior (Z remains close to 1
across the graph), while for isotherms representing low temperatures, Z deviates greatly from unity.

(P + ) (V − nb) = nRTan2

V 2

RT = P ( − b) + a ⋅Vm
−bVm

⋅( +b)⋅Vm Vm T 1/2

Z = PV

nRT
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Compressibility factor and pressure: At low temperatures, the compressibility factor for a generalized gas greatly deviates from
unity, indicating non-ideal gas behavior; at high temperatures, however, the compressibility factor is much less affected by the
increased pressure.

Air Pollution
Air pollution results from increasing levels of harmful molecules and particulates in the atmosphere.

Learning Objectives

Identify the four major effects of air pollution.

Key Takeaways

Key Points

Air pollution results from the introduction of harmful compounds into the atmosphere.
Pollutants are introduced from both natural and man-made sources.
Major pollutants include particulate matter, ozone, sulfur dioxides, and nitrogen dioxide.

Key Terms

acid rain: acidic precipitation, the result of sulfur dioxide and nitrogen oxides reacting with water in the
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acid rain: acidic precipitation, the result of sulfur dioxide and nitrogen oxides reacting with water in the
atmosphere

Air pollution is the presence of harmful molecules or particulates, both natural and man-made, in the atmosphere.

E�ects of Air Pollution

Increases in these atmospheric molecules and particles result in:

1. The greenhouse effect: an elevation in the Earth’s surface temperature due to the absorption of
electromagnetic radiation by atmospheric gases.

2. Decreased stratospheric ozone: a depletion in ozone levels caused by the release of refrigerants, which
produce free radicals that catalyze the decomposition of ozone.

3. Acid rain: acidic precipitation that occurs when the pollutants sulfur dioxide and nitrogen oxide react with
water in the atmosphere.

4. Increased ozone concentrations at ground levels: an increase in surface ozone that contributes to smog.

Air pollution: The output of industrial manufacturing processes is a major source of air pollution.

Major Pollutants and Their E�ects

The main air pollutants produced by humans are:

1. Sulfur oxides (SOx)
2. Nitrogen oxides (NOx)
3. Carbon monoxide (CO)
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3. Carbon monoxide (CO)
4. Carbon dioxide (CO2)
5. Volatile organic compounds (VOCs)
6. Particulates
7. Free radicals
8. Metals
9. Chlorofluorocarbons (CFCs)

10. Ammonia (NH3)
11. Odors
12. Radioactive compounds

Air pollutants are considered primary when the harmful particles are directly emitted into the atmosphere; secondary
pollutants are products of reactions that occur following emission. Secondary pollutants include:

1. Smog
2. Ground level ozone (O3)
3. Peroxyacetyl nitrate

Air pollution is also a problem indoors, where poor health has been linked to pollutants like radon, VOCs, lead paint,
combustion particulates, carbon monoxide, and asbestos. Air pollution contributes to poor health through respiratory
conditions, heart disease, and lung cancer. Approximately 3.3 million deaths worldwide are attributed to indoor and
outdoor air pollution, with children in developing countries at particular risk for illness or disease.

Ozone Depletion

Free radicals in the upper stratosphere act as catalysts for ozone decomposition, thereby depleting the ozone layer.

Learning Objectives

Sketch the ozone cycle.

Key Takeaways

Key Points

Photochemical reactions in the stratosphere lead to the conversion of oxygen gas (O2) into atomic
oxygen (O) and ozone (O3); these forward and reverse reactions are in very delicate balance.
Free radicals, such as those from refrigerants, can catalyze the destruction of stratospheric ozone,
resulting in large-scale depletion of ozone levels.
Refrigerants such as CFCs, freons, and halons dissociate to produce free-radical forms of bromine and
chlorine in the stratosphere.
There is a gross misconception that CFC molecules are too heavy to reach the stratosphere and
therefore do not contribute to ozone depletion; in fact, CFC molecules can behave as ideal gases and
diffuse throughout Earth’s atmosphere, including the upper atmosphere.

Key Terms

refrigerant: a substance used in a heat cycle that undergoes a phase change between gas and liquid to
allow cooling, as in refrigerators and air conditioners
photodissociation: molecular dissociation resulting from the absorption of a photon
halocarbon: any compound derived from a hydrocarbon by replacing at least one hydrogen atom with a
halogen; common examples include CFCs, or chlorofluorocarbons
stratosphere: the region of the uppermost atmosphere where temperature increases with the altitude
due to the ozone’s absorption of solar ultraviolet radiation; extends from the tropopause (10-15
kilometers) to approximately 50 kilometers, where it is succeeded by the mesosphere
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Largest ozone hole observed: In September, 2006, the
average area of the ozone hole, displayed here in purple,
was 10.6 million square miles.

Ozone’s Role in the Stratosphere

Ozone depletion describes two distinct but related phenomena observed since the late 1970s: (1) a steady decline
of about 4 percent per decade in the total volume of ozone in Earth’s stratosphere (the ozone layer ); and (2) a
much larger springtime decrease in stratospheric ozone over Earth’s polar regions. The latter phenomenon is
referred to as the ozone hole. Both types of ozone depletion have increased as emissions of halo-carbons have
increased.

The most important process in hole formation is the catalytic
destruction of ozone by atomic halogens. The main source of
these halogen atoms in the stratosphere is photodissociation
of man-made halocarbon refrigerants; examples include
CFCs (chlorofluorocarbons), freons, and halons. These
compounds are emitted on Earth’s surface and move into the
stratosphere.

CFCs and other contributing substances are referred to as
ozone-depleting substances (ODS). Since the ozone layer
prevents most harmful wavelengths (280-315 nm) of
ultraviolet (UV) light from passing through Earth’s
atmosphere, observed and projected decreases in ozone
have generated worldwide concern. The Montreal Protocol
bans the production of ozone-depleting chemicals such as
carbon tetrachloride and trichloroethane.

Because the ozone layer acts as a protectant, blocking most
UVB wavelengths of UV light from piercing Earth’s
atmosphere, ozone depletion may result in a variety of
biological consequences; these include increased cases of
skin cancer, cataracts, and plant damage, as well as reduced
plankton populations in the ocean’s photic zone. The largest
ozone hole was observed in September, 2006.

Ozone Cycle

The ozone-oxygen cycle involves three forms of oxygen:

Atomic oxygen (O)
Diatomic oxygen, or oxygen gas (O2)
Ozone (O3)

In the stratosphere, absorption of ultraviolet photons results in the photodissociation (breaking apart) of oxygen
molecules. These atomic oxygen (O) radicals react with oxygen gas (O2) to produce ozone (O3); ozone’s absorption
of ultraviolet light can then cause oxygen gas to re-form. The balanced equation for this reaction is:

Ozone Destruction

The balance of ozone production and degradation can be disturbed by the presence of competing free radicals,
most notably the hydroxyl radical (OH·), nitric oxide radical (NO·), atomic chlorine radical (Cl·), and atomic bromine
radical (Br·). The reaction of these free radicals with ozone disrupts the ozone-oxygen cycle, leading to the
destruction of stratospheric ozone and the depletion of the ozone layer. The atomic chlorine and bromine radicals
are found in certain stable organic compounds, especially CFCs, which can make their way to the stratosphere
because of their low reactivity. Once in the stratosphere, ultraviolet light liberates the Cl and Br atoms from their
parent compounds:

CFCl3 + electromagnetic radiation  CFCl2 + Cl

O + ↔ 2O3 O2

→
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The Cl and Br atoms can then destroy ozone molecules through a variety of catalytic cycles. In the simplest
example of such a cycle, a chlorine atom reacts with an ozone molecule, taking an oxygen atom (forming ClO,
chlorine monoxide) and leaving a normal oxygen molecule (O2). The chlorine monoxide can then react with a
second molecule of ozone (O3) to yield another chlorine atom and two molecules of oxygen. The chemical
equations for these gas-phase reactions are:

Thus, the atomic chlorine radical regenerates; a single chlorine can keep destroying ozone (acting as a catalyst ) for
up to two years. The overall effect is a decrease in the amount of ozone, though null cycles can decrease the rate of
these processes. More complicated mechanisms that lead to ozone destruction in the lower stratosphere have also
been been discovered.

Di�usion of CFCs

A common misconception is that because CFC molecules are heavier than air (both nitrogen and oxygen), they
cannot reach the stratosphere in significant amounts and therefore do not contribute significantly to ozone depletion.
Atmospheric gases are not sorted by weight, however; wind forces can fully mix the gases in the atmosphere, which
readily diffuse into the stratosphere.
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+ → ClO +Cl− O3 O2

+ → Cl + 2ClO− O3 O2
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THERMOCHEMISTRY

ENERGY

Types of Energy
The various types of energy include kinetic, potential, and chemical energy.

Learning Objectives

Differentiate between types of energy

Key Takeaways

Key Points

All organisms use different forms of energy to power the biological processes that allow them to grow and
survive.
Kinetic energy is the energy associated with objects in motion.
Potential energy is the type of energy associated with an object’s potential to do work.
Chemical energy is the type of energy released from the breakdown of chemical bonds and can be
harnessed for metabolic processes.

Key Terms

chemical energy: The net potential energy liberated or absorbed during the course of a chemical
reaction.
potential energy: Energy possessed by an object because of its position (in a gravitational or electric
field), or its condition (as a stretched or compressed spring, as a chemical reactant, or by having rest
mass).
kinetic energy: The energy possessed by an object because of its motion, equal to one half the mass of
the body times the square of its velocity.

Energy is a property of objects which can be transferred to other objects or converted into different forms, but 
cannot be created or destroyed. Organisms use energy to survive, grow, respond to stimuli, reproduce, and for 
every type of biological process. The potential energy stored in molecules can be converted to chemical energy, 
which can ultimately be converted to kinetic energy, enabling an organism to move. Eventually, most of energy used 
by organisms is transformed into heat and dissipated.
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Energy associated with objects in motion is called kinetic energy. For example, when an airplane is in flight, the
airplane is moving through air very quickly—doing work to enact change on its surroundings. The jet engines are
converting potential energy in fuel to the kinetic energy of movement. A wrecking ball can perform a large amount of
damage, even when moving slowly. However, a still wrecking ball cannot perform any work and therefore has no
kinetic energy. A speeding bullet, a walking person, the rapid movement of molecules in the air that produces heat,
and electromagnetic radiation, such as sunlight, all have kinetic energy.

Potential Energy

What if that same motionless wrecking ball is lifted two stories above a car with a crane? If the suspended wrecking
ball is not moving, is there energy associated with it? Yes, the wrecking ball has energy because the wrecking ball
has the potential to do work. This form of energy is called potential energy because it is possible for that object to do
work in a given state.

Objects transfer their energy between potential and kinetic states. As the wrecking ball hangs motionlessly, it has 
kinetic and potential energy. Once the ball is released, its kinetic energy increases as the ball picks up speed.
At the same time, the ball loses potential energy as it nears the ground. Other examples of potential energy include
the energy of water held behind a dam or a person about to skydive out of an airplane.

Potential energy vs. kinetic energy: Water behind a dam has potential energy. Moving water, such as in a waterfall or a rapidly
flowing river, has kinetic energy.

Chemical Energy

Potential energy is not only associated with the location of matter, but also with the structure of matter. A spring on
the ground has potential energy if it is compressed, as does a rubber band that is pulled taut. The same principle
applies to molecules. On a chemical level, the bonds that hold the atoms of molecules together have potential
energy. This type of potential energy is called chemical energy, and like all potential energy, it can be used to do
work.

For example, chemical energy is contained in the gasoline molecules that are used to power cars. When gas ignites
in the engine, the bonds within its molecules are broken, and the energy released is used to drive the pistons. The
potential energy stored within chemical bonds can be harnessed to perform work for biological processes. Different
metabolic processes break down organic molecules to release the energy for an organism to grow and survive.

0%
100%
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Chemical energy: The molecules in gasoline (octane, the chemical formula shown) contain chemical energy. This energy is
transformed into kinetic energy that allows a car to race on a racetrack.

Energy Changes in Chemical Reactions
Chemical reactions often produce changes in energy.

Learning Objectives

Describe the types of energy changes that can occur in chemical reactions

Key Takeaways

Key Points

Chemical reactions often involve changes in energy due to the breaking and formation of bonds.
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Chemical reactions often involve changes in energy due to the breaking and formation of bonds.
Reactions in which energy is released are exothermic reactions, while those that take in heat energy are
endothermic.

Key Terms

endothermic: A description of a chemical reaction that absorbs heat energy from its surroundings.
enthalpy: In thermodynamics, a measure of the heat content of a chemical or physical system. The
change in enthalpy of a chemical reaction is symbolized as ΔH.
exothermic: A description of a chemical reaction that releases heat energy to its surroundings.

Due to the absorption of energy when chemical bonds are broken, and the release of energy when chemical bonds
are formed, chemical reactions almost always involve a change in energy between products and reactants. By the
Law of Conservation of Energy, however, we know that the total energy of a system must remain unchanged, and
that oftentimes a chemical reaction will absorb or release energy in the form of heat, light, or both. The energy
change in a chemical reaction is due to the difference in the amounts of stored chemical energy between the
products and the reactants. This stored chemical energy, or heat content, of the system is known as its enthalpy.

Exothermic Reactions

Exothermic reactions release heat and light into their surroundings. For example, combustion reactions are usually
exothermic. In exothermic reactions, the products have less enthalpy than the reactants, and as a result, an
exothermic reaction is said to have a negative enthalpy of reaction. This means that the energy required to break
the bonds in the reactants is less than the energy released when new bonds form in the products. Excess energy
from the reaction is released as heat and light.
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Chemical reaction: A thermite reaction, which produces molten iron.

Endothermic Reactions

Endothermic reactions, on the other hand, absorb heat and/or light from their surroundings. For example,
decomposition reactions are usually endothermic. In endothermic reactions, the products have more enthalpy than
the reactants. Thus, an endothermic reaction is said to have a positive enthalpy of reaction. This means that the
energy required to break the bonds in the reactants is more than the energy released when new bonds form in the
products; in other words, the reaction requires energy to proceed.
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The decomposition of water into hydrogen and oxygen: When water is heated to over 2000 degrees Celsius, a small fraction will
decompose into hydrogen and oxygen. Significant heat energy is needed for this reaction to proceed, so the reaction is endothermic.
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INTRODUCTION TO THERMODYNAMICS

The First Law of Thermodynamics
The first law of thermodynamics states that energy can be transferred or transformed, but cannot be created or
destroyed.

Learning Objectives

Describe the first law of thermodynamics

Key Takeaways

Key Points

According to the first law of thermodynamics, the total amount of energy in the universe is constant.
Energy can be transferred from place to place or transformed into different forms, but it cannot be created
or destroyed.
Living organisms have evolved to obtain energy from their surroundings in forms that they can transfer or
transform into usable energy to do work.

Key Terms

first law of thermodynamics: A version of the law of conservation of energy, specialized for
thermodynamical systems, that states that the energy of an isolated system is constant and can neither
be created nor destroyed.
work: A measure of energy expended by moving an object, usually considered to be force times
distance. No work is done if the object does not move.

Thermodynamics is the study of heat energy and other types of energy, such as work, and the various ways energy
is transferred within chemical systems. “Thermo-” refers to heat, while “dynamics” refers to motion.

The First Law of Thermodynamics

The first law of thermodynamics deals with the total amount of energy in the universe. The law states that this total
amount of energy is constant. In other words, there has always been, and always will be, exactly the same amount
of energy in the universe.

Energy exists in many different forms. According to the first law of thermodynamics, energy can be transferred from
place to place or changed between different forms, but it cannot be created or destroyed. The transfers and
transformations of energy take place around us all the time. For instance, light bulbs transform electrical energy into
light energy, and gas stoves transform chemical energy from natural gas into heat energy. Plants perform one of the
most biologically useful transformations of energy on Earth: they convert the energy of sunlight into the chemical
energy stored within organic molecules.
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The first law of thermodynamics: Shown are two examples of energy being transferred from one system to another
and transformed from one form to another. Humans can convert the chemical energy in food, like this ice cream cone,
into kinetic energy by riding a bicycle. Plants can convert electromagnetic radiation (light energy) from the sun into
chemical energy.

The System and Surroundings

Thermodynamics often divides the universe into two categories: the system and its surroundings. In chemistry, the
system almost always refers to a given chemical reaction and the container in which it takes place. The first law of
thermodynamics tells us that energy can neither be created nor destroyed, so we know that the energy that is
absorbed in an endothermic chemical reaction must have been lost from the surroundings. Conversely, in an
exothermic reaction, the heat that is released in the reaction is given off and absorbed by the surroundings. Stated
mathematically, we have:

ΔE = Δ + Δ = 0Esys Esurr
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The system and surroundings: A basic diagram showing the fundamental distinction between the system and its surroundings in
thermodynamics.

Heat and Work

We know that chemical systems can either absorb heat from their surroundings, if the reaction is endothermic, or
release heat to their surroundings, if the reaction is exothermic. However, chemical reactions are often used to do
work instead of just exchanging heat. For instance, when rocket fuel burns and causes a space shuttle to lift off from
the ground, the chemical reaction, by propelling the rocket, is doing work by applying a force over a distance.

If you’ve ever witnessed a video of a space shuttle lifting off, the chemical reaction that occurs also releases
tremendous amounts of heat and light. Another useful form of the first law of thermodynamics relates heat and work
for the change in energy of the internal system:

While this formulation is more commonly used in physics, it is still important to know for chemistry.

Δ = Q + WEsys

230



Rocket launch: The powerful chemical reaction propelling the rocket lets off tremendous heat to the surroundings and does work on
the surroundings (the rocket) as well.

Heat and Work
Both heat and work refer to processes by which energy is transferred to or from a substance.

Learning Objectives

Define heat and work

Key Takeaways

Key Points

When energy is exchanged between thermodynamic systems by thermal interaction, the transfer of
energy is called heat.
Work is the transfer of energy by any process other than heat.
Heat and work are related: work can be completely converted into heat, but the reverse is not true: heat
cannot be completely converted to work.

Key Terms

heat: The energy transferred from one system to another by thermal interaction.

work: The transfer of energy by any process other than heat.
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work: The transfer of energy by any process other than heat.
thermochemistry: The study of the energy and heat associated with chemical reactions and/or physical
transformations.

De�nition of Heat

When energy is exchanged between thermodynamic systems by thermal interaction, the transfer of energy is called
heat. The units of heat are therefore the units of energy, or joules (J). Heat is transferred by conduction, convection,
and/or radiation.

Heat is transfer by conduction occurs when an object with high thermal energy comes into contact with an object
with low thermal energy. Heat transfer by convection occurs through a medium. For example, when heat transfers
from the hot water at the bottom of the pot to the cooler water at the top of the pot. Lastly, heat can also be
transferred by radiation; a hot object can convey heat to anything in its surroundings via electromagnetic radiation.

When a high temperature body is brought into contact with a low temperature body, the temperatures equilibrate:
there is heat flow from higher to lower temperature, like water flowing downhill, until the temperatures of the
bodies are equivalent. The high temperature body loses thermal energy, and the low temperature body acquires this
same amount of thermal energy. The system is then said to be at thermal equilibrium.

232



An illustration of thermal equilibrium: The can of cola and ice cube start at different temperatures. When they come into contact,
heat is transferred from the cola can to the ice cube until both bodies reach thermal equilibrium.

De�nition of Work

Work is the transfer of energy by any process other than heat. Like heat, the unit measurement for work is joules
(J). There are many forms of work, including but not limited to mechanical, electrical, and gravitational work. For our
purposes, we are concerned with P-V work, which is the work done in an enclosed chemical system. In this type of
system, work is defined as the change in the volume (V) in liters within the system multiplied by a pressure (P).
Assuming the system is at constant pressure, this equates to the following:

Most often, we are interested in the work done by expanding gases. Assuming the gases are ideal, we can apply
the ideal gas law to the above equation to get the following:

W = PΔV

W = PΔV = nRΔT
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Relationship Between Heat and Work

Heat and work are related. Work can be completely converted into heat, but the reverse is not true: heat energy
cannot be wholly transformed into work energy. Scientists and engineers have been able to exploit the principles of
thermochemistry to develop technologies ranging from hot/cold packs to gasoline powered combustion engines.

For a closed system, the change in internal energy (∆U) is related to heat (Q) and work (W) as follows:

This means that the total energy within a system is affected by the sum of two possible energy transfers: heat and
work.
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ENTHALPY

Internal Energy and Enthalpy
The enthalpy of reaction measures the heat released/absorbed by a reaction that occurs at constant pressure.

Learning Objectives

Review enthalpy of reaction

Key Takeaways

Key Points

At constant volume, the heat of reaction is equal to the change in the internal energy of the system.
At constant pressure, the heat of reaction is equal to the enthalpy change of the system.
Most chemical reactions occur at constant pressure, so enthalpy is more often used to measure heats of
reaction than internal energy.

Key Terms

enthalpy: In thermodynamics, a measure of the heat content of a chemical or physical system.
internal energy: A property characteristic of the state of a thermodynamic system, the change in which is
equal to the heat absorbed minus the work done by the system.
first law of thermodynamics: Heat and work are forms of energy transfer; the internal energy of a
closed system changes as heat and work are transferred into or out of it.

In thermodynamics, work (W) is defined as the process of an energy transfer from one system to another. The first
law of thermodynamics states that the energy of a closed system is equal to the amount of heat supplied to the
system minus the amount of work done by the system on its surroundings. The amount of energy for a closed
system is written as follows:

In this equation, U is the total energy of the system, Q is heat, and W is work. In chemical systems, the most
common type of work is pressure-volume (PV) work, in which the volume of a gas changes. Substituting this in for
work in the above equation, we can define the change in internal energy for a chemical system:

Internal Energy Change at Constant Volume

Let’s examine the internal energy change, , at constant volume. At constant volume, , the equation for
the change in internal energy reduces to the following:

ΔU = Q − W

ΔU = Q − PΔV

ΔU ΔV = 0

ΔU = QV
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The subscript V is added to Q to indicate that this is the heat transfer associated with a chemical process at
constant volume. This internal energy is often very difficult to calculate in real life settings, though, because
chemists tend to run their reactions in open flasks and beakers that allow gases to escape to the atmosphere.
Therefore, volume is not held constant, and calculating  becomes problematic. To correct for this, we introduce
the concept of enthalpy, which is much more commonly used by chemists.

Standard Enthalpy of Reaction

The enthalpy of reaction is defined as the internal energy of the reaction system, plus the product of pressure and
volume. It is given by:

By adding the PV term, it becomes possible to measure a change in energy within a chemical system, even when
that system does work on its surroundings. Most often, we are interested in the change in enthalpy of a given
reaction, which can be expressed as follows:

When you run a chemical reaction in a laboratory, the reaction occurs at constant pressure, because the
atmospheric pressure around us is relatively constant. We will examine the change in enthalpy for a reaction at
constant pressure, in order to see why enthalpy is such a useful concept for chemists.

Enthalpy of Reaction at Constant Pressure

Let’s look once again at the change in enthalpy for a given chemical process. It is given as follows:

However, we also know that:

Substituting to combine these two equations, we have:

Thus, at constant pressure, the change in enthalpy is simply equal to the heat released/absorbed by the reaction.
Due to this relation, the change in enthalpy is often referred to simply as the “heat of reaction.”

http://www.youtube.com/watch?v=fucyI7Ouj2c&stop=907

Enthalpy: An explanation of why enthalpy can be viewed as “heat content” in a constant pressure system.

Exothermic and Endothermic Processes

Endothermic reactions absorb energy from the environment, while exothermic reactions release energy to the
environment.

Learning Objectives

Distinguish between endothermic and exothermic reactions

Key Takeaways

Key Points
All chemical reactions involve the transfer of energy.

ΔU

H = U + PV

ΔH = ΔU + PΔV

ΔH = ΔU + PΔV

ΔU = Q − W = Q − PΔV

ΔH = Q − PΔV + PΔV = QP
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All chemical reactions involve the transfer of energy.
Endothermic processes require an input of energy to proceed and are signified by a positive change in
enthalpy.
Exothermic processes release energy upon completion, and are signified by a negative change in
enthalpy.

Key Terms

exothermic: Of a chemical reaction that releases energy in the form of heat.
enthalpy: In thermodynamics, a measure of the heat content of a chemical or physical system.
endothermic: Of a chemical reaction that absorbs heat energy from its surroundings.

All chemical processes are accompanied by energy changes. When a reaction proceeds, it either releases energy
to, or absorbs energy from, its surroundings. In thermodynamics, these two types of reactions are classified as
exothermic or endothermic, respectively. An easy way to remember the difference between these two reaction types
is by their prefixes: endo- means to draw in, and exo- means to give off. We will explore these concepts in more
detail after introducing the concept of enthalpy.

Enthalpy

Enthalpy (signified as H) is a measure of the total energy of a system and often expresses and simplifies energy
transfer between systems. Since the total enthalpy of a system cannot be measured directly, we most often refer to
the change in enthalpy for a particular chemical reaction. At constant pressure, the change in enthalpy is equal to
the heat given off, or the heat absorbed, in a given chemical reaction:

Due to this relation, the change in enthalpy, , is often referred to as the “heat of reaction.”

Exothermic Reactions

Exothermic reactions are reactions or processes that release energy, usually in the form of heat or light. In an
exothermic reaction, energy is released because the total energy of the products is less than the total energy of the
reactants. For this reason, the change in enthalpy, , for an exothermic reaction will always be negative. In the
presence of water, a strong acid will dissociate quickly and release heat, so it is an exothermic reaction.

ΔH = qrxn

ΔH

ΔH

237



Exothermic reaction: In an exothermic reaction, the total energy of the products is less than the total energy of the reactants.
Therefore, the change in enthalpy is negative, and heat is released to the surroundings.

Endothermic Reactions

Endothermic reactions are reactions that require external energy, usually in the form of heat, for the reaction to
proceed. Since endothermic reactions draw in heat from their surroundings, they tend to cause their environments
to cool down. They are also generally non-spontaneous, since endothermic reactions yield products that are higher
in energy than the reactants. As such, the change in enthalpy for an endothermic reaction is always positive. In
order to melt the ice cube, heat is required, so the process is endothermic.
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Endothermic reaction: In an endothermic reaction, the products are higher in energy than the reactants. Therefore, the change in
enthalpy is positive, and heat is absorbed from the surroundings by the reaction.

Whether a reaction is endothermic or exothermic depends on the direction that it is going; some reactions are
reversible, and when you revert the products back to reactants, the change in enthalpy is opposite.

http://www.youtube.com/watch?v=L-G7pLufXAo&stop=275

Endothermic and exothermic reactions: Paul Andersen explains how heat can be absorbed in endothermic or
released in exothermic reactions. An energy diagram can be used to show energy movements in these reactions
and temperature can be used to measure them macroscopically.

Thermochemical Equations
Thermochemical equations are chemical equations which include the enthalpy change of the reaction, .

Learning Objectives

Give examples of thermochemical equations

Key Takeaways

Key Points

ΔHrxn

ΔH ΔH
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If  is negative, the reaction is exothermic; if  is positive, the reaction is endothermic.
Thermochemical equations have the general form: .
The value of enthalpy is dependent on the reaction conditions, as well as the concentration of reactants
and products.

Key Terms

thermochemical equation: A special equation type, denoting the overall change in energy.
enthalpy: In thermodynamics, a measure of the heat content of a chemical or physical system.
Hess’s law: States that the enthalpy change for a reaction is the same whether it occurs in one step or in
a series of steps.

Enthalpy (H) is a measure of the energy in a system, and the change in enthalpy is denoted by . Since enthalpy
is a state function, the value of  is independent of the path taken by the reactions to reach the products. Values
of  can be determined experimentally under standard conditions.

A thermochemical equation is a balanced stoichiometric chemical equation which includes the enthalpy change. The
equations take the form: 

Thermochemical Equations for Endothermic Reactions

The sign of the  value indicates whether or not the system is endothermic or exothermic. In an endothermic
system, the  value is positive, so the reaction absorbs heat into the system. The equation takes the form:

Notice that in an endothermic reaction like the one depicted above, we can think of heat as being a reactant, just
like A and B.

Thermochemical Equations for Exothermic Reactions

In an exothermic system, the  value is negative, so heat is given off by the reaction. The equation takes the
form:

Notice that here, we can think of heat as being a product in the reaction.

 is dependent on both the phase (solid, liquid, or gas) as well as the molar ratios of the reactants and products.
Therefore, all thermochemical equations must be stoichiometrically balanced. This becomes important once we
begin working with Hess’s law.

Thermochemical equations: Thermochemical equations can describe endothermic or exothermic reactions.

ΔH ΔH
A + B → C, ΔH = (±n)

ΔH
ΔH

ΔH

A + B → C, ΔH = (±n)

ΔH
ΔH

heat + A + B → C, ΔH = +

ΔH

A + B → C + heat, ΔH = −

ΔH
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CALORIMETRY

Speci�c Heat and Heat Capacity
Heat capacity is a measure of the amount of heat energy required to change the temperature of a pure substance
by a given amount.

Learning Objectives

Calculate the change in temperature of a substance given its heat capacity and the energy used to heat it

Key Takeaways

Key Points

Heat capacity is the ratio of the amount of heat energy transferred to an object to the resulting increase in
its temperature.
Molar heat capacity is a measure of the amount of heat necessary to raise the temperature of one mole
of a pure substance by one degree K.
Specific heat capacity is a measure of the amount of heat necessary to raise the temperature of one
gram of a pure substance by one degree K.

Key Terms

heat capacity: The capability of a substance to absorb heat energy; the amount of heat required to raise
the temperature of one mole or gram of a substance by one degree Celsius without any change of phase.
specific heat capacity: The amount of heat that must be added or removed from a unit mass of a
substance to change its temperature by one Kelvin.

Heat Capacity

Heat capacity is an intrinsic physical property of a substance that measures the amount of heat required to change
that substance’s temperature by a given amount. In the International System of Units (SI), heat capacity is
expressed in units of joules per kelvin . Heat capacity is an extensive property, meaning that it is
dependent upon the size/mass of the sample. For instance, a sample containing twice the amount of substance as
another sample would require twice the amount of heat energy (Q) to achieve the same change in temperature (

) as that required to change the temperature of the first sample.

Molar and Speci�c Heat Capacities

There are two derived quantities that specify heat capacity as an intensive property (i.e., independent of the size of
a sample) of a substance. They are:

the molar heat capacity, which is the heat capacity per mole of a pure substance. Molar heat capacity is often
designated CP, to denote heat capacity under constant pressure conditions, as well as CV, to denote heat

capacity under constant volume conditions. Units of molar heat capacity are .

(J ⋅ )K−1

ΔT

J
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capacity under constant volume conditions. Units of molar heat capacity are .
the specific heat capacity, often simply called specific heat, which is the heat capacity per unit mass of a pure
substance. This is designated cP and cV and its units are given in .

Heat, Enthalpy, and Temperature

Given the molar heat capacity or the specific heat for a pure substance, it is possible to calculate the amount of heat
required to raise/lower that substance’s temperature by a given amount. The following two formulas apply:

In these equations, m is the substance’s mass in grams (used when calculating with specific heat), and n is the
number of moles of substance (used when calculating with molar heat capacity).

Example

The molar heat capacity of water, CP, is . How much heat is required to raise the temperature of 36
grams of water from 300 to 310 K?
We are given the molar heat capacity of water, so we need to convert the given mass of water to moles:

Now we can plug our values into the formula that relates heat and heat capacity:

Visit this page in your course online to use this simulation.
Interactive: Seeing Specific Heat and Latent Heat: Specific heat capacity is the measure of the heat energy
required to raise the temperature of a given quantity of a substance by one kelvin. Latent heat of melting
describes tœhe amount of heat required to melt a solid. When a solid is undergoing melting, the temperature
basically remains constant until the entire solid is molten. The above simulation demonstrates the specific heat
and the latent heat.

http://www.youtube.com/watch?v=Kbn_WHEJsyc&stop=423

Specific heat capacity tutorial: This lesson relates heat to a change in temperature. It discusses how the amount
of heat needed for a temperature change is dependent on mass and the substance involved, and that relationship is
represented by the specific heat capacity of the substance, C.

Constant-Volume Calorimetry

Constant-volume calorimeters, such as bomb calorimeters, are used to measure the heat of combustion of a
reaction.

Learning Objectives

Describe how a bomb calorimeter works

J

K⋅ mol

J

g⋅K

q = m ΔTcp

q = n ΔTCP

75.2 J

mol⋅K

36 grams × = O
1 mol  OH2

18 g
2.0 mol H2

q = n ΔTCP

q = (2.0 mol)(75.2 ) (10 K)J

mol⋅K

q = 1504 J
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Key Takeaways

Key Points

A bomb calorimeter is used to measure the change in internal energy, , of a reaction. At constant
volume, this is equal to qV, the heat of reaction.
The calorimeter has its own heat capacity, which must be accounted for when doing calculations.

Key Terms

bomb calorimeter: A bomb calorimeter is a type of constant-volume calorimeter used in measuring the
heat of combustion of a particular reaction.
calorie: The amount of energy needed to raise the temperature of 1 gram of water by 1 °C. It is a non-SI
unit of energy equivalent to approximately 4.18 Joules. A Calorie (with a capital C) = 1000 calories.

The Bomb Calorimeter

Bomb calorimetry is used to measure the heat that a reaction absorbs or releases, and is practically used to
measure the calorie content of food. A bomb calorimeter is a type of constant-volume calorimeter used to measure
a particular reaction’s heat of combustion. For instance, if we were interested in determining the heat content of a
sushi roll, for example, we would be looking to find out the number of calories it contains. In order to do this, we
would place the sushi roll in a container referred to as the “bomb”, seal it, and then immerse it in the water inside the
calorimeter. Then, we would evacuate all the air out of the bomb before pumping in pure oxygen gas (O2). After the
oxygen is added, a fuse would ignite the sample causing it to combust, thereby yielding carbon dioxide, gaseous
water, and heat. As such, bomb calorimeters are built to withstand the large pressures produced from the gaseous
products in these combustion reactions.

Bomb calorimeter: A schematic representation of a bomb calorimeter used for the measurement of heats of combustion. The
weighed sample is placed in a crucible, which in turn is placed in the bomb. The sample is burned completely in oxygen under
pressure. The sample is ignited by an iron wire ignition coil that glows when heated. The calorimeter is filled with fluid, usually water,
and insulated by means of a jacket. The temperature of the water is measured with the thermometer. From the change in
temperature, the heat of reaction can be calculated.

ΔU
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Once the sample is completely combusted, the heat released in the reaction transfers to the water and the
calorimeter. The temperature change of the water is measured with a thermometer. The total heat given off in the
reaction will be equal to the heat gained by the water and the calorimeter:

Keep in mind that the heat gained by the calorimeter is the sum of the heat gained by the water, as well as the
calorimeter itself. This can be expressed as follows:

where Cwater denotes the specific heat capacity of the water , and Ccal is the heat capacity of the

calorimeter (typically in ). Therefore, when running bomb calorimetry experiments, it is necessary to calibrate the
calorimeter in order to determine Ccal.

Since the volume is constant for a bomb calorimeter, there is no pressure-volume work. As a result:

ΔU=qV

where ΔU is the change in internal energy, and qV denotes the heat absorbed or released by the reaction measured
under conditions of constant volume. (This expression was previously derived in the “Internal Energy and Enthalpy ”
section.) Thus, the total heat given off by the reaction is related to the change in internal energy (ΔU), not the
change in enthalpy (ΔH) which is measured under conditions of constant pressure.

The value produced by such experiments does not completely reflect how our body burns food. For example, we
cannot digest fiber, so obtained values have to be corrected to account for such differences between experimental
(total) and actual (what the human body can absorb) values.

Constant-Pressure Calorimetry

A constant-pressure calorimeter measures the change in enthalpy of a reaction at constant pressure.

Learning Objectives

Discuss how a constant-pressure calorimeter works

Key Takeaways

Key Points

A constant- pressure calorimeter measures the change in enthalpy (  ) of a reaction occurring in
solution, during which the pressure remains constant. Under these conditions, the change in enthalpy of
the reaction is equal to the measured heat.
Change in enthalpy can be calculated based on the change in temperature of the solution, its specific
heat capacity, and mass.

Key Terms

constant-pressure calorimeter: Measures the change in enthalpy of a reaction occurring in solution,
during which the pressure remains constant.
adiabatic: Not allowing any transfer of heat energy; perfectly insulating.
coffee-cup calorimeter: An example of constant-pressure calorimeter.

= −qrxn qcal

= ΔT + ΔTqcal mwaterCwater Ccal

(1 )cal
Cg∘

cal
C∘

ΔH
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Constant-Pressure Calorimetry

A constant-pressure calorimeter measures the change in enthalpy of a reaction occurring in a liquid solution. In that
case, the gaseous pressure above the solution remains constant, and we say that the reaction is occurring under
conditions of constant pressure. The heat transferred to/from the solution in order for the reaction to occur is equal
to the change in enthalpy ( ), and a constant-pressure calorimeter thus measures this heat of reaction. In
contrast, a bomb calorimeter ‘s volume is constant, so there is no pressure-volume work and the heat measured
relates to the change in internal energy ( ).

A simple example of a constant-pressure calorimeter is a coffee-cup calorimeter, which is constructed from two
nested Styrofoam cups and a lid with two holes, which allows for the insertion of a thermometer and a stirring rod.
The inner cup holds a known amount of a liquid, usually water, that absorbs the heat from the reaction. The outer
cup is assumed to be perfectly adiabatic, meaning that it does not absorb any heat whatsoever. As such, the outer
cup is assumed to be a perfect insulator.

Coffee cup calorimeter: A styrofoam cup with an inserted thermometer can be used as a calorimeter, in order to measure the
change in enthalpy/heat of reaction at constant pressure.

Calculating Speci�c Heat

ΔH = qP

ΔU = qV
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Data collected during a constant-pressure calorimetry experiment can be used to calculate the heat capacity of an
unknown substance. We already know our equation relating heat (q), specific heat capacity (C), and the change in
observed temperature ( ):

We will now illustrate how to use this equation to calculate the specific heat capacity of a substance.

Examples

Example 1

A student heats a 5.0 g sample of an unknown metal to a temperature of 207 C, and then drops the sample into
a coffee-cup calorimeter containing 36.0 g of water at 25.0 C. After thermal equilibrium has been established,
the final temperature of the water in the calorimeter is 26.0 C. What is the specific heat of the unknown metal?
(The specific heat of water is 4.18 )

The walls of the coffee-cup calorimeter are assumed to be perfectly adiabatic, so we can assume that all of the
heat from the metal was transferred to the water:

Substituting in our above equation, we get:

Then we can plug in our known values:

Solving for , we obtain

The specific heat capacity of the unknown metal is 0.166 .

Example 2

To determine the standard enthalpy of the reaction H+(aq) + OH–(aq) → H2O(l), equal volumes of 0.1 M
solutions of HCl and of NaOH can be combined initially at 25°C.
This process is exothermic and as a result, a certain amount of heat qP will be released into the solution. The
number of joules of heat released into each gram of the solution is calculated from the product of the rise in
temperature and the specific heat capacity of water (assuming that the solution is dilute enough so that its
specific heat capacity is the same as that of pure water’s). The total quantity of transferred heat can then be
calculated by multiplying the result with the mass of the solution.

Note that ΔH = qP because the process is carried out at constant pressure.
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STANDARD ENTHALPY OF FORMATION AND
REACTION

Standard States and Standard Enthalpy Changes
The standard enthalpy of formation refers to the enthalpy change when one mole of a compound is formed from its
elements.

Learning Objectives

Calculate the standard enthalpy of formation

Key Takeaways

Key Points

The standard state of a material is a reference point for the material’s thermodynamic state properties
such as enthalpy, entropy, Gibbs free energy, etc. It is used to calculate the material’s properties under
different conditions and is denoted as .
The standard state for a gas is the hypothetical state at 1 bar; for liquids and solids, the pure substance at
1 bar; for elements, the most stable allotrope of the element; and for a substance in solution (solute),
concentration at 1 M and 1 bar.
The standard enthalpy of formation is the change in enthalpy that accompanies the formation of one mole
of the compound from its elements. The standard enthalpy of reaction occurs in a system when one mole
of matter is transformed by a chemical reaction.

Key Terms

standard state: In chemistry, a reference point used to calculate a material’s (pure substance, mixture, or
solution) properties under different conditions.
standard enthalpy of formation: The change in enthalpy that accompanies the formation of one mole of
a compound from its elements, with all substances in their standard states; also called “standard heat of
formation.”
enthalpy of solution: The heat association with dissolving a particular solute in a particular solvent.

Standard States

In chemistry, the standard state of a material, be it a pure substance, mixture, or solution, is a reference point used
to calculate its properties under different conditions. In principle, the choice of standard state is arbitrary, although
the International Union of Pure and Applied Chemistry (IUPAC) recommends a conventional set of standard states
for general use. A standard pressure of 1 bar (101.3 kilopascals) has been accepted.

Strictly speaking, temperature is not part of the definition of a standard state; the standard state of a gas is
conventionally chosen to be 1 bar for an ideal gas, regardless of the temperature. However, most tables of
thermodynamic quantities are compiled at specific temperatures, most commonly 298.15 K (exactly 25°C) or,
somewhat less commonly, 273.15 K (exactly 0°C).

H⊖
f
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Standard states for atomic elements are given in terms of the most stable allotrope for each element. For example,
white tin and graphite are the most stable allotropes of tin and carbon, respectively. Therefore, they are used as
standard states or reference points for calculations of different thermodynamic properties of these elements.

Tin: White tin (on the left) is the most stable allotrope of tin, and is used as its standard state for thermodynamic calculations.

The standard state should not be confused with standard temperature and pressure (STP) for gases, or with the
standard solutions used in analytical chemistry. Standard states are often indicated in textbooks by a circle with a
horizontal bar .H⊖

f
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Graphite: Graphite is the most stable state of carbon and is used in thermochemistry to define the heat of formation of carbon
compounds.

Standard Enthalpy of Formation

The standard enthalpy of formation, or standard heat of formation, of a compound is the change in enthalpy that
accompanies the formation of one mole of the compound from its elements in their standard states. For example,
the standard enthalpy of formation for carbon dioxide would be the change in enthalpy for the following reaction:

Note that standard enthalpies of formation are always given in units of kJ/mol of the compound formed.

Standard Enthalpy of Reaction
The standard enthalpy of reaction is the enthalpy change that occurs in a system when a chemical reaction
transforms one mole of matter under standard conditions.

Learning Objectives

Demonstrate how to directly calculate the standard enthalpy of reaction

Key Takeaways

Key Points

The standard enthalpy of reaction, , can be calculated by summing the standard enthalpies of
formation of the reactants and subtracting the value from the sum of the standard enthalpies of formation
of the products.
The following equation can be used to calculate the standard enthalpy of reaction: 

.

The enthalpy of reaction is calculated under standard conditions (STP).

C(s)(graphite) + (g) → (g) Δ = −394 kJ/molO2 CO2 H⊖
f

ΔH⊖
rxn

Δ = ∑Δ {products} − ∑Δ {reactants}H⊖
rxn H⊖

f
H⊖

f
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The enthalpy of reaction is calculated under standard conditions (STP).

Key Terms

standard enthalpy of reaction: The enthalpy change that occurs in a system when one mole of matter is
transformed by a chemical reaction under standard conditions.

The standard enthalpy of reaction, , is the change in enthalpy for a given reaction calculated from the
standard enthalpies of formation for all reactants and products. The change in enthalpy does not depend upon the
particular pathway of a reaction, but only upon the overall energy level of the products and reactants; enthalpy is a
state function, and as such, it is additive. In order to calculate the standard enthalpy of a reaction, we can sum up
the standard enthalpies of formation of the reactants and subtract this from the sum of the standard enthalpies of
formation of the products. Stated mathematically, this gives us:

Calculating the Standard Enthalpy of Reaction

Calculate the standard enthalpy of reaction for the combustion of methane:

In order to calculate the standard enthalpy of reaction, we need to look up the standard enthalpies of formation for
each of the reactants and products involved in the reaction. These are typically found in an appendix or in various
tables online. For this reaction, the data we need is:

Note that because it exists in its standard state, the standard enthalpy of formation for oxygen gas is 0 kJ/mol. Next,
we sum up our standard enthalpies of formation. Keep in mind that because the units are in kJ/mol, we need to
multiply by the stoichiometric coefficients in the balanced reaction equation.

Now, we can find the standard enthalpy of reaction:

As we would expect, the standard enthalpy for this combustion reaction is strongly exothermic.

ΔH⊖
rxn

Δ = ∑Δ {products} − ∑Δ {reactants}H⊖
rxn H⊖

f
H⊖

f

(g) + 2 (g) → (g) + 2 O(g) Δ =?CH4 O2 CO2 H2 H⊖
rxn

Δ { (g)} = −75 kJ/molH⊖
f

CH4

Δ { (g)} = 0 kJ/molH⊖
f

O2

Δ { (g)} = −394 kJ/molH⊖
f

CO2

Δ { O(g)} = −284 kJ/molH⊖
f

H2

∑Δ {products}H⊖
f = Δ { (g)} + Δ { O(g)}H⊖

f
CO2 H⊖

f
H2

= (1)(−394) + (2)(−284) = −962 kJ/mol

∑Δ {reactants}H⊖
f = Δ { (g)} + Δ { (g)}H⊖

f
CH4 H⊖

f
O2

= (1)(−75) + (2)(0) = −75 kJ/mol

ΔH⊖
rxn = ∑Δ {products} − ∑Δ {reactants}H⊖

f
H⊖

f

= (−962) − (−75) = −887 kJ/mol
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http://www.youtube.com/watch?v=zUXv_UMABes&stop=401

A calculation of standard enthalpy of reaction (∆H°rxn) from standard heats of formation (∆H°f): A standard
enthalpy of reaction (∆H°rxn) problem, involving ethylene and oxygen as reactants to yield carbon dioxide and
gaseous water, is shown.

Hess’s Law

Hess’s Law sums the changes in enthalpy for a series of intermediate reaction steps to find the overall change in
enthalpy for a reaction.

Learning Objectives

Employ Hess’s law to determine ΔH∘rxn

Key Takeaways

Key Points

Hess’s law states that the standard reaction enthalpy is the sum of the standard enthalpies of the
intermediate reactions into which the overall reaction can be divided, while each occurs at the same
temperature.
Enthalpy change for a reaction is independent of the number of ways a product can be obtained, if the
initial and final conditions are the same.
Negative enthalpy change for a reaction indicates exothermic process, while positive enthalpy change
corresponds to endothermic process.

Key Terms

Hess’s law: States that, if an overall reaction takes place in several steps, its standard reaction enthalpy
is the sum of the standard enthalpies of the intermediate reactions, at the same temperature.
law of conservation of energy: States that the total amount of energy in any isolated system remains
constant; energy cannot be created or destroyed, although it can change forms.

Derivation of Hess’s Law

Hess’s law is a relationship in physical chemistry named after Germain Hess, a Swiss-born Russian chemist and
physician. This law states that if a reaction takes place in several steps, then the standard reaction enthalpy for the
overall reaction is equal to the sum of the standard enthalpies of the intermediate reaction steps, assuming each
step takes place at the same temperature.

Hess’s law derives directly from the law of conservation of energy, as well as its expression in the first law of
thermodynamics. Since enthalpy is a state function, the change in enthalpy between products and reactants in a
chemical system is independent of the pathway taken from the initial to the final state of the system. Hess’s law can
be used to determine the overall energy required for a chemical reaction, especially when the reaction can be
divided into several intermediate steps that are individually easier to characterize. Negative enthalpy change for a
reaction indicates exothermic process, while positive enthalpy change corresponds to endothermic process.
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Graphical representation of Hess’s law: The net reaction here is A being converted into D, and the change in enthalpy for that
reaction is ΔH. However, we can see that the net reaction is a result of A being converted into B, which is then converted into C,
which is finally converted into D. By Hess’s law, the net change in enthalpy of the overall reaction is equal to the sum of the changes
in enthalpy for each intermediate transformation: ΔH = ΔH1+ΔH2+ ΔH3.

Calculating Standard Enthalpies of Reaction Using Hess’s Law

Turning graphite into diamond requires extremely high temperatures and pressures, and therefore is impractical in a
laboratory setting. The change in enthalpy for this reaction cannot be determined experimentally. However, because
we know the standard enthalpy change for the oxidation for these two substances, it is possible to calculate the
enthalpy change for this reaction using Hess’s law. Our intermediate steps are as follows:

In order to get these intermediate reactions to add to our net overall reaction, we need to reverse the second step.
Keep in mind that when reversing reactions using Hess’s law, the sign of ΔH will change. Sometimes, you will need
to multiply a given reaction intermediate through by an integer. In such cases, you need always multiply your ΔH
value by that same integer. Restating the first equation and flipping the second equation, we have:

Adding these equations together, carbon dioxides and oxygens cancel, leaving us only with our net equation. By
Hess’s law, we can sum the ΔH values for these intermediate reactions to get our final value, .

http://www.youtube.com/watch?v=Su44G7-NvKE&stop=593

Hess’s law lesson: This lesson uses two methods to find the heat of reaction for a given reaction. First it looks at
combining reactions according to Hess’s law and their heats of reaction, and then it discusses using standard heats
of formation of the reactants and products to find the overall heat of reaction.

Heat of Solution

C(s){graphite} → C(s){diamond} Δ =?Hrxn

C(s){graphite} + (g) → C (g) Δ = −393.41 kJ/molO2 O2 H ∘

C(s){diamond} + (g) → C (g) Δ = −395.40 kJ/molO2 O2 H ∘

C(s){graphite} + (g) → C (g) Δ = −393.41 kJ/molO2 O2 H ∘

C (g) → C(s){diamond} + (g) Δ = +395.40 kJ/molO2 O2 H ∘

ΔH ∘
rxn

C(s){graphite} → C(s){diamond} Δ = 1.89 kJ/molH ∘
rxn
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Heat of solution refers to the change in enthalpy when a solute is dissolved into a solvent.

Learning Objectives

Define heat of solution

Key Takeaways

Key Points

Enthalpy of solution, or heat of solution, is expressed in kJ/mol, and it is the amount of heat energy that is
released or absorbed when a solution is formed.
There are three steps in solvation: the breaking of bonds between solute molecules, the breaking of
intermolecular attractions between solvent molecules, and the formation of new solute-solvent attractive
bonds. Energy is absorbed during the first two steps, and it is released during the last step.
Depending on the relative amounts of energy required to break bonds initially, as well as how much is
released upon solute-solvent bond formation, the overall heat of solution can either be endothermic or
exothermic.

Key Terms

heat of solution: The enthalpy change associated with the dissolution of a substance in a solvent at
constant pressure, resulting in infinite dilution.
solvation: The process of attraction and association of molecules of a solvent with molecules or ions of a
solute; also called dissolution.

The heat of solution, also referred to the enthalpy of solution or enthalpy of dissolution, is the enthalpy change
associated with the dissolution of a solute in a solvent at constant pressure, resulting in infinite dilution. The heat of
solution, like all enthalpy changes, is expressed in kJ/mol for a reaction taking place at standard conditions (298.15
K and 1 bar).

Three-Step Process of Dissolution

The heat of solution can be regarded as the sum of the enthalpy changes of three intermediate steps:

1. The breaking of bonds within the solute, such as the electrostatic attraction between two ions (endothermic)
2. The breaking of intermolecular attractive forces within the solvent, such as hydrogen bonds (endothermic)
3. The formation of new attractive solute-solvent bonds in solution (exothermic)

The value of the overall heat of solution, , is the sum of these individual steps. Depending on the relative
signs and magnitudes of each step, the overall heat of solution can be either positive or negative, and therefore
either endothermic or exothermic. This depends entirely on if more energy was used to break the solute-solute and
solvent-solvent bonds, or if more energy was released when solute-solvent bonds were formed.

If more energy is released in making bonds than is used in breaking bonds, the overall process is exothermic, and
∆Hsol is negative. If more energy is used in breaking bonds than is released upon solute-solvent bond formation,
then the overall process is endothermic, and ∆Hsol is positive.

Examples

Dissolution of sodium chloride (table salt) in water is endothermic. This is because the amount of energy
used to break apart the hydrogen bonding interactions between water molecules, as well as the energy
used to break apart the electrostatic attractions between sodium and chloride ions, is greater than the

amount of energy released when new solute-solvent attractions are formed between water molecules and

ΔH ∘
sol
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amount of energy released when new solute-solvent attractions are formed between water molecules and
aqueous ions in solution.
Dissolving potassium hydroxide is exothermic. This is because more energy is released upon formation
of solute-solvent bonds than was required to break apart the hydrogen bonds in water, as well as the
ionic bonds in KOH.

Dissolution of NaCl in water: Dissolution of sodium chloride in water is endothermic. Solute-solvent attractive bond formation
(the exothermic step in the process of solvation) is indicated by dashed lines.
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ENERGY USE AND THE ENVIRONMENT

Present Sources of Energy
Present sources of energy include fossil fuels, various types of renewable energy, and nuclear power.

Learning Objectives

Identify the major present sources of energy

Key Takeaways

Key Points

Fossil fuels are a finite source of energy that tend to release greenhouse gases as they are burned.
Nuclear power is power that utilizes the intense energy stored in atoms.
Renewable energy refers to energy from non-depletable sources such as solar, wind, and geothermal.

Key Terms

fossil fuel: Any fuel derived from hydrocarbon deposits such as coal, petroleum, natural gas and, to
some extent, peat. These fuels are irreplaceable and burning them generates the greenhouse gas carbon
dioxide.
renewable energy: Energy that can be replenished at the same rate as it is used.
nuclear power: Power, especially electrical power, obtained using nuclear fission or nuclear fusion.

Present Levels of Earth’s Energy Sources

Most of the world’s energy resources are from the conversion of the sun’s rays to other energy forms after being
incident upon the planet. Some of that energy has been preserved as fossil energy and some is directly or indirectly
usable, such as via wind, hydro- or wave power.

The amount of energy the sun provides has been measured by satellite to be roughly 1368 watts per square meter,
although this amount fluctuates by about 6.9% during the year due to the Earth’s varying distance from the sun. This
value represents the total rate of solar power received by the planet, although only about half, 89 PW (PW =
petawatt, which is equivalent to 1015 watts; a watt is equal to J/s), reaches the Earth’s surface. The estimates for
remaining non-renewable worldwide energy resources vary; the remaining fossil fuels total an estimated 0.4 YJ (1
YJ = yottajoule, or 1024 J) and the the energy available from nuclear fuels such as uranium exceeds 2.5 YJ. Fossil
fuels range from 0.6 to 3 YJ, if estimates of reserves of methane clathrates (methane gas trapped in ice deposits on
the ocean floor and in Antarctic ice cores) are accurate, and if these methane clathrates could become technically
extractable. The total energy flux from the sun is 3.8 YJ/yr, which dwarfs all non-renewable resources.

Current Energy Consumption Trends
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In 2008, 81% of our energy supply was from fossil fuels (33.5% oil, 26.8% coal, 20.8% gas, individually) while
12.9% was categorized as “other” (hydro, peat, solar, wind, geothermal power, biofuels, etc.), and 5.8% was
nuclear. Oil was the most popular energy fuel, and oil and coal combined represented over 60% of the world energy
supply in 2008. As of 2010, use of fossil fuels as an energy source comprised over 80% of total energy consumed.

Global energy use by source, 2010: Fossil fuels remain our primary source of energy. Renewable energy sources only comprised
16.7% of our energy in 2010.

Coal fueled the industrial revolution in the 18th and 19th centuries. However, with the advent of the automobile,
airplanes, and the growing use of electricity among consumers, oil became the dominant fuel during the 20th
century. The growth of oil as the largest fossil fuel was further enabled by steadily dropping prices from 1920 until
1973. However, after the oil shocks of 1973 and 1979, during which the price of oil increased from $5 to $45 per
barrel, there was a shift away from this particular resource. Nowadays, coal, natural gas, and nuclear power are the
most popular fuels for electricity generation.

Recent conservation measures have greatly increased energy efficiency. In the U.S., the average car has more than
doubled the number of miles per gallon. Japan, which bore the brunt of the oil shocks, has also made spectacular
improvements to its technology. Now Japan has the highest energy efficiency in the world.

Nuclear Power

As of December 2009, the world had 436 nuclear reactors. Since commercial nuclear energy began in the mid
1950’s, 2008 was the first year that no new nuclear power plant was connected to the grid, although two were
connected in 2009. Annual generation of nuclear power has been on a slight downward trend since 2007,
decreasing 1.8% in 2009 with nuclear power still meeting 13–14% of the world’s electricity demand.
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Nuclear power plant in Germany: Nuclear (fission) power stations, excluding the contribution from naval nuclear fission reactors,
provided about 5.7% of the world’s energy and 13% of the world’s electricity in 2012.

Energy Consumption
Energy consumption is directly related to climate change.

Learning Objectives

Discuss energy consumption and its relationship with global warming

Key Takeaways

Key Points

Fossil fuel -based energy use leads to the release of greenhouse gases.
Since the Industrial Revolution, release of greenhouse gases into the atmosphere has risen exponentially.
Impact of fossil fuel use is measured not just in terms of greenhouse gases produced, but also in terms of
the environmental cost of extracting fossil fuels for use.

Key Terms

greenhouse gas: Any gas, such as carbon dioxide or CFCs, that contributes to the greenhouse effect
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Wind turbines in Columbia: A wind turbine is a device that
converts the natural kinetic energy from the wind into electrical
power. Wind turbines provide a green source of alternative
energy, as opposed to the burning of fossil fuels which
contributes to climate change.

greenhouse gas: Any gas, such as carbon dioxide or CFCs, that contributes to the greenhouse effect
when released into the atmosphere.

The environmental impact of the energy industry is diverse. Energy has been harnessed by humans for millennia.
Initially, we used fire for light, heat, cooking, and safety. The use of fire can be traced back at least 1.9 million years.
In recent years, however, there has been a trend towards the increased commercialization of various renewable
energy sources.

Fossil Fuels and Climate Change

Consumption of fossil fuel resources has led to global
warming and climate change. In most parts of the world,
little effort is being made to slow these changes. If we
reach (or have already reached) a maximum rate of
petroleum extraction, then fossil fuels will no longer be a
viable source of energy. However, if we explore viable
alternative energy resources, we could reduce our
impact on the environment.

Newly emerging technologies could lead to more
efficient energy generation, which could temper
environmental damage. The use of these new methods
incorporate practices that are informed by new
paradigms such as systems ecology and industrial
ecology.

Global warming and climate change are generally
accepted as being caused by anthropogenic (man-
made) greenhouse gas emissions. The majority of
greenhouse gas emissions are due to burning fossil
fuels, while some is due to deforestation.
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Global carbon emissions by energy source: Total carbon emissions has risen exponentially since the industrial revolution, from
approximately 1 billion metric tons pre-1900 to 10 billion metric tons now.

The Future Costs of Fossil Fuels

There is a highly publicized denial of climate change, but the vast majority of scientists working in climatology
accept that it is due to human activity. The IPCC report “Climate Change 2007: Climate Change Impacts,
Adaptation, and Vulnerability,” predicts that climate change will cause shortages of food and water, as well as
increase flooding that will affect billions of people. Those living in poverty will be most affected.

Another measurement of greenhouse gas-related issues and other externality comparisons between energy
sources can be found in the ExternE project by the Paul Scherrer Institute and the University of Stuttgart. According
to this study, hydroelectricity produces the lowest CO2 emissions, wind produces the second lowest CO2 emissions,
nuclear energy produces the third lowest, and solar photovoltaic produces the fourth lowest.

Similarly, the same research study, known as ExternE, or “Externalities of Energy,” which was undertaken over the
period from 1995 to 2005, found that the cost of producing electricity from coal or oil would double over its present
value. The cost of electricity production from gas would increase by 30% if external costs such as damage to the
environment and to human health, from the airborne particulate matter, nitrogen oxides, chromium VI, and arsenic
emissions produced by these sources, were taken into account. It was estimated in the study that these external
downstream fossil fuel costs amount up to 1%-2% of the EU’s entire gross domestic product (GDP); this was before
the external cost of global warming from these sources was even included. The study also found that the
environmental and health costs of nuclear power, per unit of energy delivered, was €0.0019/kWh, which was found
to be lower than that of many renewable sources including biomass and photovoltaic solar panels. It was 30 times
lower than coal at €0.06/kWh, or 6 cents/kWh. The energy source with the lowest associated external
environmental and health costs was wind power at €0.0009/kWh.
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Environmental Problems Associated with Fossil Fuel Use

One of the major environmental problems associated with fossil fuel use is global warming.

Learning Objectives

Relate fossil fuels to an increase in the earth’s temperature

Key Takeaways

Key Points

Human energy use has led to an increase in the production of greenhouse gases.
Humans produce greenhouse gases faster than they can be taken up by carbon users, such as plants.
This increase in greenhouse gases has led to a continued, irreversible rise in planetary temperature.

Key Terms

anthropogenic: Having its origin in the influence of human activity on nature.
greenhouse gas: Any gas, such as carbon dioxide or CFCs, that contributes to the greenhouse effect
when released into the atmosphere.
global warming: A sustained increase in the average temperature of the earth, sufficient to cause
climate change.

One of the biggest environmental problems associated with fossil fuel use is global warming, which is the rise in the
average temperature of Earth’s atmosphere and oceans since the late 19th century. Since the early 20th century,
Earth’s mean surface temperature has increased by about 0.8 °C (1.4 °F), with about two-thirds of the increase
occurring since 1980. This warning of the climate system is unequivocal, and scientists are now more than 90%
certain that it is primarily caused by increasing concentrations of greenhouse gases produced by human activities
such as deforestation and the burning of fossil fuels. These findings are recognized by the national science
academies of all major industrialized nations.
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Global temperature, 1880-2010: Global temperature has risen steadily since the industrial revolution. The graph shows an increase
of about 1 degree Celsius since 1910.

Current Projections of Global Warming

Climate model projections were summarized in the 2007 Fourth Assessment Report (AR4) by the Intergovernmental
Panel on Climate Change (IPCC). They indicated that during the 21st century, the global surface temperature is
likely to rise another 1.1 to 2.9 °C (2 to 5.2 °F) for their lowest emissions scenario, and 2.4 to 6.4 °C (4.3 to 11.5 °F)
for their highest. The ranges of these estimates arise from the use of models with differing sensitivity to greenhouse
gas concentrations.

According to AR4, warming and related changes will vary from region to region around the globe. The effects of an
increase in global temperature include a rise in sea levels, a change in the amount and pattern of precipitation, and
a probable expansion of subtropical deserts. Warming is expected to be strongest in the Arctic and would be
associated with the continuing retreat of glaciers, permafrost, and sea ice. Other likely effects of global warming
include a more frequent occurrence of extreme weather events such as heat waves, droughts, and heavy rainfall.
Ocean acidification will worsen, and there will also be species extinctions due to shifting temperature regimes.
Effects significant to humans include the threat to food security from decreasing crop yields, as well as the loss of
habitat from flooding.
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Arctic sea ice loss: This time series, based on satellite data, shows the annual Arctic sea ice minimum since 1979. It shows a
steady decrease over time; the September 2010 extent was the third lowest in the satellite record.

Current E�orts Aimed at Reducing Climate Change

Proposed policy responses to global warming include mitigation by emissions reduction, adaptation to its effects,
and possible future geoengineering. Most countries are parties to the United Nations Framework Convention on
Climate Change (UNFCCC), whose ultimate objective is to prevent dangerous anthropogenic climate change.
Parties to the UNFCCC have adopted a range of policies designed to reduce greenhouse gas emissions and to
assist in adaptation to global warming. This group has agreed that deep cuts in emissions are required, and that
future global warming should be limited to below 2.0 °C (3.6 °F) relative to the pre-industrial level. Reports published
in 2011 by the United Nations Environment Programme and the International Energy Agency suggest that efforts as
of the early 21st century to reduce emissions may be inadequate to meet the UNFCCC’s 2.0 °C target.

New Energy Sources

Alternative and renewable energy sources can reduce the environmental impact of energy production and
consumption.

Learning Objectives

Discuss new energy sources and their effects

Key Takeaways

Key Points

Alternative energy is a form of renewable energy.
Renewable energy capacity is increasing as more countries introduce limits on carbon emissions.
As technology continues to improve, it is projected that the world will continue to shift to these forms of
energy production.

Key Terms

renewable energy: Energy that can be replenished at the same rate as it is used.
alternative energy: Energy derived from any renewable source; i.e., energy not from fossil fuels or
nuclear fission.

biomass: An alternative energy source consisting of wood, corn, and some types of garbage, which can

263



biomass: An alternative energy source consisting of wood, corn, and some types of garbage, which can
be burned for fuel.

Renewable Energy

Renewable energy is energy that comes from natural resources, such as sunlight, wind, rain, tides, waves, and
geothermal heat, which are all naturally replenished. About 16% of global final energy consumption comes from
renewable sources, with 10% coming from traditional biomass, which is the burning of natural materials such as
wood, corn, and some types of garbage to provide energy mainly used for heating, and 3.4% from hydroelectricity.
New renewables (small hydro, modern biomass, wind, solar, geothermal, and biofuels) account for another 3% and
are growing very rapidly. The share of renewables in electricity generation is around 19%, with 16% of global
electricity coming from hydroelectricity, and 3% from new renewable sources.

Global energy capacity expansion by renewable source: Total renewable power capacity has been increasing over the past
several years, from roughly 100 GW in 2005 to nearly 400 GW in 2007.

Various Alternative Energy Sources Worldwide

The use of wind power is increasing at an annual rate of 20%. At the end of 2011, a worldwide installed capacity of
238,000 megawatts (MW) was in use widely throughout Europe, Asia, and the United States. Since 2004,
photovoltaics (solar cells) surpassed wind as the fastest growing energy source, and since 2007, the use of solar
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power has more than doubled every two years. At the end of 2011, the photovoltaic (PV) capacity worldwide was
67,000 MW. PV power stations are becoming increasingly popular in Germany and Italy. In addition, solar thermal
power stations, which are power plants that generate electricity from the heat of the sun’s rays, operate in the USA
and Spain. The largest of these is the 354 MW SEGS power plant located in the Mojave Desert. The world’s largest
geothermal power installation is the Geysers complex in California, with a rated capacity of 750 MW. Brazil has one
of the largest renewable energy programs in the world, involving production of ethanol fuel from sugarcane. Ethanol
now provides 18% of the country’s automotive fuel. Ethanol fuel is also widely available in the USA.

Sugarcane being harvested for ethanol production: Ethanol is a quasi-renewable energy source. This is because, while the
energy is partially generated by non-depletable sunlight, the harvesting process requires vast amounts of energy that typically comes
from non-renewable sources.

While many renewable energy projects are large-scale, renewable technologies can also be suited to rural and
remote areas, where energy is often crucial in human development. As of 2011, small solar PV systems provide
electricity to a few million households, and micro-hydroelectricity plants configured into mini-grids serve many more.
Over 44 million households use biogas (mixtures of gases produced by the breakdown of organic matter) made in
household-scale digesters for lighting and/or cooking, and more than 166 million households rely on a new
generation of more efficient biomass cookstoves.

The Future of Alternative Energy

United Nations’ Secretary-General Ban Ki-moon has said that renewable energy has the ability to lift the poorest
nations to new levels of prosperity. Carbon neutral and negative fuels can be stored and transported through
existing natural gas pipelines. Using the existing transportation infrastructure, thereby displacing fossil fuels, will
reduce greenhouse gas emissions.

Climate change concerns, coupled with high oil prices, peak oil, and increasing government support, are driving
more and more renewable energy legislation, incentives and commercialization. New government spending,
regulation and policies are helping the industry weather the global financial crisis better than many other sectors.
According to a 2011 projection by the International Energy Agency, solar power generators may produce most of the
world’s electricity within 50 years, dramatically reducing the emissions of greenhouse gases that harm the
environment.
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INTRODUCTION TO QUANTUM THEORY

THE NATURE OF LIGHT

Properties of Waves and Light
In many cases, the properties of light can be explained as a wave, as was shown in Young’s double-slit experiment.

Learning Objectives

Discuss how wave motion arises and its measurable properties, noting the conclusions of Young’s double slit
experiment

Key Takeaways

Key Points

Wave motion arises when a periodic disturbance of some kind is propagated through an elastic medium.
Pressure variations through air, transverse motions along a guitar string, or variations in the intensities of
the local electric and magnetic fields in space, known as electromagnetic radiation, are all examples of
waves.
There are three measurable properties of wave motion: amplitude, wavelength, and frequency.
A definitive experiment was Young’s double slit experiment, which demonstrated that light shined at two
slits in a screen show an interference pattern characteristic of waves of light, rather than particles.
The phase associated with a wave is also important in describing certain phenomena.
The velocity of a wave is the product of the wavelength and the frequency.

Key Terms

amplitude: The maximum value of the variable reached in either direction.
wave: A shape that alternatively varies between a maximum in two opposite directions.
frequency: The number of vibrations per second.
wavelength: The distance traveled by the wave in a full period (1/frequency).

In this section, we will focus on the wave-like properties of light. While you will later learn about wave/particle duality
(how light behaves as both a wave and a particle at the same time), here we shall discuss the wave nature of light
and the experimental effects of this behavior.

Introduction to Wave Motion
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Wave motion arises when a periodic disturbance of some kind is propagated through a medium. Pressure variations
through air, transverse motions along a guitar string, or variations in the intensities of the local electric and magnetic
fields in space, which constitute electromagnetic radiation, are all typical examples of wave motion. For each
medium, there is a characteristic velocity at which the disturbance travels.

Sinusoidal wave: This image shows the anatomy of a sine curve: the crest is the peak of each wave, and the trough is the valley;
the amplitude is the distance between the crest and the x-axis; and the wavelength is the distance between two crests (or two
troughs).

There are three measurable properties of wave motion: amplitude, wavelength, and frequency (the number of
vibrations per second). The relation between the wavelength λ (Greek lambda) and frequency of a wave ν (Greek
nu) is determined by the propagation velocity v, such that

For light, this equation becomes

where c is the speed of light, 2.998 x 108 m/s.

When utilizing these equations to determine wavelength, frequency, or velocity by manipulation of the equation, it is
important to note that wavelengths are expressed in units of length, such as meters, centimeters, nanometers, etc;
and frequency is typically expressed as megahertz or hertz (s–1).

Example

What is the wavelength of the musical note A = 440 hz when it is propagated through air in which the velocity of
sound is 343 m s–1?
λ = v (343 m s-1)/ v(440 s–1) = 0.780 m

Young’s Double-Slit Experiment

In the early 19th century, English scientist Thomas Young carried out the famous double-slit experiment (also known
as Young’s experiment), which demonstrated that a beam of light, when split into two beams and then recombined,
will show interference effects that can only be explained by assuming that light is a wavelike disturbance. If light
consisted strictly of ordinary or classical particles, and these particles were fired in a straight line through a slit and
allowed to strike a screen on the other side, we would expect to see a pattern corresponding to the size and shape
of the slit. However, when this single-slit experiment is actually performed, the pattern on the screen is a diffraction

v = νλ

ν = c
λ
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Young’s double slit experiment: If light were purely a
particle, it would not exhibit the interference pattern
shown here.

pattern in which the light is spread out. The smaller the slit, the
greater the angle of spread.

Similarly, if light consisted strictly of classical particles and we
illuminated two parallel slits, the expected pattern on the screen
would simply be the sum of the two single-slit patterns. In
actuality, however, the pattern changes to one with a series of
alternating light and dark bands. When Thomas Young first
demonstrated this phenomenon, it indicated that light consists
of waves, as the distribution of brightness can be explained by
the alternately additive and subtractive interference of
wavefronts. Young’s experiment, performed in the early 1800’s,
played a vital part in the acceptance of the wave theory of light,
superseding the corpuscular theory of light proposed by Isaac
Newton, which had been the accepted model of light
propagation in the 17th and 18th centuries. Almost a century
later, in 1905, Albert Einstein’s Nobel-Prize winning research
into the photoelectric effect demonstrated that light can behave
as if it is composed of discrete particles under certain
conditions. These seemingly contradictory discoveries made it
necessary to go beyond classical physics and take the quantum
nature of light into account.

Electromagnetic Spectrum

The electromagnetic spectrum is the range of all possible
frequencies of electromagnetic radiation.

Learning Objectives

Calculate frequency or photon energy, identify the three physical properties of electromagnetic waves

Key Takeaways

Key Points

The electromagnetic spectrum includes common regimes such as ultraviolet, visible, microwave, and
radio waves.
Electromagnetic waves are typically described by any of the following three physical properties:
frequency (f), wavelength (λ), or intensity (I). Light quanta are typically described by frequency (f),
wavelength (λ), or photon energy (E). The spectrum can be ordered according to frequency or
wavelength.
Electromagnetic radiation interacts with matter in different ways in different parts of the spectrum. The
types of interaction can range from electronic excitation to molecular vibration depending on the different
types of radiation, such as ultraviolet, X-rays, microwaves, and infrared radiation.

Key Terms

gamma ray: Electromagnetic radiation of high frequency and therefore high energy per photon.
spectrum: A range of colors representing light (electromagnetic radiation) of contiguous frequencies;
hence electromagnetic spectrum, visible spectrum, ultraviolet spectrum, etc.

photon: The quantum of light and other electromagnetic energy, regarded as a discrete particle having
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photon: The quantum of light and other electromagnetic energy, regarded as a discrete particle having
zero rest mass, no electric charge, and an indefinitely long lifetime.

Range of the Electromagnetic Spectrum

The electromagnetic spectrum is the range of all possible frequencies of electromagnetic radiation. The
electromagnetic spectrum of an object has a different meaning: it is the characteristic distribution of electromagnetic
radiation emitted or absorbed by that particular object.

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms Atomic Nuclei

104 108 1012 1015 1016 1018 1020

1 K 100 K 10,000 K 10,000,000 K

Penetrates Earth's
Atmosphere?

Radio Microwave Infrared Visible Ultraviolet Xray Gamma ray
103 10−2 10−5  0.5×10−6 10−8 10−10 10−12

Radiation Type
Wavelength (m)

Approximate Scale
of Wavelength

Frequency (Hz)

Temperature of
objects at which 

this radiation is the
most intense

wavelength emitted
−272 °C −173 °C 9,727 °C ~10,000,000 °C

Properties of the electromagnetic spectrum: The wavelengths of various regions of the electromagnetic spectrum are shown
alongside an approximate proxy for size of the wavelength.

The electromagnetic spectrum extends from below the low frequencies used for modern radio communication to
gamma radiation at the short-wavelength (high-frequency) end, covering wavelengths from thousands of kilometers
down to a fraction of the size of an atom. The limit for long wavelengths is the size of the universe itself, while it is
thought that the short wavelength limit is in the vicinity of the Planck length (1.616 x 10-35 m), although in principle
the spectrum is infinite and continuous.

Most parts of the electromagnetic spectrum are used in science for spectroscopic and other probing interactions, as
ways to study and characterize matter. In general, if the wavelength of electromagnetic radiation is of a similar size
to that of a particular object (atom, electron, etc.), then it is possible to probe that object with that frequency of light.
In addition, radiation from various parts of the spectrum has been found to have many other uses in
communications and manufacturing.

Energy of Photon

Electromagnetic waves are typically described by any of the following three physical properties: the frequency (f)
(also sometimes represented by the Greek letter nu, ν), wavelength (λ), or photon energy (E). Frequencies
observed in astronomy range from 2.4×1023 Hz (1 GeV gamma rays ) down to the local plasma frequency of the
ionized interstellar medium (~1 kHz). Wavelength is inversely proportional to wave frequency; hence, gamma rays
have very short wavelengths that are a fraction of the size of atoms, whereas other wavelengths can be as long as
the universe. Photon energy is directly proportional to the wave frequency, so gamma ray photons have the highest
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energy (around a billion electron volts), while radio wave photons have very low energy (around a femto-electron
volt). These relations are illustrated by the following equations:

c = 299,792,458 m/s is the speed of light in vacuum

h = 6.62606896(33)×10−34 J s = 4.13566733(10)×10−15 eV s = Planck’s constant.

Whenever electromagnetic waves exist in a medium with matter, their wavelength is decreased. Wavelengths of
electromagnetic radiation, no matter what medium they are traveling through, are usually quoted in terms of the
vacuum wavelength, although this is not always explicitly stated. Generally, electromagnetic radiation is classified by
wavelength into radio wave, microwave, terahertz (or sub-millimeter) radiation, infrared, the visible region we
perceive as light, ultraviolet, X-rays, and gamma rays. The behavior of electromagnetic radiation depends on its
wavelength. When electromagnetic radiation interacts with single atoms and molecules, its behavior also depends
on the amount of energy per quantum (photon) it carries.

http://www.youtube.com/watch?v=ge6D7vT1fjo&stop=326

A.2.1 Describe the electromagnetic spectrum IB Chemistry SL – YouTube: This time with equations! Wave
number = 1/wavelength in cm Speed of light = wavelength x frequency Energy = Planck’s constant x frequency. Dr
Atkinson soon moved on to the un-needed gamma rays and improved them to delta rays!

Interaction of Elecromagnetic Radiation with Matter

Electromagnetic radiation interacts with matter in different ways in different parts of the spectrum. The types of
interaction can be so different that it seems justified to refer to different types of radiation. At the same time, there is
a continuum containing all these different kinds of electromagnetic radiation. Thus, we refer to a spectrum, but
divide it up based on the different interactions with matter. Below are the regions of the spectrum and their main
interactions with matter:

Radio: Collective oscillation of charge carriers in bulk material (plasma oscillation). An example would be the
oscillation of the electrons in an antenna.
Microwave through far infrared: Plasma oscillation, molecular rotation.
Near infrared: Molecular vibration, plasma oscillation (in metals only).
Visible: Molecular electron excitation (including pigment molecules found in the human retina), plasma
oscillations (in metals only).
Ultraviolet: Excitation of molecular and atomic valence electrons, including ejection of the electrons
(photoelectric effect).
X-rays: Excitation and ejection of core atomic electrons, Compton scattering (for low atomic numbers).
Gamma rays: Energetic ejection of core electrons in heavy elements, Compton scattering (for all atomic
numbers), excitation of atomic nuclei, including dissociation of nuclei.
High-energy gamma rays: Creation of particle-antiparticle pairs. At very high energies, a single photon can
create a shower of high-energy particles and antiparticles upon interaction with matter.

This classification goes in the increasing order of frequency and decreasing order of wavelength, which is
characteristic of the type of radiation. While, in general, the classification scheme is accurate, in reality there is often
some overlap between neighboring types of electromagnetic energy. For example, SLF radio waves at 60 Hz may
be received and studied by astronomers, or may be ducted along wires as electric power, although the latter is, in
the strict sense, not electromagnetic radiation at all.

Interference and Di�raction

Interference and diffraction are terms that describe a wave interacting with something that changes its amplitude,
such as another wave.

Learning Objectives

Recognize the difference between constructive and destructive interference, and between interference and
diffraction

f =  or  f =  or  E =c
λ

E
h

hc
λ
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Key Takeaways

Key Points

In physics, interference is a phenomenon in which two waves superimpose to form a resultant wave of
greater or lower amplitude.
Constructive interference occurs when the phase difference between the waves is a multiple of 2π,
whereas destructive interference occurs when the difference is π, 3π, 5π, etc.
Diffraction refers to various phenomena that occur when a wave encounters an obstacle. In classical
physics, the diffraction phenomenon is described as the apparent bending of waves around small
obstacles and the spreading out of waves past small openings.

Key Terms

interference: An effect caused by the superposition of two systems of waves, such as a distortion on a
broadcast signal due to atmospheric or other effects. In physics, interference is a phenomenon in which
two waves superimpose to form a resultant wave of greater or lower amplitude.
diffraction: The breaking up of an electromagnetic wave as it passes a geometric structure (e.g., a slit),
followed by reconstruction of the wave by interference.
amplitude: The maximum absolute value of some quantity that varies, especially a wave.

In physics, interference is a phenomenon in which two waves superimpose to form a resultant wave of greater or
lower amplitude. Interference usually refers to the interaction of waves that are correlated or coherent with each
other, either because they come from the same source or because they have the same (or nearly the same)
frequency. Interference effects can be observed with all types of waves, including light, radio, acoustic, and surface
water waves. In chemistry, the applications of interference to light are the most relevant to the study of matter.

Mechanism of Interference

The principle of superposition of waves states that when two or more waves are incident on the same point, the total
displacement at that point is equal to the vector sum of the displacements of the individual waves. If a crest of a
wave meets a crest of another wave of the same frequency at the same point, then the magnitude of the
displacement is the sum of the individual magnitudes; this is known as constructive interference. If a crest of one
wave meets a trough of another wave, then the magnitude of the displacements is equal to the difference in the
individual magnitudes; this is known as destructive interference.
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Two Sources of Interference: The
effect of two waves interfering with each
other, for example, two stones thrown
into a pool of water.

Interference of two waves: These two examples represent constructive (left) and destructive interference (right) in wave
phenomena. When the two waves are “in phase,” their periods are offset by 2nπ*period. However, when they are precisely out of
phase, destructive interference results if the phase difference is nπ*period.

Constructive interference occurs when the phase difference between the waves is a multiple of 2π, whereas
destructive interference occurs when the difference is π, 3π, 5π, etc. If the difference between the phases is
intermediate between these two extremes, then the magnitude of the displacement of the summed waves lies
between the minimum and maximum values.

Consider, for example, what happens when two identical stones are dropped
into a still pool of water at different locations. Each stone generates a circular
wave propagating outwards from the point where the stone was dropped.
When the two waves overlap, the net displacement at a particular point is the
sum of the displacements of the individual waves. At some points, these will
be in phase and will produce a maximum displacement. In other places, the
waves will be in anti-phase and there will be no net displacement at these
points. Thus, parts of the surface will be stationary.

Di�raction

Diffraction refers to various phenomena that occur when a wave encounters
an obstacle. In classical physics, the diffraction phenomenon is described as
the apparent bending of waves around small obstacles and the spreading out
of waves past small openings. Similar effects occur when light waves travel
through a medium with a varying refractive index or a sound wave through
one with varying acoustic impedance. Diffraction occurs with all waves,
including sound waves, water waves, and electromagnetic waves such as visible light, X-rays, and radio waves. As
physical objects have wave-like properties (at the atomic level), diffraction also occurs with matter and can be
studied according to the principles of quantum mechanics. Italian scientist Francesco Maria Grimaldi coined the
word diffraction and was the first to record accurate observations of the phenomenon in 1665.

The effects of diffraction are often seen in everyday life. The most striking examples of diffraction are those involving
light; for example, the closely spaced tracks on a CD or DVD act as a diffraction grating to form the familiar rainbow
pattern seen when looking at a disk. This principle can be extended to engineer a grating with a structure such that
it will produce any diffraction pattern desired; the hologram on a credit card is an example. Diffraction in the
atmosphere by small particles can cause a bright ring to be visible around a bright light source like the sun or the
moon. A shadow of a solid object, using light from a compact source, shows small fringes near its edges. All these
effects occur because light propagates as a wave.

Richard Feynman said, “No one has ever been able to define the difference between interference and diffraction
satisfactorily. It is just a question of usage, and there is no specific, important physical difference between them.”
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Diffraction: In classical physics, the
diffraction phenomenon is described as
the apparent bending of waves around
small obstacles and the spreading out of
waves past small openings.

He suggested that when there are only a few sources, say two, we call it
interference (as in Young’s slits), but with a large number of sources, the
process can be labelled diffraction.

While diffraction occurs whenever propagating waves encounter such
changes, its effects are generally most pronounced for waves where the
wavelength is roughly similar to the dimensions of the diffracting objects. If the
obstructing object provides multiple, closely spaced openings, a complex
pattern of varying intensity can result. This is due to the superposition, or
interference, of different parts of a wave that traveled to the observer by
different paths (see diffraction grating).

Planck’s Quantum Theory

Max Planck suggested that the energy of light is proportional to its frequency,
also showing that light exists in discrete quanta of energy.

Learning Objectives

Calculate the energy element E=hv, using Planck’s Quantum Theory

Key Takeaways

Key Points

Until the late 19th century, Newtonian physics dominated the scientific worldview. However, by the early
20th century, physicists discovered that the laws of classical mechanics do not apply at the atomic scale.
The photoelectric effect could not be rationalized based on existing theories of light, as an increase in the
intensity of light did not lead to the same outcome as an increase in the energy of the light.
Planck postulated that the energy of light is proportional to the frequency, and the constant that relates
them is known as Planck’s constant (h). His work led to Albert Einstein determining that light exists in
discrete quanta of energy, or photons.

Key Terms

photoelectric effect: The emission of electrons from the surface of a material following the absorption of
electromagnetic radiation.
electromagnetic radiation: Radiation (quantized as photons) consisting of oscillating electric and
magnetic fields oriented perpendicularly to each other, moving through space.

In the late 18th century, great progress in physics had been made. Classical Newtonian physics at the time was
widely accepted in the scientific community for its ability to accurately explain and predict many phenomena.
However, by the early 20th century, physicists discovered that the laws of classical mechanics are not applicable at
the atomic scale, and experiments such as the photoelectric effect completely contradicted the laws of classical
physics. As a result of these observations, physicists articulated a set of theories now known as quantum
mechanics. In some ways, quantum mechanics completely changed the way physicists viewed the universe, and it
also marked the end of the idea of a clockwork universe (the idea that universe was predictable).

Electromagnetic radiation

Electromagnetic (EM) radiation is a form of energy with both wave -like and particle-like properties; visible light
being a well-known example. From the wave perspective, all forms of EM radiation may be described in terms of
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their wavelength and frequency. Wavelength is the distance from one wave peak to the next, which can be
measured in meters. Frequency is the number of waves that pass by a given point each second. While the
wavelength and frequency of EM radiation may vary, its speed in a vacuum remains constant at 3.0 x 108 m/sec, the
speed of light. The wavelength or frequency of any specific occurrence of EM radiation determine its position on the
electromagnetic spectrum and can be calculated from the following equation:

where c is the constant 3.0 x 108 m/sec (the speed of light in a vacuum),  = wavelength in meters, and 
=frequency in hertz (1/s). It is important to note that by using this equation, one can determine the wavelength of

light from a given frequency and vice versa.

Wavelength of EM radiation: The distance used to determine the wavelength is shown. Light has many properties associated with
its wave nature, and the wavelength in part determines these properties.

The Discovery of the Quantum

The wave model cannot account for something known as the photoelectric effect. This effect is observed when light
focused on certain metals emits electrons. For each metal, there is a minimum threshold frequency of EM radiation
at which the effect will occur. Replacement of light with twice the intensity and half the frequency will not produce the
same outcome, contrary to what would be expected if light acted strictly as a wave. In that case, the effect of light
would be cumulative—the light should add up, little by little, until it caused electrons to be emitted. Instead, there is
a clear-cut minimum frequency of light that triggers electron ejection. The implication was that frequency is directly
proportional to energy, with the higher light frequencies having more energy. This observation led to the discovery of
the minimum amount of energy that could be gained or lost by an atom. Max Planck named this minimum amount
the “quantum,” plural “quanta,” meaning “how much.” One photon of light carries exactly one quantum of energy.

Planck is considered the father of the Quantum Theory. According to Planck: E=h , where h is Planck’s constant
(6.62606957(29) x 10-34 J s), ν is the frequency, and E is energy of an electromagnetic wave. Planck (cautiously)
insisted that this was simply an aspect of the processes of absorption and emission of radiation and had nothing to
do with the physical reality of the radiation itself. However, in 1905, Albert Einstein reinterpreted Planck’s quantum
hypothesis and used it to explain the photoelectric effect, in which shining light on certain materials can eject
electrons from the material.

More Evidence for a Particle Theory of Energy

When an electric current is passed through a gas, some of the electrons in the gas molecules move from their
ground energy state to an excited state that is further away from their nuclei. When the electrons return to the
ground state, they emit energy of various wavelengths. A prism can be used to separate the wavelengths, making
them easy to identify. If light acted only as a wave, then there should be a continuous rainbow created by the prism.
Instead, there are discrete lines created by different wavelengths. This is because electrons release specific
wavelengths of light when moving from an excited state to the ground state.

c = λν

λ
ν

ν
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Emission spectrum of nitrogen gas: Each wavelength of light emitted (each colored line) corresponds to a transition of an electron
from one energy level to another, releasing a quantum of light with defined energy (color).

The Photoelectric E�ect
The photoelectric effect is the propensity of high-energy electromagnetic radiation to eject electrons from a given
material.

Learning Objectives

Explain the the photoelectric effect and understand its mathematical description

Key Takeaways

Key Points

In the photoelectric effect, electrons are emitted from matter (typically metals and non-metallic solids ) as
a consequence of their absorption of energy from electromagnetic radiation of high frequency (short
wavelength), such as ultraviolet light.
When electromagnetic radiation interacts with an atom, it either excites electrons to a higher energy level
known as an excited state, or, if the energy of the light is sufficiently high, it can ionize the atom by
removing the electron.
For a given metal, there exists a certain minimum frequency of incident radiation below which no
photoelectrons are emitted. This frequency is called the threshold frequency.

Key Terms

work function: The minimum energy needed to remove an electron from the surface of a material.
stopping voltage: The voltage required to completely balance the kinetic energy of electrons ejected
from a material’s surface.

In the photoelectric effect, electrons are emitted from matter (metals and non-metallic solids, liquids, or gases) as a
consequence of their absorption of energy from electromagnetic radiation of high frequency (short wavelength),
such as ultraviolet radiation. Electrons emitted in this manner may be referred to as photoelectrons. This
phenomenon was first observed by Heinrich Hertz in 1887.

The photoelectric effect has been demonstrated using light with energies from a few electronvolts (eV) to over 1
MeV in high atomic number elements. Study of the photoelectric effect led to an improved understanding of
quantum mechanics as well as an appreciation of the wave-particle duality of light. It also led to Max Planck’s
discovery of quanta (E=h ), which links frequency ( ) with photon energy (E).

Planck’s constant, h, is also known as “the quantum of action.” It is a subatomic-scale constant and is one of the
smallest constants used in physics. Other phenomena where light affects the movement of electric charges include
the photoconductive effect (also known as photoconductivity or photoresistivity), the photovoltaic effect, and the
photoelectrochemical effect.

Emission Mechanism

All atoms have their electrons in orbitals with well-defined energy levels. When electromagnetic radiation interacts
with an atom, it can excite the electron to a higher energy level, which can then fall back down, returning to the
ground state. However, if the energy of the light is such that the electron is excited above energy levels associated

ν ν
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The Photoelectric Effect: Electrons are emitted from
matter by absorbed light.

with the atom, the electron can actually break free from the
atom leading to ionization of the atom. This, in essence, is
the photoelectric effect.

The photons of a beam of light have a characteristic energy
proportional to the frequency of the light. In the
photoemission process, if an electron within some material
absorbs the energy of one photon and acquires more energy
than the work function of the material (the electron binding
energy), it is ejected. If the photon energy is too low, the
electron is unable to escape the material. Increasing the
intensity of the light increases the number of photons in the
beam of light and thus increases the number of electrons
excited but does not increase the energy that each electron
possesses. The energy of the emitted electrons does not
depend on the intensity of the incoming light (the number of
photons), only on the energy or frequency of the individual
photons. It is strictly an interaction between the incident
photon and the outermost electron.

Electrons can absorb energy from photons when irradiated, but they usually follow an all-or-nothing principle.
Typically, one photon is either energetic enough to cause emission of an electron or the energy is lost as the atom
returns back to the ground state. If excess photon energy is absorbed, some of the energy liberates the electron
from the atom and the rest contributes to the electron’s kinetic energy as a free particle.

Experimental Observations of Photoelectric Emission

For a given metal, there exists a certain minimum frequency of incident radiation below which no photoelectrons are
emitted. This frequency is called the threshold frequency. Increasing the frequency of the incident beam and
keeping the number of incident photons fixed (resulting in a proportionate increase in energy) increases the
maximum kinetic energy of the photoelectrons emitted. The number of electrons emitted also changes because the
probability that each impacting photon results in an emitted electron is a function of the photon energy. However, if
just the intensity of the incident radiation is increased, there is no effect on the kinetic energies of the
photoelectrons.

For a given metal and frequency of incident radiation, the rate at which photoelectrons are ejected is directly
proportional to the intensity of the incident light. An increase in the intensity of the incident beam (keeping the
frequency fixed) increases the magnitude of the photoelectric current, though the stopping voltage remains the
same. The time lag between the incidence of radiation and the emission of a photoelectron is very small, less than
10−9 second, and is unaffected by intensity changes.

Mathematical Description

The maximum kinetic energy of an ejected electron is given by

where h is the Planck constant (6.626 x 10-34 m2kg/s) and f is the frequency of the incident photon. The term  is
the work function (sometimes denoted W or ϕ), which gives the minimum energy required to remove a delocalized
electron from the surface of the metal.

The work function satisfies 

where f0 is the threshold frequency for the metal. The maximum kinetic energy of an ejected electron is then

Kinetic energy must be positive for ejection to take place, so we must have f > f0 for the photoelectric effect to occur.

K.E = hf − φ.max

φ

φ = hf0

K.E = h(f − ).max f0
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Photomultipliers

Photomultipliers are extremely light-sensitive vacuum tubes with a photocathode coated onto part (an end or side)
of the inside of the envelope. The photocathode contains combinations of materials, such as caesium, rubidium, and
antimony, specially selected to provide a low work function, so when illuminated by even very low levels of light, the
photocathode readily releases electrons. By means of a series of electrodes (dynodes) at ever-higher potentials,
these electrons are accelerated and substantially increased in number through secondary emission to provide a
readily detectable output current. Photomultipliers are still commonly used wherever low levels of light must be
detected.
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BOHR'S THEORY

Emission Spectrum of the Hydrogen Atom
The emission spectrum of atomic hydrogen is divided into a number of spectral series.

Learning Objectives

Calculate emission spectra for Hydrogen using the Rydberg formula

Key Takeaways

Key Points

The wavelengths in a spectral series are given by the Rydberg formula.
The observed spectral lines are due to electrons moving between energy levels in an atom.
Further series are unnamed but follow exactly the same pattern as dictated by the Rydberg equation.

Key Terms

spectrum: A range of colors representing light (electromagnetic radiation) of contiguous frequencies;
hence electromagnetic spectrum, visible spectrum, ultraviolet spectrum, etc.
emission: In a spectral sense, what occurs when an electron transitions between a higher energy level
and a lower one, resulting in the release of a photon of predictable energy.

The emission spectrum of a chemical element or chemical compound is the spectrum of frequencies of
electromagnetic radiation emitted by an atom’s electrons when they are returned to a lower energy state. Each
element’s emission spectrum is unique, and therefore spectroscopy can be used to identify elements present in
matter of unknown composition. Similarly, the emission spectra of molecules can be used in chemical analysis of
substances.

The spectral series of hydrogen, on a logarithmic scale
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The emission spectrum of atomic hydrogen is divided into a number of spectral series, with wavelengths given by
the Rydberg formula: ,

where R is the Rydberg constant (approximately 1.09737 x 107 m-1),  is the wavelength of the light emitted in
vacuum, Z is the atomic number, and n1 and n2 are integers representing the energy levels involved such that n1 <
n2. All observed spectral lines are due to electrons moving between energy levels in the atom. The spectral series
are important in astronomy for detecting the presence of hydrogen and calculating red shifts. Further series for
hydrogen as well as other elements were discovered as spectroscopy techniques developed.

http://www.youtube.com/watch?v=6rHerkru60E&stop=490

The line spectrum of hydrogen: Explain how the lines in the emission spectrum of hydrogen are related to
electron energy levels. You need to understand convergence, production of UV, vis, IR, excitation, concentric energy
levels and be able to draw the line spectra.

The spectral lines are grouped into series according to n′. Lines are named sequentially starting from the longest
wavelength/lowest frequency of the series using Greek letters within each series. For example, the 2 → 1 line is
called Lyman-alpha (Ly-α), while the 7 → 3 line is called Paschen-delta (Pa-δ). Some hydrogen spectral lines fall
outside these series, such as the 21 cm line (these correspond to much rarer atomic events such as hyperfine
transitions). The fine structure also results in single spectral lines appearing as two or more closely grouped thinner
lines due to relativistic corrections. Typically, one can only observe these series from pure hydrogen samples in a
lab. Many of the lines are very faint and additional lines can be caused by other elements (such as helium if using
sunlight or nitrogen in the air). Lines outside of the visible spectrum typically cannot be seen in observations of
sunlight, as the atmosphere absorbs most infrared and ultraviolet wavelengths through the action of water vapor
and ozone molecules respectively.

Electron transitions and their resulting wavelengths for hydrogen: Three of the transition series in hydrogen (not to scale).

= R ( − )1
λvac

Z2 1
n1

2
1
n2

2

λvac
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The emission spectrum of hydrogen: Some of the most common and readily observable series have been named as shown in this
image, where n1 is the ground state and n2 are excited states. The various series are named for the atomic energy level they end on
(n1). The series limit where n2 is infinite and n1=1 corresponds to the ionization energy of hydrogen.

The Bohr Model
The Bohr model depicts atoms as small, positively charged nuclei surrounded by electrons in circular orbits.

Learning Objectives

Explain how the Bohr model of the atom marked an improvement over earlier models, but still had limitations
from its use of Maxwell’s theory

Key Takeaways

Key Points

The model’s success lay in explaining the Rydberg formula for the spectral emission lines of atomic
hydrogen.
The model states that electrons in atoms move in circular orbits around a central nucleus and can only
orbit stably in certain fixed circular orbits at a discrete set of distances from the nucleus. These orbits are
associated with definite energies and are also called energy shells or energy levels.
In these stable orbits, an electron’s acceleration does not result in radiation and energy loss as required
by classical electromagnetic theory.

Key Terms

correspondence principle: States that the behavior of systems described by the theory of quantum
mechanics (or by the old quantum theory) reproduces classical physics in the limit of large quantum
number.
unstable: For an electron orbiting the nucleus, according to classical mechanics, it would mean an orbit
of decreasing radius and approaching the nucleus in a spiral trajectory.
emission: Act of releasing or giving away, energy in the case of the electron.
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In atomic physics, the Bohr model depicts an atom as a small, positively charged nucleus surrounded by electrons.
These electrons travel in circular orbits around the nucleus—similar in structure to the solar system, except
electrostatic forces rather than gravity provide attraction.

The Rutherford–Bohr model of the hydrogen atom. In this view, electron orbits around the nucleus resemble that of
planets around the sun in the solar system.

The Bohr atom: The Rutherford-Bohr model of the hydrogen atom (Z = 1) or a
hydrogen-like ion (Z > 1), where the negatively charged electron confined to an atomic
shell encircles a small, positively charged atomic nucleus and where an electron jump
between orbits is accompanied by an emitted or absorbed amount of electromagnetic
energy (hv). The orbits in which the electron may travel are shown as grey circles; their
radius increases as n2, where n is the principal quantum number. The 3 → 2 transition
depicted here produces the first line of the Balmer series, and for hydrogen (Z = 1), it
results in a photon wavelength 656 nm (red light).

Development of the Bohr Model

The Bohr model was an improvement on the earlier cubic model (1902), the plum-pudding model (1904), the
Saturnian model (1904), and the Rutherford model (1911). Since the Bohr model is a quantum -physics-based
modification of the Rutherford model, many sources combine the two: the Rutherford–Bohr model.

Although it challenged the knowledge of classical physics, the model’s success lay in explaining the Rydberg
formula for the spectral emission lines of atomic hydrogen. While the Rydberg formula had been known
experimentally, it did not gain a theoretical underpinning until the Bohr model was introduced. Not only did the Bohr
model explain the reason for the structure of the Rydberg formula, it also provided a justification for its empirical
results in terms of fundamental physical constants.

Although revolutionary at the time, the Bohr model is a relatively primitive model of the hydrogen atom compared to
the valence shell atom. As an initial hypothesis, it was derived as a first-order approximation to describe the
hydrogen atom. Due to its simplicity and correct results for selected systems, the Bohr model is still commonly
taught to introduce students to quantum mechanics. A related model, proposed by Arthur Erich Haas in 1910, was
rejected. The quantum theory from the period between Planck’s discovery of the quantum (1900) and the advent of
a full-blown quantum mechanics (1925) is often referred to as the old quantum theory.
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Early planetary models of the atom suffered from a flaw: they had electrons spinning in orbit around a nucleus—a
charged particle in an electric field. There was no accounting for the fact that the electron would spiral into the
nucleus. In terms of electron emission, this would represent a continuum of frequencies being emitted since, as the
electron moved closer to the nucleus, it would move faster and would emit a different frequency than those
experimentally observed. These planetary models ultimately predicted all atoms to be unstable due to the orbital
decay. The Bohr theory solved this problem and correctly explained the experimentally obtained Rydberg formula
for emission lines.

Properties of Electrons under the Bohr Model

In 1913, Bohr suggested that electrons could only have certain classical motions:

1. Electrons in atoms orbit the nucleus.
2. The electrons can only orbit stably, without radiating, in certain orbits (called by Bohr the “stationary orbits”) at

a certain discrete set of distances from the nucleus. These orbits are associated with definite energies and
are also called energy shells or energy levels. In these orbits, an electron’s acceleration does not result in
radiation and energy loss as required by classical electromagnetic theory.

3. Electrons can only gain or lose energy by jumping from one allowed orbit to another, absorbing or emitting
electromagnetic radiation with a frequency (ν) determined by the energy difference of the levels according to
the Planck relation.

http://www.youtube.com/watch?v=66WsP1NCVIY&stop=902

Behavior of Electrons: Part 3, The Bohr Model of the Atom – YouTube: We combine our new found knowledge
of the nature of light with Bohr’s atomic theory.

Bohr’s model is significant because the laws of classical mechanics apply to the motion of the electron about the
nucleus only when restricted by a quantum rule. Although Rule 3 is not completely well defined for small orbits, Bohr
could determine the energy spacing between levels using Rule 3 and come to an exactly correct quantum rule—the
angular momentum L is restricted to be an integer multiple of a fixed unit:

where n = 1, 2, 3,… is called the principal quantum number and ħ = h/2π. The lowest value of n is 1; this gives a
smallest possible orbital radius of 0.0529 nm, known as the Bohr radius. Once an electron is in this lowest orbit, it
can get no closer to the proton. Starting from the angular momentum quantum rule, Bohr was able to calculate the
energies of the allowed orbits of the hydrogen atom and other hydrogen-like atoms and ions.

The Correspondence Principle

Like Einstein’s theory of the photoelectric effect, Bohr’s formula assumes that during a quantum jump, a discrete
amount of energy is radiated. However, unlike Einstein, Bohr stuck to the classical Maxwell theory of the
electromagnetic field. Quantization of the electromagnetic field was explained by the discreteness of the atomic
energy levels. Bohr did not believe in the existence of photons.

According to the Maxwell theory, the frequency (ν) of classical radiation is equal to the rotation frequency (νrot) of
the electron in its orbit, with harmonics at integer multiples of this frequency. This result is obtained from the Bohr
model for jumps between energy levels En and En−k when k is much smaller than n. These jumps reproduce the
frequency of the k-th harmonic of orbit n. For sufficiently large values of n (so-called Rydberg states), the two orbits
involved in the emission process have nearly the same rotation frequency so that the classical orbital frequency is
not ambiguous. But for small n (or large k), the radiation frequency has no unambiguous classical interpretation.
This marks the birth of the correspondence principle, requiring quantum theory to agree with the classical theory
only in the limit of large quantum numbers.

The Bohr-Kramers-Slater theory (BKS theory) is a failed attempt to extend the Bohr model, which violates the
conservation of energy and momentum in quantum jumps, with the conservation laws only holding on average.

The de Broglie Wavelength
The de Broglie wavelength is inversely proportional to the momentum of a particle.

L = n = nℏh
2π

283



Learning Objectives

Use the de Broglie equations to determine the wavelength, momentum, frequency, or kinetic energy of particles

Key Takeaways

Key Points

At the end of the 19th century, light was thought to consist of waves of electromagnetic fields that
propagated according to Maxwell’s equations, while matter was thought to consist of localized particles.
In his 1905 paper on the photoelectric effect, Albert Einstein postulated that light was emitted and
absorbed as localized packets or quanta (now called photons ).
De Broglie showed that the theory of relativity was applicable to not just photons but also all particles with
linear momentum, and therefore that matter, including electrons, also has wave-like properties.

Key Terms

wavelength: The distance between one peak or trough of a travelling oscillation and the next; it is often
designated in physics as λ and corresponds to the velocity divided by the frequency.
frequency: The number of occurrences of a repeating event per unit of time.

At the end of the 19th century, light was thought to consist of waves of electromagnetic fields that propagated
according to Maxwell’s equations, while matter was thought to consist of localized particles. This division was
challenged when, in his 1905 paper on the photoelectric effect, Albert Einstein postulated that light was emitted and
absorbed as localized packets or quanta (now called photons). These quanta would have an energy of:

where v is the frequency of the light and h is Planck’s constant. Einstein’s postulate was confirmed experimentally
by Robert Millikan and Arthur Compton over the next two decades. Thus it became apparent that light has both
wave-like and particle-like properties. In his 1924 PhD thesis, de Broglie sought to expand this wave-particle duality
to all material particles with linear momentum.

E = hv
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de Broglie waves: Propagation of de Broglie waves in 1 dimension (the real part of the complex amplitude is blue and the imaginary
part is green; top: plane wave, bottom: wave packet.). The probability (shown as the color opacity) of finding the particle at a given
point x is spread out like a waveform, with no definite position of the particle. As the amplitude increases above zero the curvature
decreases, so the amplitude decreases again, and vice versa – the result is an alternating amplitude: a wave.

In 1926, Erwin Schrödinger published an equation describing how a matter wave should evolve—the matter wave
equivalent of Maxwell’s equations—and used it to derive the energy spectrum of hydrogen. That same year, Max
Born published his now-standard interpretation that the square of the amplitude of a matter wave gives the
probability of finding a particle at a given place. This interpretation was in contrast to de Broglie’s own interpretation,
in which the wave corresponds to the physical motion of a localized particle.

The De Broglie Equations

The de Broglie equations relate the wavelength (λ) to the momentum (p), and the frequency (f) to the kinetic energy
(E) (excluding its rest energy and any potential energy) of a particle:

 and 

where h is Planck’s Constant. The two equations can be equivalently written as

λ = h/p f = E/h

p = ℏk E = ℏω
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 and 

where  is the reduced Planck’s constant,

where  is the angular wavenumber, and

where  is the angular frequency.

De Broglie’s key realization was that in a one-electron atom, for a wave to have a stable amplitude and not decay
over time, an integer number (n) of wavelengths must fit into a single circumference drawn by the Bohr orbit. He
related this to the principal quantum number n through the equation:

This was fortunately reminiscent of Bohr’s observation about the angular momentum of an electron, which had
already been established:

By inspection of the above and with minor rearrangement, the de Broglie relation can be obtained as follows:

http://www.youtube.com/watch?v=EILGg3HZIK0&stop=496

Doc Physics – de Broglie: I include a summary of the hydrogen atom’s electronic structure and explain how an
electron can interfere with itself in an orbit just like it can in a double-slit experiment.

Con�rming the de Broglie Hypothesis

In 1927 at Bell Labs, Clinton Davisson and Lester H. Germer fired slow-moving electrons at a crystalline nickel
target. The angular dependence of the reflected electron intensity was measured and was determined to have the
same diffraction pattern as those predicted by Bragg for X-rays. Before the acceptance of the de Broglie hypothesis,
diffraction was a property that was thought to only be exhibited by waves. Therefore, the presence of any diffraction
effects by matter demonstrated the wave-like nature of matter. When the de Broglie wavelength was inserted into
the Bragg condition, the observed diffraction pattern was predicted, thereby experimentally confirming the de Broglie
hypothesis for electrons.

Experiments with Fresnel diffraction and specular reflection of neutral atoms confirm the application of the de
Broglie hypothesis to atoms, i.e. the existence of atomic waves that undergo diffraction, interference, and allow
quantum reflection by the tails of the attractive potential. Advances in laser cooling have allowed the cooling down of
neutral atoms to temperatures near absolute zero. At these temperatures, the thermal de Broglie wavelengths come
into the micrometer range. Using Bragg diffraction of atoms and a Ramsey interferometry technique, the de Broglie
wavelength of cold sodium atoms was explicitly measured and found to be consistent with the temperature
measured by a different method.

Recent experiments even confirm the de Broglie relations for molecules and macromolecules, which are normally
considered too large to undergo quantum mechanical effects. In 1999, a research team in Vienna demonstrated
diffraction for molecules as large as fullerenes. The researchers calculated a de Broglie wavelength of the most
probable C60 velocity as 2.5 pm. More recent experiments prove the quantum nature of molecules with a mass up
to 6910 amu. In general, the de Broglie hypothesis is expected to apply to any well-isolated object. Even
macroscopic objects like tennis balls have a calculable de Broglie wavelength; however, they would be much too
small to observe experimentally, and their wave-like nature is not intuitive to common experience.

The Uncertainty Principle

Only partial knowledge of the momentum and position of a particle may be known at the same time.

Learning Objectives

p = ℏk E = ℏω

ℏ = h/2π

k = 2π/λ

ω = 2πf

nλ = 2πr

vr = 2πrme

λ = =h
vme

h
p
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Summarize the uncertainty principle of quantum mechanics.

Key Takeaways

Key Points

The uncertainty principle is written as .
The position of an object cannot be known simultaneously with its momentum.
The more precisely one quantity is known, the less precisely the other is known.

Key Terms

momentum: The product of the mass and velocity of a particle in motion.
uncertainty: A parameter that measures the dispersion of a range of measured values.

In quantum mechanics, the uncertainty principle is any of a variety of mathematical inequalities asserting a
fundamental limit to the precision with which certain pairs of physical properties of a particle, such as position (x)
and momentum (p), can be known simultaneously. The more precisely the position of some particle is determined,
the less precisely its momentum can be known, and vice versa. The original heuristic argument that such a limit
should exist was given by Werner Heisenberg in 1927, after whom it is sometimes named as the Heisenberg
Uncertainty Principle. The reasoning was derived from considering the uncertainty in both the position and the
momentum of an object. Roughly, the uncertainty in the position of a particle is approximately equal to its
wavelength (λ). The uncertainty in the momentum of the object follows from de Broglie’s equation as h/λ. Therefore,
to a first approximation the Heisenberg Uncertainty Principle gives that the product of these two uncertainties is on
the order of Planck’s constant (h).

A more formal inequality relating the standard deviation of position ( ) and the standard deviation of momentum (
) was derived by Earle Hesse Kennard later that year (and independently by Hermann Weyl in 1928):

Historically, the uncertainty principle has been confused with a somewhat similar effect in physics, called the
observer effect, which notes that measurements of certain systems cannot be made without affecting the systems.
Heisenberg offered such an observer effect at the quantum level as a physical explanation of quantum uncertainty. It
has since become clear, however, that the uncertainty principle is inherent in the properties of all wave-like systems
and that it arises in quantum mechanics simply due to the matter-wave nature of all quantum objects.

https://youtu.be/KIjWzC3jb4Q

Doc Physics – Heisenberg Uncertainty Principle Derived and Explained – YouTube: One of the most-oft
quoted results of quantum physics, this doozie forces us to reconsider what we can know about the universe. Some
things cannot be known simultaneously. In fact, if anything about a system is known perfectly, there is likely another
characteristic that is completely shrouded in uncertainty. So significant figures ARE important after all!

Scope of the Uncertainty Principle and Applications

The uncertainty principle actually states a fundamental property of quantum systems and is not a statement about
the observational success of current technology. It must be emphasized that measurement does not mean only a
process in which a physicist-observer takes part, but rather any interaction between classical and quantum objects
regardless of any observer. Since the uncertainty principle is such a basic result in quantum mechanics, typical
experiments in quantum mechanics routinely observe aspects of it. Certain experiments, however, may deliberately
test a particular form of the uncertainty principle as part of their main research program. These include, for example,
tests of number-phase uncertainty relations in superconducting or quantum optics systems. Applications are for
developing extremely low noise technology, such as that required in gravitational-wave interferometers.
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QUANTUM MECHANICAL DESCRIPTION OF THE
ATOMIC ORBITAL

Description of the Hydrogen Atom
A hydrogen atom is electrically neutral, containing a single proton and a single electron bound to the nucleus by the
Coulomb force.

Learning Objectives

Identify the unique features of the hydrogen atom that make it important for calculations in quantum mechanics

Key Takeaways

Key Points

Atomic hydrogen comprises about 75 percent of the elemental mass of the universe.
Hydrogen atoms are so reactive that they combine with almost all elements.
Isolated hydrogen atoms called atomic hydrogen or monatomic hydrogen) are extremely rare; hydrogen
is more commonly found in combination with other elements.
The H–H bond is one of the strongest bonds in chemistry.

Key Terms

quantum field theory: Provides a theoretical framework for constructing quantum mechanical models of
systems classically represented by an infinite number of degrees of freedom, that is, fields and many-
body systems.
atom: The smallest possible amount of matter that still retains its identity as a chemical element. Atoms
consist of a nucleus surrounded by electrons.
anisotropic: The property of being directionally dependent, as opposed to isotropy which implies
identical properties in all directions.

The hydrogen atom (consisting of one proton and one electron, not the diatomic form H2) has special significance in
quantum mechanics and quantum field theory as a simple two-body problem physical system that has yielded many
simple analytical solutions in closed-form.

Modeling the Hydrogen Atom

In 1914, Niels Bohr obtained the spectral frequencies of the hydrogen atom after making a number of simplifying
assumptions. These assumptions, the cornerstones of the Bohr model, were not fully correct but did yield the
correct energy answers. Bohr’s results for the frequencies and underlying energy values were confirmed by the full
quantum-mechanical analysis which uses the Schrödinger equation, as was shown in 1925–1926. The solution to
the Schrödinger equation for hydrogen is analytical. From this, the hydrogen energy levels and thus the frequencies
of the hydrogen spectral lines can be calculated. The solution of the Schrödinger equation goes much further than
the Bohr model, because it also yields the shape of the electron’s wave function ( orbital ) for the various possible
quantum-mechanical states, thus explaining the anisotropic character of atomic bonds.
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A model of the hydrogen atom: This model shows approximate dimensions for nuclear and electron shells (not drawn to scale). It 
shows a diameter about twice the radius indicated by the Bohr model.

The Schrödinger equation also applies to more complicated atoms and molecules, albeit they rapidly become
impossibly difficult beyond hydrogen or other two-body type problems, such as helium cation He+. In most such 
cases, the solution is not analytical and either computer calculations are necessary or simplifying assumptions must 
be made.

Solution of Schrödinger Equation: Overview of Results

The solution of the Schrödinger equation (wave equations) for the hydrogen atom uses the fact that the Coulomb 
potential produced by the nucleus is isotropic (it is radially symmetric in space and only depends on the distance to 
the nucleus). Although the resulting energy eigenfunctions (the orbitals) are not necessarily isotropic themselves, 
their dependence on the angular coordinates follows completely, generally from this isotropy of the underlying 
potential. The eigenstates of the Hamiltonian (that is, the energy eigenstates) can be chosen as simultaneous 
eigenstates of the angular momentum operator. This corresponds to the fact that angular momentum is conserved 
in the orbital motion of the electron around the nucleus. Therefore, the energy eigenstates may be classified by two 
angular momentum quantum numbers, ℓ and m (both are integers). The angular momentum quantum number ℓ = 0, 
1, 2,… determines the magnitude of the angular momentum. The magnetic quantum number m = −,…, +ℓ 
determines the projection of the angular momentum on the (arbitrarily chosen) z-axis.

In addition to mathematical expressions for total angular momentum and angular momentum projection of 
wavefunctions, an expression for the radial dependence of the wave functions must be found. It is only here that the 
details of the 1/r Coulomb potential enter (leading to Laguerre polynomials in r). This leads to a third quantum
number, the principal quantum number n = 1, 2, 3,…. The principal quantum number in hydrogen is related to the
atom’s total energy. Note the maximum value of the angular momentum quantum number is limited by the principal
quantum number: it can run only up to n − 1, i.e. ℓ = 0, 1,…, n − 1.

Due to angular momentum conservation, states of the same ℓ but different m have the same energy (this holds for
all problems with rotational symmetry). In addition, for the hydrogen atom, states of the same n but different ℓ are
also degenerate (i.e. they have the same energy). However, this is a specific property of hydrogen and is no longer
true for more complicated atoms that have a (effective) potential differing from the form 1/r, due to the presence of
the inner electrons shielding the nucleus potential.

Calculated Energy Levels

The energy levels of hydrogen are given by solving the Schrödinger equation for the one-electron atom:

Empirically, it is useful to group the fundamental constants into Rydbergs, which gives the much simpler equation
below that turns out to be identical to that predicted by Bohr theory:

Further derivation can be performed to include fine structure, which is given by:
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where α is the fine-structure constant and j is a number which is the total angular momentum eigenvalue; that is, ℓ ±
1/2 depending on the direction of the electron spin. The quantity in square brackets arises from relativistic (spin-
orbit) coupling interactions.

The value of 13.6 eV is called the Rydberg constant and can be found from the Bohr model and is given by:

where me is the mass of the electron, qe is the charge of the electron, h is the Planck constant, and ε0 is the
vacuum permittivity.

The Rydberg constant is connected to the fine-structure constant by the relation:

This constant is often used in atomic physics in the form of the Rydberg unit of energy:

Indeterminacy and Probability Distribution Maps

Quantum indeterminacy refers to the necessary incompleteness in the description of a physical system.

Learning Objectives

Identify the key distinction between quantum and classical particles with respect to determinism.

Key Takeaways

Key Points

Quantum indeterminacy is the assertion that the state of a system does not determine a unique collection
of values for all its measurable properties.
The values of an observable will be obtained non-deterministically in accordance with a probability
distribution uniquely determined by the system state.
The units involved in quantum uncertainty are on the order of Planck’s constant (found experimentally to
be 6.6 x 10−34 J·s).

Key Terms

observable: Any physical property that can be observed and measured directly and not derived from
other properties.
indeterminacy: The condition of being indeterminate.
uncertainty: A parameter that measures the dispersion of a range of measured values.

Quantum indeterminacy refers to the necessary incompleteness in the description of a physical system.
Indeterminacy has become one of the characteristics of the standard description of quantum physics. Quantum
indeterminacy can be quantitatively characterized by a probability distribution on the set of outcomes for
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measurements of an observable. This distribution is uniquely determined by the system state. Quantum mechanics
provides a recipe for calculating this probability distribution.

An adequate account of quantum indeterminacy requires a theory of measurement. Many theories have been
proposed since the beginning of quantum mechanics, and quantum measurement continues to be an active
research area in both theoretical and experimental physics. Possibly the first systematic attempt at a mathematical
theory for quantum measurement was developed by John von Neumann. The measurements he investigated are
now called projective measurements.

Quantum indeterminacy can be illustrated in terms of a particle with a definitely measured momentum for which
there must be a fundamental limit to how precisely its location can be specified. This quantum uncertainty principle
can also be expressed in terms of other variables. For example, a particle with a definitely measured energy has a
fundamental limit to how precisely one can specify how long it will have that energy.

Therefore the units involved in quantum uncertainty are on the order of Planck’s constant (found experimentally to
be 6.6 x 10−34 J·s).

Quantum indeterminacy is the assertion that the state of a system does not determine a unique collection of values
for all its measurable properties. In quantum mechanical formalism, it is impossible that, for a given quantum state,
each one of these measurable properties (observables) has a determinate (sharp) value. The values of an
observable will be obtained non-deterministically in accordance with a probability distribution uniquely determined
by the system state. The state is destroyed by measurement, so each measured value in a collection must be
obtained using a freshly prepared state.

Classical Particles

According to classical physics, particles move in a very specific trajectory that is completely determined by the
particle’s velocity, position, and the sum of any forces acting on it. In the classical sense, these are known and
repeatable. A bullet propelled from a gun at a consistent velocity under identical conditions will always follow the
same trajectory and hit the same target. The bullet follows Newton ‘s laws of motion, in which the present
determines the future. Newton’s laws are deterministic.

Quantum Particles

In the world of quantum phenomena, this is not the case. Recall from the uncertainty principle that we cannot
simultaneously know an electron ‘s position and velocity—therefore we are unable to determine its trajectory. Since
either its present position or velocity is unknown, we cannot know where it will be with any certainty after a known
time interval. This is called indeterminacy. We do know where it could be. Based on numerous observations, the
quantum state, and the wave equation for the electron, we can determine a statistical map of probable positions for
the electron. This is called a probability distribution map, a statistical representation of the probable locations of
electrons as they exist in an atom.

The clouds of probability are the locations of electrons as determined by making repeated measurements—each
measurement finds the electron in a definite location, with a greater chance of finding the electron in some places
rather than others. With repeated measurements, a pattern of probability emerges. The clouds of probability do not
look like nor do they correspond to classical orbits. The uncertainty principle prevents us from knowing how the
electron gets from one place to another, and so an orbit really does not exist as such. Nature on a small scale is
much different from that on the large scale.

(ΔE)(Δt) ≥ h
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Probability density of hydrogen electrons: As indicated by the quantum numbers (n, l, ml), this figure depicts probability clouds for
the electron in the ground state and several excited states of hydrogen.

Quantum Numbers
Quantum numbers provide a numerical description of the orbitals in which electrons reside.

Learning Objectives

Assign quantum numbers to electrons, noting their physical meaning

Key Takeaways

Key Points

To completely describe an electron in an atom, four quantum numbers are needed: energy (n), angular
momentum (ℓ), magnetic moment (mℓ), and spin (ms).

The first quantum number describes the electron shell, or energy level, of an atom. The value of n ranges
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The first quantum number describes the electron shell, or energy level, of an atom. The value of n ranges
from 1 to the shell containing the outermost electron of that atom.
The dynamics of any quantum system are described by a quantum Hamiltonian (H).

Key Terms

quantum: The smallest possible, and therefore indivisible, unit of a given quantity or quantifiable
phenomenon.
quantum number: One of certain integers or half-integers that specify the state of a quantum mechanical
system (such as an electron in an atom).
angular momentum: The vector product that describes the rotary inertia of a system about an axis.

While the work of Bohr and de Broglie clearly established that electrons take on different discrete energy levels that
are related to the atomic radius, their model was a relatively simplistic spherical view. There was an appreciation
that the energy level of an electron was related to the principal quantum number n, however there was no numerical
means of classifying additional aspects of an electron’s motion in space, such as its orientation or direction. In three
dimensions, the solutions of the Schrödinger equation provided a set of three additional quantum numbers that
could be used to describe electron behavior even in more complicated many-electron atoms. This was in contrast to
previous work that focused on one-electron atoms such as hydrogen.

The question of how many quantum numbers are needed to describe any given system has no universal answer; for
each system, one must find the answer by performing a full analysis of the system. Formally, the dynamics of any
quantum system are described by a quantum Hamiltonian (H) applied to the wave equation. There is one quantum
number of the system corresponding to the energy—the eigenvalue of the Hamiltonian. There is also one quantum
number for each operator (O) that commutes with the Hamiltonian (i.e. satisfies the relation HO = OH). Note that the
operators defining the quantum numbers should be independent of each other. Often there is more than one way to
choose a set of independent operators; so in different situations, different sets of quantum numbers may be used for
the description of the same system.

The most prominent system of nomenclature spawned from the molecular orbital theory of Friedrich Hund and
Robert S. Mulliken, which incorporates Bohr energy levels as well as observations about electron spin. This model
describes electrons using four quantum numbers: energy (n), angular momentum (ℓ), magnetic moment (mℓ), and
spin (ms). It is also the common nomenclature in the classical description of nuclear particle states (e.g. protons and
neutrons).

Quantum numbers: These four quantum numbers are used to describe the probable location of an electron in an atom.

The Principal Quantum Number

The first quantum number describes the electron shell, or energy level, of an atom. The value of n ranges from 1 to
the shell containing the outermost electron of that atom. For example, in caesium (Cs), the outermost valence
electron is in the shell with energy level 6, so an electron in caesium can have an n value from 1 to 6. For particles
in a time-independent potential, per the Schrödinger equation, it also labels the nth eigenvalue of Hamiltonian (H)
(i.e. the energy E with the contribution due to angular momentum, the term involving J2, left out). This number
therefore has a dependence only on the distance between the electron and the nucleus (i.e. the radial coordinate r).
The average distance increases with n, thus quantum states with different principal quantum numbers are said to
belong to different shells.
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The Azimuthal Quantum Number

The second quantum number, known as the angular or orbital quantum number, describes the subshell and gives
the magnitude of the orbital angular momentum through the relation. In chemistry and spectroscopy, ℓ = 0 is called
an s orbital, ℓ = 1 a p orbital, ℓ = 2 a d orbital, and ℓ = 3 an f orbital. The value of ℓ ranges from 0 to n − 1 because the
first p orbital (ℓ = 1) appears in the second electron shell (n = 2), the first d orbital (ℓ = 2) appears in the third shell (n
= 3), and so on. In chemistry, this quantum number is very important since it specifies the shape of an atomic orbital
and strongly influences chemical bonds and bond angles.

The Magnetic Quantum Number

The magnetic quantum number describes the energy levels available within a subshell and yields the projection of
the orbital angular momentum along a specified axis. The values of mℓ range from − to ℓ, with integer steps between
them. The s subshell (ℓ = 0) contains one orbital, and therefore the mℓ of an electron in an s subshell will always be
0. The p subshell (ℓ = 1) contains three orbitals (in some systems depicted as three “dumbbell-shaped” clouds), so
the mℓ of an electron in a p subshell will be −1, 0, or 1. The d subshell (ℓ = 2) contains five orbitals, with mℓ values of
−2, −1, 0, 1, and 2. The value of the mℓ quantum number is associated with the orbital orientation.

The Spin Projection Quantum Number

The fourth quantum number describes the spin (intrinsic angular momentum) of the electron within that orbital and
gives the projection of the spin angular momentum (s) along the specified axis. Analogously, the values of ms range
from −s to s, where s is the spin quantum number, an intrinsic property of particles. An electron has spin s = ½,
consequently ms will be ±, corresponding with spin and opposite spin. Each electron in any individual orbital must
have different spins because of the Pauli exclusion principle, therefore an orbital never contains more than two
electrons.

For example, the quantum numbers of electrons from a magnesium atom are listed below. Remember that each list
of numbers corresponds to (n, l, ml, ms).

Two s electrons: (1, 0, 0, +½) (1, 0, 0, -½)

Two s electrons: (2, 0, 0, +½) (2, 0, 0, -½)

Six p electrons: (2, 1, -1, +½) (2, 1, -1, -½) (2, 1, 0, +½) (2, 1, 0, -½) (2, 1, 1, +½) (2, 1, 1, -½)

Two s electrons: (3, 0, 0, +½) (3, 0, 0, -½)
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Table relating quantum numbers to orbital shape: The relationship between three of the four quantum numbers to the orbital
shape of simple electronic configuration atoms up through radium (Ra, atomic number 88). The fourth quantum number, the spin, is
a property of individual electrons within a particular orbital. Each orbital may hold up to two electrons with opposite spin directions.

The Pauli Exclusion Principle
The Pauli exclusion principle states that no two fermions can have identical wavefunctions.

Learning Objectives

Illustrate how the Pauli exclusion principle partially explains the electron shell structure of atoms.

Key Takeaways

Key Points

No two identical fermions (particles with half- integer spin) may occupy the same quantum state
simultaneously.
No two electrons in a single atom can have the same four quantum numbers.
Particles with integer spin occupy symmetric quantum states, and particles with half-integer spin occupy
antisymmetric states.

Key Terms

electron: The subatomic particle having a negative charge and orbiting the nucleus; the flow of electrons
in a conductor constitutes electricity.
fermion: A particle with totally antisymmetric quantum states. They have half-integer spin and include
many elementary particles.
boson: A particle with totally symmetric quantum states. They have integer spin and include many
elementary particles, and some (gauge bosons) are known to carry the fundamental forces.
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The Pauli exclusion principle, formulated by Austrian physicist Wolfgang Pauli in 1925, states that no two fermions
of the same kind may simultaneously occupy the same quantum state. More technically, it states that the total wave
function for two identical fermions is antisymmetric with respect to exchange of the particles. For example, no two
electrons in a single atom can have the same four quantum numbers; if n, ℓ, and mℓ are the same, ms must be
different such that the electrons have opposite spins.

The Pauli exclusion principle governs the behavior of all fermions (particles with half-integer spin), while bosons
(particles with integer spin) are not subject to it. Fermions include elementary particles such as quarks (the
constituent particles of protons and neutrons ), electrons and neutrinos. In addition, protons and neutrons
(subatomic particles composed from three quarks) and some atoms are fermions and are therefore also subject to
the Pauli exclusion principle. Atoms can have different overall spin, which determines whether they are fermions or
bosons—for example, helium-3 has spin 1/2 and is therefore a fermion, in contrast to helium-4 which has spin 0,
making it a boson. As such, the Pauli exclusion principle underpins many properties of everyday matter from large-
scale stability to the chemical behavior of atoms including their visibility in NMR spectroscopy.

Half-integer spin means the intrinsic angular momentum value of fermions is  (reduced Planck’s constant)
times a half-integer (1/2, 3/2, 5/2, etc.). In the theory of quantum mechanics, fermions are described by
antisymmetric states. In contrast, particles with integer spin (bosons) have symmetric wave functions; unlike
fermions, bosons may share the same quantum states. Bosons include the photon, the Cooper pairs (responsible
for superconductivity), and the W and Z bosons. Fermions take their name from the Fermi–Dirac statistical
distribution that they obey, and bosons take their name from Bose–Einstein distribution.

The Exclusion Principle and Physical Phenomena

The Pauli exclusion principle explains a wide variety of physical phenomena. One particularly important
consequence of the principle is the elaborate electron-shell structure of atoms and the way atoms share electrons. It
explains the variety of chemical elements and their chemical combinations. An electrically neutral atom contains
bound electrons equal in number to the protons in the nucleus. Electrons, being fermions, cannot occupy the same
quantum state, so electrons have to “stack” within an atom—they have different spins while at the same place.

Electrons filling quantum energy levels: When a state has only one electron, it could be either spin-up or spin-down. However,
according the the Pauli Exclusion Principle, when there are two in a state, there must be one of each.

An example is the neutral helium atom, which has two bound electrons, both of which can occupy the lowest-
energy (1s) states by acquiring opposite spin. As spin is part of the quantum state of the electron, the two electrons
are in different quantum states and do not violate the Pauli exclusion principle. However, there are only two distinct
spin values for a given energy state. This property thus mandates that a lithium atom, which has three bound
electrons, cannot have its third electron reside in the 1s state; it must occupy one of the higher-energy 2s states
instead. Similarly, successively larger elements must have shells of successively higher energy. Because the
chemical properties of an element largely depend on the number of electrons in the outermost shell, atoms with

ℏ = h
2π
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different numbers of shells but the same number of electrons in the outermost shell still behave similarly. For this
reason, elements are defined by their groups and not their periods.

Particle in a Box
The particle in a box model provides one of the very few problems in quantum mechanics which can be solved
analytically.

Learning Objectives

Describe the features of the wave function for the particle in a box.

Key Takeaways

Key Points

The model is mainly used as a hypothetical example to illustrate the differences between classical and
quantum systems.
The particle may only occupy certain positive-integer energy levels.
The particle is more likely to be found at certain positions than at others.
The particle may never be detected at certain positions, known as spatial nodes.

Key Terms

wavefunction: A mathematical function that describes the propagation of the quantum mechanical wave
associated with a particle (or system of particles), related to the probability of finding the particle in a
particular region of space.
probability: A number, between 0 and 1, expressing the precise likelihood of an event happening. In this
context, the probability of finding a particle at a given position is of interest and is related to the square of
the wave function.

Also called the infinite square well problem, the particle in a box is one of the very few problems in quantum
mechanics that can be solved without approximations.

The solution to the particle in a box can be found by solving the Schrödinger equation:

The potential function (V) is time-independent, while the wavefunction itself is time- dependent.

The infinite square well is defined by a potential function in which the potential  is 0 for values of x between 0
and L, where L is the length of the box, and infinite at all other locations. In this case, classical and quantum physics
are describing the same thing: the impossibility of a particle “leaping” over an infinitely high boundary at the edge of
the container.

− + V (x)Ψ = iℏℏ 2

2m
Ψ∂ 2

∂x2

∂Ψ
∂t

V (x)
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The potential well: Energy and position relationships of the particle in a box. Inside the box the potential V(x) is zero. Outside the
box the potential energy is infinite.

Separating the variables reduces the problem to one of simply solving the spatial part of the equation:

E represents the possible energies that can describe the system. The above equation establishes a direct
relationship between the second derivative of the the wave function and the kinetic energy of the system. The best
way to visualize the time-independent Schrödinger equation is as a stationary snapshot of a wave at particular
moment in time.

No forces act on the particle inside of a box, which means that the part of the wave function between 0 and L can
oscillate through space and time with the same form as a free particle:

B and A are arbitrary complex numbers. The frequency of the oscillations through space and time are given by the
wave number, , and the angular frequency,  respectively. The probability of finding the particle at the edge of the
box is 0 because the potential there is infinite; the cosine term, therefore, can be removed to leave only the sine
term. Differential calculus then reveals that the energy of the particle is given by:

The size or amplitude of the wave function at any point determines the probability of finding the particle at that
location, as given by the equation:

The wavefunction must vanish everywhere beyond the edges of the box, as the potential outside of the box is
infinite. Furthermore, the amplitude of the wavefunction also may not “jump” abruptly from one point to the next.
These two conditions are only satisfied by wavefunctions with the form:

because wavefunctions based on sine waves will have Ψ(x) = 0 values when x = o and x = L, while those wave
functions which include cosine terms will not.

where n = {1,2,3,4…} and L is the size of the box. Negative values are neglected, since they give wavefunctions
identical to the positive solutions except for a physically unimportant sign change. Finally, the unknown constant
may be found by normalizing the wavefunction so that the total probability density of finding the particle in the
system is 1.

− + V (x)ψ(x) = Eψ(x)ℏ 2

2m
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Solutions to the particle in a box problem: The first four solutions to the one dimensional particle in a box. Note that just like a
guitar string, the solutions to the particle in a box problem are constrained to those wavefunctions that anchor the amplitude at the
walls of the box as zero.

Normalizing, we get 

A may be any complex number with absolute value 

When treated as a probability density, the square of the wave function (Ψ2) describes the probability of finding the
particle at a given point and at a given time. Four conditions, proposed by Max Born, must be met for this to be true:

1. The wave function must be single-valued.
2. The wave function must be “square integrable.”
3. The wave function must be continuous everywhere.
4. The first derivative of the wave function must be continuous.

Wave Equation for the Hydrogen Atom
The hydrogen atom is the simplest one-electron atom and has analytical solutions to the Schrödinger equation.

Learning Objectives

Explain how the solution of the Schrödinger equation for the hydrogen atom yields the four quantum numbers
and use these to identify degenerate states

Key Takeaways

Key Points

The Schrödinger equation is a differential equation that provides a way to calculate the possible
wavefunctions of a system and describes how they dynamically change in time.
Particles can behave like waves because their corresponding wavefunction satisfies the Schrödinger
equation.
The motion of a particle, described by a wave packet solution to the Schrödinger equation, is also
described by the Hamilton–Jacobi equation of motion.

|A| = 2
L

−−√

|A| = 2
L

−−√
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Key Terms

Hamiltonian: In quantum mechanics, the observable, denoted by H, that corresponds to the total energy
of the system.
quantum number: One of certain integers or half-integers that specify the state of a quantum mechanical
system (such as an electron in an atom).
eigenfunctions: A class of mathematical function that is non-zero and returns the same function except
for a multiplicative scaling factor when acted on by a linear operator (such as a Hamiltonian).

The solution of the Schrödinger equation for the hydrogen atom uses the fact that the Coulomb potential produced
by the nucleus is isotropic—it is radially symmetric in space and only depends on the distance to the nucleus.
Although the resulting energy eigenfunctions (the orbitals ) are not necessarily isotropic themselves, their
dependence on the angular coordinates follows generally from this isotropy of the underlying potential. The
eigenstates of the Hamiltonian (that is, the energy eigenstates) can be chosen as simultaneous eigenstates of the
angular momentum operator. This corresponds to the fact that angular momentum is conserved in the orbital motion
of the electron around the nucleus. Therefore, the energy eigenstates may be classified by two angular momentum
quantum numbers, ℓ and mℓ (both are integers). The angular momentum quantum number ℓ = 0, 1, 2,… determines
the magnitude of the angular momentum. The magnetic quantum number mℓ= −,…, +ℓ determines the projection of
the angular momentum on the (arbitrarily chosen) z-axis and therefore the orientation of the orbital in three-
dimensional space.

In addition to mathematical expressions for total angular momentum and angular momentum projection of
wavefunctions, an expression for the radial dependence of the wavefunctions must be found. It is only here that the
details of the 1/r Coulomb potential enter (leading to Laguerre polynomials in r). This leads to a third quantum
number, the principal quantum number n = 1, 2, 3,…. The principal quantum number in hydrogen is related to the
atom’s total energy. Note that the maximum value of the angular momentum quantum number is limited by the
principal quantum number: it can run only up to n − 1, i.e. ℓ = 0, 1,…, n − 1.

Degeneracy of Di�erent Magnetic Quantum Numbers

Due to angular momentum conservation, states of the same ℓ but different mℓ have the same energy. This holds for
all problems with rotational symmetry. For the hydrogen atom, states of the same n but different ℓ are also
degenerate (they have the same energy). This is a specific property of hydrogen and is not true for more
complicated atoms. These atoms have an effective potential differing from the 1/r form due to the presence of the
inner electrons shielding the nucleus potential.

The spin of the electron adds the last quantum number, the projection of the electron’s spin angular momentum
along the z-axis, which can take on two values. Therefore, any eigenstate of the electron in the hydrogen atom is
described fully by four quantum numbers. According to the usual rules of quantum mechanics, the actual state of
the electron may be any superposition of these states. This explains also why the choice of z-axis for the directional
quantization of the angular momentum vector is immaterial: an orbital of given ℓ and m′ obtained for another
preferred axis, z′ ,can always be represented as a suitable superposition of the various states of different mℓ (but
same ℓ) that have been obtained for z.

Using a three-dimensional approach, the following form of the Schrödinger equation can be used to describe the
hydrogen atom:

Schroedinger Equation: Three dimensional Schrödinger equation as applied to the H atom.

where  is the reduced mass of the electron-proton pair. The wavefunction itself is expressed in spherical polar
coordinates:

where R are radial functions and theta ( ) and phi ( ) are spherical harmonic terms. The generalized family of
solutions is:
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where a0 is the Bohr radius, L are the generalized Laguerre polynomials, and n, l, and m are the principal,
azimuthal, and magnetic quantum numbers, respectively.
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ORBITAL SHAPES

Electron Orbitals
Electron orbitals are three-dimensional representations of the space in which an electron is likely to be found.

Learning Objectives

Distinguish between electron orbitals in the Bohr model versus the quantum mechanical orbitals

Key Takeaways

Key Points

The Bohr model of the atom does not accurately reflect how electrons are spatially distributed around the
nucleus as they do not circle the nucleus like the earth orbits the sun.
The electron orbitals are the result of mathematical equations from quantum mechanics known as wave
functions and can predict within a certain level of probability where an electron might be at any given
time.
The number and type of orbitals increases with increasing atomic number, filling in various electron
shells.
The area where an electron is most likely to be found is called its orbital.

Key Terms

electron shell: The collective states of all electrons in an atom having the same principal quantum
number (visualized as an orbit in which the electrons move).
orbital: A specification of the energy and probability density of an electron at any point in an atom or
molecule.

Although useful to explain the reactivity and chemical bonding of certain elements, the Bohr model of the atom does
not accurately reflect how electrons are spatially distributed surrounding the nucleus. They do not circle the nucleus
like the earth orbits the sun, but are rather found in electron orbitals. These relatively complex shapes result from
the fact that electrons behave not just like particles, but also like waves. Mathematical equations from quantum
mechanics known as wave functions can predict within a certain level of probability where an electron might be at
any given time. The area where an electron is most likely to be found is called its orbital.

First Electron Shell

The closest orbital to the nucleus, called the 1s orbital, can hold up to two electrons. This orbital is equivalent to the
innermost electron shell of the Bohr model of the atom. It is called the 1s orbital because it is spherical around the
nucleus. The 1s orbital is always filled before any other orbital. Hydrogen has one electron; therefore, it has only
one spot within the 1s orbital occupied. This is designated as 1s1, where the superscripted 1 refers to the one
electron within the 1s orbital. Helium has two electrons; therefore, it can completely fill the 1s orbital with its two
electrons. This is designated as 1s2, referring to the two electrons of helium in the 1s orbital. On the periodic table,
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hydrogen and helium are the only two elements in the first row (period); this is because they are the sole elements
to have electrons only in their first shell, the 1s orbital.

Second Electron Shell

The second electron shell may contain eight electrons. This shell contains another spherical s orbital and three
“dumbbell” shaped p orbitals, each of which can hold two electrons. After the 1s orbital is filled, the second electron
shell is filled, first filling its 2s orbital and then its three p orbitals. When filling the p orbitals, each takes a single
electron; once each p orbital has an electron, a second may be added. Lithium (Li) contains three electrons that
occupy the first and second shells. Two electrons fill the 1s orbital, and the third electron then fills the 2s orbital. Its
electron configuration is 1s22s1. Neon (Ne), on the other hand, has a total of ten electrons: two are in its innermost
1s orbital, and eight fill its second shell (two each in the 2s and three p orbitals). Thus, it is an inert gas and
energetically stable: it rarely forms a chemical bond with other atoms.

Diagram of the S and P orbitals: The s subshells are shaped like spheres. Both the 1n and 2n principal shells have an s orbital, but
the size of the sphere is larger in the 2n orbital. Each sphere is a single orbital. p subshells are made up of three dumbbell-shaped
orbitals. Principal shell 2n has a p subshell, but shell 1 does not.

Third Electron Shell

Larger elements have additional orbitals, making up the third electron shell. Subshells d and f have more complex
shapes and contain five and seven orbitals, respectively. Principal shell 3n has s, p, and d subshells and can hold
18 electrons. Principal shell 4n has s, p, d, and f orbitals and can hold 32 electrons. Moving away from the nucleus,
the number of electrons and orbitals found in the energy levels increases. Progressing from one atom to the next in
the periodic table, the electron structure can be worked out by fitting an extra electron into the next available orbital.
While the concepts of electron shells and orbitals are closely related, orbitals provide a more accurate depiction of
the electron configuration of an atom because the orbital model specifies the different shapes and special
orientations of all the places that electrons may occupy.
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The Phase of Orbitals

When constructing molecular orbitals, the phase of the two orbitals coming together creates bonding and anti-
bonding orbitals.

Learning Objectives

Describe how atomic orbitals combine to form molecular orbitals.

Key Takeaways

Key Points

The electron, being a quantum particle, cannot have a distinct location; but the electron’s orbital can be
defined as the region of space around the nucleus in which the mathematical probability threshold of
finding the electron exceeds some arbitrary value, such as 90% or 99%.
Orbitals are simply mathematical functions that describe particular standing-wave patterns that can be
plotted on a graph but have no physical reality.
Two atomic orbitals can overlap in two ways depending on their phase relationship. The phase of an
orbital is a direct consequence of the wave-like properties of electrons.

Key Terms

molecular orbital: The quantum mechanical behavior of an electron in a molecule describing the
probability of the electron occupying a particular position and energy, which is approximated by a linear
combination of atomic orbitals.
phase: Any one point or portion in a recurring series of changes, as in the changes of motion of one of
the particles constituting a wave or vibration; one portion of a series of such changes, in distinction from a
contrasted portion, as the portion on one side of a position of equilibrium, in contrast with that on the
opposite side.

De�ning Electron Orbitals

The electron is a quantum particle and cannot have a distinct location, but the electron’s orbital can be defined as
the region of space around the nucleus in which the probability of finding the electron exceeds some arbitrary
threshold value, such as 90% or 99%.

Because of the wave-like character of matter, the orbital corresponds to a standing-wave pattern in 3-dimensional
space that we can often represent more clearly in a 2-dimensional cross section. The quantity that is varying
(“waving”) is a number denoted by ψ (psi), whose value varies from point to point according to the wavefunction for
that particular orbital.

Orbitals of all types are simply mathematical functions that describe particular standing-wave patterns that can be
plotted on a graph but have no physical reality of their own. Because of their wavelike nature, two or more orbitals
(i.e., two or more functions ψ) can be combined both in-phase and out-of-phase to yield a pair of resultant orbitals
that, to be useful, must have squares that describe actual electron distributions in the atom or molecule.

Molecular Orbitals and Their Phases

When combining orbitals to describe a bonding interaction between two species, the symmetry requirements for the
system dictate that the two starting orbitals must make two new orbitals. One orbital, based on in-phase mixing of
the orbitals, will be lower in energy and termed bonding. Another orbital, based on out-of-phase mixing of the
orbitals, will be higher in energy and termed anti-bonding.
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Hydrogen molecular orbitals: The dots here represent electrons. The in-phase combination of the s orbitals from the two hydrogen
atoms provides a bonding orbital that is filled, whereas the out-of-phase combination provides an anti-bonding orbital that remains
unfilled.

Orbitals that Overlap

Two atomic orbitals can overlap in two ways depending on their phase relationship. The phase of an orbital is a
direct consequence of the wave-like properties of electrons. In graphical representations of orbitals, orbital phase is
depicted either by a plus or minus sign (which have no relationship to electric charge) or by shading one lobe. The
sign of the phase itself does not have physical meaning except when mixing orbitals to form molecular orbitals.

Constructive Overlap

Two same-sign orbitals have a constructive overlap forming a molecular orbital with the bulk of the electron density
located between the two nuclei. This molecular orbital is called the bonding orbital and its energy is lower than that
of the original atomic orbitals. A bond involving molecular orbitals that are symmetric with respect to rotation around
the bond axis is called a sigma bond (σ-bond). If the phase changes, the bond becomes a pi bond (π-bond).
Symmetry labels are further defined by whether the orbital maintains its original character after an inversion about
its center; if it does, it is defined gerade (g), German for “straight.” If the orbital does not maintain its original
character, it is ungerade (u), German for “odd.”

Destructive Overlap

Atomic orbitals can also interact with each other out-of-phase, which leads to destructive cancellation and no
electron density between the two nuclei at the so-called nodal plane depicted as a perpendicular dashed line. In this
anti-bonding molecular orbital with energy much higher than the original atomic orbitals, any electrons present are
located in lobes pointing away from the central internuclear axis. For a corresponding σ-bonding orbital, such an
orbital would be symmetrical but differentiated from it by an asterisk, as in σ*. For a π-bond, corresponding bonding
and antibonding orbitals would not have such symmetry around the bond axis and would be designated π and π*,
respectively.
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Two p-orbitals forming a π-bond: If two parallel p-orbitals experience sideways overlap on adjacent atoms in a molecule, then a
double or triple bond can develop. Although the π-bond is not as strong as the original σ-bond, its strength is added to the existing
single bond.

P-orbital overlap is less than head-on overlap between two s orbitals in a σ-bond due to orbital orientation. This
makes the π-bond a weaker bond than the original σ-bond that connects two neighboring atoms; however the fact
that its strength is added to the underlying σ-bond bond makes for a stronger overall linkage. Electrons in π-bonds
are often referred to as π- electrons. They limit rotational freedom about the double bond because a parallel
orientation of the p-orbitals must be preserved to maintain the double or triple bond.
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PERIODIC PROPERTIES

THE HISTORY OF THE PERIODIC TABLE

Development of the Periodic Table
The periodic table is a methodical arrangement of the chemical elements, organized on the basis of their electron
configurations.

Learning Objectives

Discuss the origins and history of the periodic table.

Key Takeaways

Key Points

Although the work of alchemists was originally a misguided effort to convert lead into silver and gold, their
studies laid a foundation that aided a later fundamental understanding of matter.
The modern periodic table was devised by Dmitri Mendeleev and is a useful framework for organizing
and analyzing chemical and physical behavior of the elements.
The notation in the periodic table includes references to atomic mass and atomic number.

Key Terms

proton: A positively charged subatomic particle forming part of the nucleus of an atom and determining
the atomic number of an element; the nucleus of the most common isotope of hydrogen, composed of
two up quarks and a down quark.
element: Any one of the simplest chemical substances that cannot be decomposed in a chemical
reaction or by any chemical means, made up of atoms all having the same number of protons.
alchemy: The ancient search for a universal panacea and for the philosopher’s stone. The process
eventually developed into chemistry.

The modern periodic table organizes the known elements in several ways: it lists them in order of patterns of atomic
weight, electron configuration, reactivity, and electronegativity. It is such a good method of organizing and
presenting the known elements that it has been used to successfully predict the existence of certain elements.
Today, it is applied not only by chemists but also in all related sciences to understand the properties and reactivity of
atoms and molecules. The table has recognizable origins in the 17th century and draws on knowledge and
experience of medieval and earlier eras.

https://youtu.be/OGUOmV33P9I
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A Brief History of the Periodic Table – YouTube: From ancient Greek philosophers to Dmitri Mendeleev,
Professor Davis describes how humanity’s understanding of elements and how to catalog them has changed
through the ages.

History of the Periodic Table

Atomic theory dates back to the ancient Greek philosophers and those of Hellenistic Egypt. They theorized that all
substances were made of fundamental building blocks; however, the nature of those blocks was the object of fierce
debate.

The fundamental blocks were called atoms, derived from the Greek “atmos,” meaning “indivisible.” Early atomic
theory attempted to explain properties of matter by assigning attributes to atoms that might match the attributes of
the various matter they combined to form, such as slipperiness, liquidity, color, and cohesiveness. Philosophers
categorized the world around them by property and function, a type of approach that later led to the development of
the periodic table of elements.

In the Middle Ages, practitioners of alchemy sought to make gold and silver from lead. Although their efforts were in
vain, their investigation has ultimately led to a systematic understanding of the chemical world. It also established
the mindset that gave us the periodic table of elements.

Alchemists were influenced by international trade, especially along the Silk Road between China and Europe.
Chemical knowledge spread across cultures, and by about the middle of the 18th century, there were already 33
known elements. At the beginning of the 19th century, Joseph Proust and others were demonstrating the Law of
Definite Proportions experimentally. This provided fundamental evidence that matter existed in pure compounds as
opposed to just mixtures of any proportion. These observations strengthened the atomic theory and demanded a
systematic method of organizing the elements.

Notation in the periodic table: The notation in the periodic table includes references to atomic mass and atomic number.

The Modern View of the Periodic Table

Scientists began to notice similarities and patterns among known elements, and a great research interest of the 19th
century was to develop a systematic method to report and classify them. Russian chemistry professor Dmitri
Mendeleev and German chemist Julius Meyer independently presented their own versions of the periodic table in
1869 and 1870. Mendeleev’s approach was ultimately adopted for several reasons: For one, he left gaps for
elements that had yet to be discovered. In doing so, he predicted the elements gallium and germanium. He also
placed atoms based principally on their chemical properties, not atomic mass. As it turns out, organizing by
chemical family correctly sorts most of the elements by their atomic number; atomic mass is not perfectly correlated
with atomic number.
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The periodic table of the elements: A modern representation of the periodic table showing organization by atomic number and
valence. Note the atomic masses are not included in this particular periodic table, however they are typically included below the
element symbol.

The modern version of Mendeleev’s periodic table now contains some 118 different elements. In the periodic table,
the number above the element’s symbol is the atomic number, which represents the number of protons in the
nucleus. The atomic mass is given by the sum of the neutrons and protons.

Periods 1 through 3

Elements of the same period have the same number of electron shells.

Learning Objectives

Discuss the relationship between an atom’s electron structure and its period (row) on the periodic table.

Key Takeaways

Key Points

As you move through a period (across the table to the right), the electron shells of the elements in that
period are filling up, approaching the stable configuration of the noble gas at the end of that row.
For any element in periods 1, 2, and 3, the elements directly above and below it are members of the
same group and have similar chemical properties based on similar arrangements of valence electrons.
The Aufbau principle describes how electrons are put into orbitals in a particular order for filling.

Key Terms

atom: The smallest possible amount of matter that still retains its identity as a chemical element, now
known to consist of a nucleus surrounded by electrons.
electron: The subatomic particle having a negative charge and orbiting the nucleus; the flow of electrons
in a conductor constitutes electricity.
electron shell: The collective states of all electrons in an atom having the same principal quantum
number (visualized as an orbit in which the electrons move).
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Early philosophers and scientists appreciated that matter was composed of atoms and that many elements reacted
in predictable proportions to each other. The periodic table was constructed in order to organize those observations
and measurements. The principle of valence emerged, attributable to the presence or absence of electrons and the
energy of those electrons in the volume around an atom’s nucleus. Electrons, negatively charged subatomic
particles, define an atom’s chemical reactivity. Electron are organized in energy levels or electron shells, which
correspond to the periods on the periodic table.

The Bohr Atom

Neils Bohr proposed a simplified picture of an atom, with a central nucleus surrounded by electrons in specific
energy levels (n). The periodic table codifies the energy levels in periods, the rows on the table. The simplest atoms,
hydrogen and helium, are found in row 1, or the first period. These atoms have electrons occupying the energy level
n=1. Moving down, row 2, or period 2, contains the elements Li (lithium) through Ne (neon). The elements in period
2 have their level n=1 energy completely filled; they proceed to fill their n=2 level moving across the table to the
right. In a similar fashion, moving down one period to row 3, there are the elements Na (sodium) through Ar (argon).
The period-3 atoms have levels n=1 and n=2 filled; they are populating the n=3 level moving across the table.

A simplified depiction of atomic structure: With the nucleus at the center with a positive charge, the electrons are “organized” in
energy levels, or shells, at increasing distances from the nucleus. The distance between the n = 2 and n = 3 shells in this illustration
is the difference in energy between them.

It is important to remember that the periodic table is a representation of atoms with zero net charge; they have as
many electrons around the nucleus as they have protons in the nucleus.
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Actinides

Period
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18Group

The periodic table: Elements are arranged according to electron configuration, with periodicities in valence.

The Aufbau Principle

In the n=1, n=2, and n=3 energy levels, electrons are organized in orbitals, designated as s, p, d, and f. For
example, the atomic number of Ne (neon) is 10 and contains 5 orbitals (1s, 2s, 2px, 2py, and 2pz). In each full
orbital, there are 2 electrons, giving a total of 10 to balance the positive charge provided by the 10 protons in the
nucleus.

The filled orbitals of the neon atom: A depiction of the orbitals and their symmetries for the neon atom (Ne). The levels 1s and 2s
are shown as spheroids, while the three 2p orbitals are shown as split spheroids. Each full orbital has 2 electrons, yielding 10 total
for this element.

In the periodic table, there are 2 electrons in period 1, while both periods 2 and 3 have 8 electrons in the filled level.
For atoms with atomic numbers less than about 20, the octet rule of electron addition and orbital filling applies. This
simply states that the n=2 and n=3 levels, in particular, are full when there are 8 electrons. The Aufbau principal
describes how electrons are put into orbitals in a particular order for filling.
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The Aufbau principle: The Aufbau principle describes the incremental filling of orbitals and building atoms with known electronic
configurations.

Transition Metals
The d-block elements are commonly known as transition metals or transition elements.

Learning Objectives

Identify the distinctive and characteristic properties of the transition metals.

Key Takeaways

Key Points

Transition metals are elements in the ten middle groups of the fourth, fifth, sixth, and seventh periods of
the periodic table.
Transition metals and their compounds can exhibit color due to internal d-d electron transfers.
Transition metals and their compounds can exhibit ferromagnetism, paramagnetism, and diamagnetism.
Transition metals and their compounds are well known for their catalytic activities.

Key Terms

paramagnetic: Exhibiting paramagnetism; the tendency of magnetic dipoles to align with an external
magnetic field.
Oxidation State: The state of an atom having a particular oxidation number.
diamagnetic: Exhibiting diamagnetism; repelled by a magnet.

The d-Block of the Periodic Table

The transition metals are also known as thetransition elements or the d-block elements. As the name implies, the
chemistry of this group is determined by the extent to which the d-electron suborbital levels are filled. Chemical
similarities and periodicities can be easily seen horizontally across the d-block of the periodic table.
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The d-block of the periodic table: The d-block is composed of groups 3 – 12 and periods 4 – 7.

The chemistry is far from simple, however, and there are many exceptions to the orderly filling of the electron shell.
The Aufbau principle provides an methodical framework for predicting the order in which most atoms will populate
their electron shells.

The Aufbau principle: This illustrates the order in which most atoms populate their electron shells.

Chemical properties in the periodic table are organized vertically, by group, for similar chemical and physical
properties. For example, the metals in group 11 have similar characteristics of electrical conductivity, luster, crystal
structure, ductility, and tensile strength. Moving horizontally across the periodic table trends in properties such as
atomic radius, electronegativity, and electron affinity are observed.

Characteristic Properties of Transition Metals

Transition metals can be said to possess the following characteristics generally not found in the main grouping of
the periodic table. They can be mostly attributed to incomplete filling of the electron d-levels:

The formation of compounds whose color is due to d–d electronic transitions.
The formation of compounds in many oxidation states due to the relatively low reactivity of unpaired d
electrons.
The formation of many paramagnetic compounds due to the presence of unpaired d electrons. A few
compounds of main group elements are also paramagnetic (e.g., nitric oxide, oxygen).

314



Ligand -to-Metal Charge-Transfer (LMCT) Transition

Color in transition-series metal compounds is generally due to the electronic transitions of two principal types of
charge transfer transitions. An electron may jump from a predominantly ligand orbital to a predominantly metal
orbital, giving rise to a ligand-to-metal charge transfer (LMCT) transition. These can most easily occur when the
metal is in a high oxidation state. For example, the color of chromate, dichromate, and permanganate ions is due to
LMCT transitions. Another example is that mercuric iodide (HgI2) is red because of a LMCT transition.

Charge-transfer complexes: I2•PPh3 charge-transfer complexes in CH2Cl2. From left to right: (1) I2 dissolved in dichloromethane—
no CT complex. (2) A few seconds after excess PPh3 was added—CT complex is forming. (3) One minute later after excess PPh3

was added—the CT complex [Ph3PI]+I–has been formed. (4) Immediately after excess I2 was added, which contains [Ph3PI]+[I3]–.

A metal-to-ligand charge transfer (MLCT) transition will be most likely when the metal is in a low oxidation state and
the ligand is an easily reduced d–d transition. An electron jumps from one d-orbital to another. In complexes of the
transition metals, the d orbitals do not all have the same energy.

Paramagnetic and Diamagnetic Compounds

Transition metal compounds are paramagnetic when they have one or more unpaired d electrons. Some
compounds are diamagnetic. These include octahedral, low-spin, d6 and square-planar d8complexes. In these
cases, crystal field splitting is such that all the electrons are paired up. Ferromagnetism occurs when individual
atoms are paramagnetic and the spin vectors are aligned parallel to each other in a crystalline material. Metallic iron
and the alloy alnico are examples of ferromagnetic materials involving transition metals. Anti-ferromagnetism is
another example of a magnetic property arising from a particular alignment of individual spins in the solid state.

The transition metals and their compounds are known for their homogeneous and heterogeneous catalytic activity.
This activity is attributed to their ability to adopt multiple oxidation states and to form complexes.

The Bottom of the Periodic Table
The periodic table currently contains 7 periods, but theorists predict that two additional periods may exist.

Learning Objectives

Identify the key characteristics of the f-block elements.
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Key Takeaways

Key Points

The lanthanide and actinide series derive properties from the f-block electrons.
Four elements in the actinide series are naturally occurring, five isotopes of others are occasionally
produced by decay of uranium, while the rest of the transuranics have been synthetically produced.
The highest atomic number synthesized to date is 118, the element ununoctium (Uuo).

Key Terms

lanthanide: Any of the 14 rare earth elements from lanthanum to lutetium in the periodic table. Because
their outermost orbitals are empty, they have very similar chemistry. Below them are the actinides.
actinide: Any of the 14 radioactive elements of the periodic table that are positioned under the
lanthanides, with which they share similar chemistry.
transuranium: Transuranic. A transuranium element is any synthetic element having an atomic number
greater than that of uranium (92).

There are a few ways to approach this particular topic, and they all refer to how the elements on the table itself are
presented.

The most classic representation of the periodic table shows the relative positions of the known elements in the table.
The table itself is comprised of 7 periods and 18 groups, with the latest known element being number 118,
ununoctium. However, there is a glaring discontinuity apparent in the table. In Row 6, Column 3, an empty space
appears between Ba and Hf. The atomic number that should be here, 57, is located at the bottom of the table in the
row called the Lanthanides. Directly below the space in Row 6, in Row 7, is another empty space, which is filled by
a row called the Actinides, also seen at the bottom of the chart.
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The periodic table: This is a standard representation of the elements in the table, with relative positions that are familiar to chemists
and physicists.

Expanding the Dimensions of the Periodic Table
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By expanding the horizontal dimensions of the table, the actinide and lanthanide rows can be put into their correct
relative positions. Since the chemistries of this group rest largely on the f-shell electrons and the interactions at this
energy level, this is called the f-block. This representation, clumsy as it is, correctly shows the elements known to
date, up to z=118, unonoctium. In fact, this representation is predictive in that it shows chemical families (groups)
and the periodicities (periods) in their correct relative positions.

The extended periodic table: The lanthanides and actinides are added as separate but connected rows, building what is called the
f-block.

Taking the extension of the periodic table even further, consider an element with atomic number 92 in the actinide
series, called uranium. Once elements of this atomic number range were discovered at the end of the 19th century,
isotopes of uranium were the largest and heaviest elements known in nature. In 1934, Enrico Fermi predicted the
existence of transuranium elements—those elements with atomic number (z) greater than or equal to 93. In 1934
only 4 actinides were known, all smaller than uranium, so it was not known that they formed a period or family like
the lanthanides. The first transuranium element, Np (neptunium), was synthetically produced in 1940 by bombarding
uranium with slow neutrons. Over the next two decades, a great many actinide isotopes were produced, generally
by bombardment with either other atoms or subatomic particles. The actinides were added along with the
lanthanides.

Two New Periods

By using the predictive properties of the periodic table, along with a growing expertise in atomic and subatomic
theory, two entirely new periods were predicted. On the advice of Glenn Seaborg and others, Periods 8 and 9 were
added to the periodic table, comprising the g-block. The positioning of the g-block in the table (to the left of the f-
block, to the right, or in between) is speculative. The positions in the table correspond to the assumption that the
Madelung rule (that orbitals with lower value of the sum of n and l quantum numbers will be filled before those of
higher n+l values) will continue to hold for higher atomic numbers. At element 118, the orbitals 1s, 2s, 2p, 3s, 3p, 3d,
4s, 4p, 4d, 4f, 5s, 5p, 5d, 5f, 6s, 6p, 6d, 7s, and 7p are assumed to be filled, with the remaining orbitals unfilled. The
orbitals of the eighth period are predicted to be filled in the order 8s, 5g, 6f, 7d, 8p. However, after approximately
element 120, the proximity of the electron shells makes placement in a simple table problematic.

317



The extended periodic table with predicted Periods 8 and 9: The periodic table with all groups and periods in place. The
placement of the undiscovered g-block is speculative.

The existence of elements with these high atomic numbers is speculative, and isotopes are expected to have
fleetingly short half-lives. Various experts predict that z = approximately 130 is a maximum, while others feel that
there is no effective upper limit. Experiments in the synthesis of transuranium elements continue.

Periodic Table Position and Electron Con�guration

The position of elements on the periodic table is directly related to their electron configurations.

Learning Objectives

Use the periodic table to identify atom properties such as groups and electron configurations.

Key Takeaways

Key Points

Elements are organized by period and group, with the period corresponding to the principle energy level,
and the group relating to the extent the subshells are filled.
The properties of an atom relate directly to the number of electrons in various orbitals, and the periodic
table is much like a road map among those orbitals such that chemical properties can be deduced by the
position of an element on the table.
The electrons in the outermost or valence shell are especially important because they can engage in the
sharing and exchange that is responsible for chemical reactions.

Key Terms

quantum number: One of certain integers or half-integers that specify the state of a quantum mechanical
system (such as an electron in an atom).

orbital: A specification of the energy and probability density of an electron at any point in an atom or
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orbital: A specification of the energy and probability density of an electron at any point in an atom or
molecule.
electron shell: The collective states of all electrons in an atom having the same principal quantum
number (visualized as an orbit in which the electrons move).

Major Divisions of the Periodic Table

The periodic table is a tabular display of the chemical elements organized on the basis of their atomic numbers,
electron configurations, and chemical properties. Elements are presented in increasing atomic number. The main
body of the table is a 18 × 7 grid. Elements with the same number of valence electrons are kept together in groups,
such as the halogens and the noble gases. There are four distinct rectangular areas or blocks. The f-block is usually
not included in the main table, but rather is floated below, as an inline f-block would often make the table
impractically wide. Using periodic trends, the periodic table can help predict the properties of various elements and
the relations between properties. It therefore provides a useful framework for analyzing chemical behavior and is
widely used in chemistry and other sciences.

Atomic Orbitals

The electrons in the partially filled outermost shell (or shells) determine the chemical properties of the atom; it is
called the valence shell. Each shell consists of one or more subshells, and each subshell consists of one or more
atomic orbitals.

The properties of an atom depend ultimately on the number of electrons in the various orbitals, and on the nuclear
charge which determines the compactness of the orbitals. In order to relate the properties of the elements to their
locations in the periodic table, it is often convenient to make use of a simplified view of the atom in which the
nucleus is surrounded by one or more concentric spherical “shells,” each of which consists of the highest-principal
quantum number orbitals that contain at least one electron; these are s- and p-orbitals and can include d- or f-
orbitals, which is atom dependent. The shell model, as with any scientific model, is less a description of the world
than a simplified way of looking at it that helps us to understand and correlate diverse phenomena.

We will look at several visualizations of the periodic table. First, however, it would be instructive to see how it is
constructed from a logical viewpoint. The table today is the result of an ongoing effort of more than 100 years of
observation, measurement, prediction and proof of the relationships of chemical and physical phenomena to
electron configurations and charges.

Periods 1, 2, & 3

Starting with simple elements, the first three rows of the periodic table, called Periods 1, 2 and 3, correspond to the
n=1, n=2 and n=3 levels.
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Electron shell configurations of the first 18 elements: The electron shell configurations of the first 18 elements in the periodic
table. The corresponding energy levels (n) are listed in green numbers to the left. The number of outer-shell electrons is represented
by the right-most digit in the group numbers.

Hydrogen has 1 electron in the 1s level, and to the right, helium, in Group 18, has 2 electrons in the 1s level, a
completely filled shell, the duet rule. Helium is the first in the series of noble gases. Moving down to Period 2, lithium
is the first element in the row, with a filled 1s configuration. Across the period, first the 2s and then the 2p orbitals fill,
arriving at the configuration for neon, following the octet rule. Period 3 follows a similar pattern. Please note that the
number of outer-shell electrons is the major determinant of the element’s valence.
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Electron shell configurations of the elements: Position in the periodic table based on electron shell configuration. This image
shows the entire periodic table, with diagrammatic atoms and electron shells filling with movement through the table. This image
breaks out the electron configuration numerically, showing the population of electrons in each subshell, starting each period with a
completely filled noble gas.
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Lanthanides

Actinides

Periodic Table Of Elements Showing Electron Shells

1

2

3

4

5

6

7

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Period

Group

2,8,9,221: Scandium

Sc

23: Vanadium 2,8,11,2

V

24: Chromium 2,8,13,1

Cr

26: Iron 2,8,14,2

Fe

27: Cobalt 2,8,15,2

Co

28: Nickel 2,8,16,2

Ni

29: Copper 2,8,18,1

Cu

30: Zinc 2,8,18,2

Zn

31: Gallium 2,8,18,3

Ga

32: Germanium 2,8,18,4

Ge

33: Arsenic 2,8,18,5

As

34: Selenium 2,8,18,6

Se

35: Bromine 2,8,18,7

Br

36: Krypton 2,8,18,8

Kr

H

1: Hydrogen 1

3: Lithium

Li

2,1

19: Potassium

K

2,8,8,1

11: Sodium

Na

2,8,1

4: Beryllium

Be

2,2

20: Calcium

Ca

2,8,8,2

12: Magnesium

Mg

2,8,2

2: Helium

He

2

10: Neon

Ne

2,8

18: Argon

Ar

2,8,8

9: Fluorine

F

2,7

17: Chlorine

Cl

2,8,716: Sulfur

S

2,8,6

8: Oxygen

O

2,67: Nitrogen

N

2,5

15: Phosphorus

P

2,8,514: Silicon

Si

2,8,413: Aluminium

Al

2,8,3

6: Carbon

C

2,4

37: Rubidium 2,8,18,8,1

Rb

38: Strontium 2,8,18,8,2

Sr

39: Yttrium 2,8,18,9,2

Y

40: Zirconium 2,8,18,10,2

Zr

41: Niobium 2,8,18,12,1

Nb

42: Molybdenum 2,8,18,
13,1

Mo

43: Technetium 2,8,18,
14,1

Tc

44: Ruthenium 2,8,18,
15,1

Ru

45: Rhodium 2,8,18,
16,1

Rh

46: Palladium 2,8,18,
18

Pd

47: Silver 2,8,18,
18,1

Ag

48: Cadmium 2,8,18,
18,2

Cd

49: Indium 2,8,18,
18,3

In

50: Tin 2,8,18,
18,4

Sn

51: Antimony 2,8,18,
18,5

Sb

52: Tellurium 2,8,18,
18,6

Te

53: Iodine 2,8,18,
18,7

I

54: Xenon 2,8,18,
18,8

Xe

22: Titanium

Ti

2,8,10,2 25: Manganese 2,8,13,2

Mn

55: Caesium 2,8,18,
18,8,1

Cs

56: Barium 2,8,18,
18,8,2

Ba

87: Francium 2,8,18,32,
18,8,1

Fr Ra

88: Radium 2,8,18,32,
18,8,2

57: Lanthanum 2,8,18,
18,9,2

La

58: Cerium 2,8,18,
19,9,2

Ce

59: Praseodymium 2,8,18,
21,8,2

Pr

60: Neodymium 2,8,18,
22,8,2

Nd

61: Promethium 2,8,18,
23,8,2

Pm

62: Samarium 2,8,18,
24,8,2

Sm

63: Europium 2,8,18,
25,8,2

Eu

64: Gadolinium 2,8,18,
25,9,2

Gd

65: Terbium 2,8,18,
27,8,2

Tb

66: Dysprosium 2,8,18,
28,8,2

Dy

67: Holmium 2,8,18,
29,8,2

Ho

68: Erbium 2,8,18,
30,8,2

Er

69: Thulium 2,8,18,
31,8,2

Tm

70: Ytterbium 2,8,18,
32,8,2

Yb

71: Lutetium 2,8,18,
32,9,2

Lu

72: Hafnium 2,8,18,
32,10,2

Hf

73: Tantalum 2,8,18,
32,11,2

Ta W

74: Tungsten 2,8,18,
32,12,2

75: Rhenium 2,8,18,
32,13,2

Re Os

76: Osmium 2,8,18,
32,14,2

77: Iridium 2,8,18,
32,15,2

Ir

78: Platinum 2,8,18,
32,17,1

Pt

79: Gold 2,8,18,
32,18,1

Au Hg

80: Mercury 2,8,18,
32,18,2

81: Thallium 2,8,18,
32,18,3

Tl

82: Lead 2,8,18,
32,18,4

Pb

83: Bismuth 2,8,18,
32,18,5

Bi

84: Polonium 2,8,18,
32,18,6

Po

85: Astatine 2,8,18,
32,18,7

At

86: Radon 2,8,18,
32,18,8

Rn

Th

90: Thorium 2,8,18,32,
18,10,

2

89: Actinium 2,8,18,32,
18,9,

2

Ac Pa

91: Protactinium 2,8,18,
32,20,

9,2

U

92: Uranium 2,8,18,
32,21,

9,2

Np

93: Neptunium 2,8,18,
32,22,

9,2

94: Plutonium 2,8,18,
32,24,

8,2

Pu

95: Americium 2,8,18,
32,25,

8,2

Am

96: Curium 2,8,18,32,
25,9,2

Cm

97: Berkelium 2,8,18,32,
27,8,2

Bk

98: Californium 2,8,18,
32,28,

8,2

Cf Es

99: Einsteinium 2,8,18,
32,29,

8,2

100: Fermium 2,8,18,
32,30,

8,2

Fm

101: Mendelevium 2,8,18,
32,31,

8,2

Md No

102: Nobelium 2,8,18,
32,32,

8,2

Lr

103: Lawrencium 2,8,18,
32,32,

9,2

Rf

104: Rutherfordium 2,8,18,
32,32,

10,2

105: Dubnium 2,8,18,
32,32,

11,2

Db

106: Seaborgium 2,8,18,
32,32,

12,2

Sg

107: Bohrium 2,8,18,
32,32,

13,2

Bh

108: Hassium 2,8,18,32,
32,14,2

Hs

109: Meitnurium 2,8,18,
32,32,

15,2

Mt Ds

110: Darmstadium 2,8,18,
32,32,

16,2

Rg

111: Roentgenium 2,8,18,
32,32,

17,2

113: Ununtrium 2,8,18,
32,32,

18,3

Uut

114: Flerovium 2,8,18,
32,32,

18,4

Fl

115: Ununpentium 2,8,18,
32,32,

18,5

Uup

116: Livermorium 2,8,18,
32,32,

18,6

Lv

117: Ununseptium 2,8,18,
32,32,

18,7

Uus

118: Ununoctium 2,8,18,
32,32,

18,8

UuoCn

112: Copernicium 2,8,18,
32,32,

18,2

Halogens

Noble
GasesAlkali

Metals

Alkaline
Earth

Metals

Lanthanides
Actinides

Transition Metals
Poor
Metals

Metaloids
Non-metals

Key:

5: Boron

B

2,3

The periodic table showing electron shells: The elements in this table are laid out in the standard configuration of periods and
groups. Each box includes representations of the electron shell structure for the element.

Electron Con�guration of Cations and Anions
The elements on the periodic table exhibit different levels of reactivity based on the number of electrons in their
highest energy shells.

Learning Objectives

Predict whether an atom will undergo ionization to provide an anion or cation based on its valence shell electron
configuration.

Key Takeaways

Key Points

The electronic configuration of many ions is that of the closest noble gas to them in the periodic table.
An anion is an ion that has gained one or more electrons, acquiring a negative charge.
A cation is an ion that has lost one or more electrons, gaining a positive charge.

Key Terms

anion: A negatively charged ion, as opposed to a cation
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anion: A negatively charged ion, as opposed to a cation
ionization: Any process that leads to the dissociation of a neutral atom or molecule into charged particles
(ions).
cation: A positively charged ion, as opposed to an anion.

Cations and Anions form from Neutral Atoms

Every atom in its ground state is uncharged. It has, according to its atomic number, the same number of protons and
electrons. Electrons are rather labile, however, and an atom will often gain or lose them depending on its
electronegativity. The driving force for such gain or loss of electrons is the energetically optimal state of having a full
valence (outermost) shell of electrons. In such a state, the resulting charged atom has the electron configuration of
a noble gas.

Addition of an electron will disrupt the proton-electron balance and leave the atom negatively charged. Removal of
an electron will, conversely, leave the atom positively charged. These charged atoms are known as ions.

Formation of Monatomic Ions

Monatomic ions are formed by the addition or removal of electrons from an atom’s valence shell. The inner shells of
an atom are filled with electrons that are tightly bound to the positively charged atomic nucleus and so do not
participate in this kind of chemical interaction, but the valence shell can be very reactive depending on the atom and
its electron configuration. The process of gaining or losing electrons from a neutral atom or molecule is called
ionization.

Atoms can be ionized by bombardment with radiation, but the more purely chemical process of ionization is the
transfer of electrons between atoms or molecules. This transfer is driven by the stabilization that comes by obtaining
stable (full shell) electronic configurations. Atoms will gain or lose electrons depending on which action takes the
least energy.

For example, Group 1 element sodium (Na) has a single electron in its valence shell, with full shells of 2 and 8
electrons beneath. Removal of this one electron leaves sodium stable: Its outermost shell now contains eight
electrons, giving sodium the electron configuration of neon. Having gained a positive charge, the sodium ion is
called a cation. The ionization of sodium can be chemically illustrated as follows:

Na → Na+ + e−

Sodium could gain electrons, but it would require seven more to achieve a full valence shell. Removing one electron
is much easier than gaining seven, and thus sodium will in every chemical scenario achieve its octet by becoming a
cation.

On the other hand, a chlorine atom (Cl) has seven electrons in its valence shell, which is one short of a stable, full
shell with 8 electrons. Thus, a chlorine atom tends to gain an extra electron and attain a stable 8-electron
configuration (the same as that of argon), becoming a negative chloride anion in the process:

Cl + e− → Cl−

Combining the propensity of sodium to lose an electron and of chloride to gain an electron, we observe
complimentary reactivity. When combined, the uncharged atoms can exchange electrons and in doing so, achieve
complete valence shells. The resulting ions stick together due to ionic bonds (opposite charges attract), leaving a
crystal lattice structure of NaCl, more commonly known as rock salt. The reaction is as follows:

Na+ + Cl− → NaCl

Polyatomic and Molecular Ions

Ionization is not limited to individual atoms; polyatomic ions can also be formed. Polyatomic and molecular ions are
often created by the addition or removal of elemental ions such as H+ in neutral molecules. For example, when
ammonia, NH3, accepts a proton, H+, it forms the ammonium ion, NH4

+. Ammonia and ammonium have the same
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number of electrons in essentially the same electronic configuration, but ammonium has an extra proton (the H+)
that gives it a net positive charge.

Chemical Notation

When writing the chemical formula for an ion, its net charge is written in superscript immediately after the chemical
structure for the molecule or atom. The net charge is written with the magnitude before the sign, that is, a doubly
charged cation is indicated as 2+ instead of +2. However, the magnitude of the charge is omitted for singly charged
molecules or atoms; for example, the sodium cation is indicated as Na+ and not Na1+.

An alternative way of showing a molecule or atom with multiple charges is by drawing out the signs multiple times;
this is often seen with transition metals. Chemists sometimes circle the sign; this is merely ornamental and does not
alter the chemical meaning. A twice-positively charged iron atom can also be expressed as Fe2+ or Fe++.

In the case of transition metals, oxidation states can be specified with Roman numerals; for example, Fe2+ is
occasionally referred to as Fe(II) or FeII. The Roman numeral designates the formal oxidation state of an element,
whereas the superscripted numerals denotes the net charge. The two notations are therefore exchangeable for
monatomic ions, but the Roman numerals cannot be applied to polyatomic ions. However, it is possible to mix the
notations for the individual metal center with a polyatomic complex, as demonstrated using the uranyl ion (UO2) as
an example.

It should be noted that it is possible to remove many electrons from an atom. The energy required to do so may be
recorded in a successive ionization energy diagram.

First ionization energy: Periodic trends for ionization energy (IE) vs. atomic number: note that within each of the seven periods the
IE (colored circles) of an element begins at a minimum for the first column of the Periodic table (the alkali metals), and progresses to
a maximum for the last column (the noble gases) which are indicated by vertical lines and labelled with a noble gas element symbol,
and which also serve as lines dividing the 7 periods. Note that the maximum ionization energy for each row diminishes as one
progresses from row 1 to row 7 in a given column, due to the increasing distance of the outer electron shell from the nucleus as inner
shells are added.
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ELECTRON CONFIGURATION

General Rules for Assigning Electrons to Atomic Orbitals
An atom’s electrons exist in discrete atomic orbitals, and the atom’s electron configuration can be determined using
a set of guidelines.

Learning Objectives

Determine the electron configuration for elements and ions, identifying the relation between electron shells and
subshells.

Key Takeaways

Key Points

If the energy of an atom is increased, an electron in the atom gets excited. To go back to its ground state,
the electron releases energy. The energy of the light released when an electron drops in energy level is
the same as the difference in energy between the two levels.
Viewed simply, electrons are arranged in shells around an atom’s nucleus. Electrons closest to the
nucleus will have the lowest energy. Electrons further away from the nucleus will have higher energy. An
atom’s electron shell can accommodate 2n2 electrons (where n is the shell level).
In a more realistic model, electrons move in atomic orbitals, or subshells. There are four different orbital
shapes: s, p, d, and f. Within each shell, the s subshell is at a lower energy than the p. An orbital diagram
is used to determine an atom’s electron configuration.
There are guidelines for determining the electron configuration of an atom. An electron will move to the
orbital with lowest energy. Each orbital can hold only one electron pair. Electrons will separate as much
as possible within a shell.

Key Terms

frequency: The number of occurrences of a repeating event per unit of time.
quantization: The process of approximating a continuous signal by a set of discrete symbols or integer
values.

Energy of Electrons in Atomic Orbitals

The central structure of an atom is the nucleus, which contains protons and neutrons. This nucleus is surrounded by
electrons. Although these electrons all have the same charge and the same mass, each electron in an atom has a
different amount of energy. Electrons with the lowest energy are found closest to the nucleus, where the attractive
force of the positively charged nucleus is the greatest. Electrons that have higher energy are found further away.

Energy Quantization

When the energy of an atom is increased (for example, when a substance is heated), the energy of the electrons
inside the atom is also increased—that is to say, the electrons get excited. For the excited electron to go back to its
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original energy, or ground state, it needs to release energy. One way an electron can release energy is by emitting
light. Each element emits light at a specific frequency (or color) upon heating that corresponds to the energy of the
electronic excitation.

It is helpful to think of this like going up a flight of steps. If you don’t lift your foot enough, you will bump into the step
and be stuck on the ground level. You need to lift your foot to the height of the step to move on. The same goes for
electrons and the amount of energy they can have. This separating of electrons into energy units is called
quantization of energy because there are only certain quantities of energy that an electron can have in an atom. The
energy of the light released when an electron drops down from a higher energy level to a lower energy level is the
same as the difference in energy between the two levels.

Electron Shells

We will start with a very simple way of showing the arrangement of electrons around an atom. Here, electrons are
arranged in energy levels, or shells, around the nucleus of an atom. Electrons that are in the first energy level
(energy level 1) are closest to the nucleus and will have the lowest energy. Electrons further away from the nucleus
will have higher energy. An atom’s electron shell can accommodate 2n2 electrons, where n is the energy level. For
example, the first shell can accommodate 2 x (1)2 or 2 electrons. The second shell can accommodate 2 x (2)2, or 8,
electrons.

The arrangement of electrons in a lithium atom: Lithium (Li) has an atomic number of 3, meaning that in a neutral atom, the
number of electrons will be 3. The energy levels are shown as concentric circles around the central nucleus, and the electrons are
placed from the inside out. The first two electrons are found in the first energy level, and the third electron is found in the second
energy level.

As an example, fluorine (F), has an atomic number of 9, meaning that a neutral fluorine atom has 9 electrons. The
first 2 electrons are found in the first energy level, and the other 7 are found in the second energy level.

Atomic Orbitals

Though electrons can be represented simply as circling the nucleus in rings, in reality, electrons move along paths
that are much more complicated. These paths are called atomic orbitals, or subshells. There are several different
orbital shapes—s, p, d, and f—but we will be focusing mainly on s and p orbitals for now. The first energy level
contains only one s orbital, the second energy level contains one s orbital and three p orbitals, and the third energy
level contains one s orbital, three p orbitals, and five d orbitals. Within each energy level, the s orbital is at a lower
energy than the p orbitals.
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Orbital diagram: The positions of the first ten orbits of an atom on an energy diagram. Note that each block is able to hold two
electrons.

An orbital diagram helps to determine the electron configuration of an element. An element’s electron configuration
is the arrangement of the electrons in the shells. There are a few guidelines for working out this configuration:

Each orbital can hold only two electrons. Electrons that occur together in an orbital are called an electron
pair.
An electron will always try to enter the orbital with the lowest energy.
An electron can occupy an orbital on its own, but it would rather occupy a lower-energy orbital with another
electron before occupying a higher-energy orbital. In other words, within one energy level, electrons will fill an
s orbital before starting to fill p orbitals.
The s subshell can hold 2 electrons.
The p subshells can hold 6 electrons.

Electron configurations can be used to rationalize chemical properties in both inorganic and organic chemistry. It is
also used to interpret atomic spectra, the method used to measure the energy of light emitted from elements and
compounds.

The Building-Up (Aufbau) Principle

The Aufbau principle determines an atom’s electron configuration by adding electrons to atomic orbitals following a
defined set of rules.

Learning Objectives
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Write electron configurations for elements in standard notation.

Key Takeaways

Key Points

The Madelung rule defines the order in which atomic orbitals are filled with electrons. Electrons fill orbitals
starting at the lowest available energy state before filling higher states.
Aufbau procedure: Determine number of electrons for the atom of interest. Fill available orbitals starting
with the lowest-energy levels first and avoid pairing electrons in a single orbital until it is necessary.
Electron configuration notation describes the energy levels, orbitals, and the number of electron. The
number and letter describe the energy level and orbital respectively, and the superscript number shows
how many electrons are in that orbital.
The Aufbau principle works well for the first 18 elements but then becomes less useful.

Key Terms

Pauli Exclusion Principle: The quantum mechanical principle that no two identical fermions (particles
with half-integer spin) may occupy the same quantum state simultaneously.

Atoms Are Built Up by Adding Electrons

Although the nucleus of an atom is very dense, the electrons around it can take on a variety of positions which can
be summarized as an electron configuration. An element’s electron configuration can be represented using energy
level diagrams, or Aufbau diagrams. The Aufbau principle (from the German Aufbau meaning “building up,
construction”) describes a model-building method in which an atom is “built up” by progressively adding electrons.
As electrons are added, they assume the most stable shells with respect to the nucleus and the electrons already
present.

Filling in an Aufbau Diagram

The order in which orbitals are filled is given by the Madelung rule. The rule is based on the total number of nodes in
the atomic orbital, n + ℓ, which is related to the energy. In this context, n represents the principal quantum number
and ℓ represents the azimuthal quantum number. The values ℓ = 0, 1, 2, 3 correspond to the s, p, d, and f labels,
respectively. According to the principle, electrons fill orbitals starting at the lowest available energy states before
filling higher states (e.g., 1s before 2s).

The Madelung energy ordering rule: Order in which orbitals are arranged by increasing energy according to the Madelung Rule.
Each diagonal read arrow corresponds to a different value of n + l.
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An Aufbau diagram uses arrows to represent electrons. When there are two electrons in an orbital, the electrons are
called an electron pair. Electron pairs are shown with arrows pointing in opposite directions. According to the Pauli
Exclusion Principle, two electrons in an orbital will not spin the same way. That is, an Aufbau diagram uses arrows
pointing in opposite directions. An arrow pointing up denotes an electron spinning one way and an arrow pointing
downwards denotes an electron spinning the other way. If the orbital only has one electron, this electron is called an
unpaired electron.

Aufbau diagram for lithium: The electron configuration of lithium, shown on an Aufbau diagram

The following steps detail how to draw an Aufbau diagram:

1. Determine the number of electrons that the atom has.
2. Fill the s orbital in the first energy level (the 1s orbital) with the first two electrons.
3. Fill the s orbital in the second energy level (the 2s orbital) with the second two electrons.
4. Put one electron in each of the three p orbitals in the second energy level (the 2p orbitals) and then if there

are still electrons remaining, go back and place a second electron in each of the 2p orbitals to complete the
electron pairs.

5. Continue in this way through each of the successive energy levels until all the electrons have been drawn.
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Aufbau diagram for fluorine: An Aufbau diagram showing the electron configuration of fluorine.

Electron Con�guration Standard Notation

A special type of notation is used to write an atom’s electron configuration. The notation describes the energy levels,
orbitals, and the number of electrons in each. For example, the electron configuration of lithium is 1s22s1. The
number and letter describe the energy level and orbital, and the number above the orbital shows how many
electrons are in that orbital. Using standard notation, the electron configuration of fluorine is 1s22s22p5.

Limitations to Aufbau

The Aufbau principle is based on the idea that the order of orbital energies is fixed—both for a given element and
between different elements. This assumption is approximately true—enough for the principle to be useful—but not
physically reasonable. It models atomic orbitals as “boxes” of fixed energy into which at most two electrons can be
placed. However, the energy of an electron in an atomic orbital depends on the energies of all the other electrons of
the atom.

In a hydrogen-like atom, which only has one electron, the s-orbital and the p-orbitals of the same shell in the Aufbau
diagram have exactly the same energy. However, in a real hydrogen atom, the energy levels are slightly split by the
magnetic field of the nucleus. Because each atom has a different number of protons in its nucleus, the magnetic
field differs, which alters the pull on each electron. In general, the Aufbau principle works very well for the ground
states of the atoms for the first 18 elements, then decreasingly well for the following 100 elements.
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Visit this page in your course online to use this simulation.
Interactive: Energy Levels of a Hydrogen Atom: The likely location of an electron around the nucleus of an
atom is called an orbital. The shape of an orbital depends on the energy state of the electron. A neutral
hydrogen atom has one electron. Click in the boxes to set the energy of that electron and see the orbital shape
describing where you are likely to find that electron around the nucleus.

Hund’s Rule
Hund’s Rule defines the behavior of unpaired valence shell electrons, providing insight into an atom’s reactivity and
stability.

Learning Objectives

Apply Hund’s rule and justify its use to determine electron configurations for atoms in the ground state

Key Takeaways

Key Points

Hund’s Rule states that every orbital in a sublevel is singly occupied before any orbital is doubly occupied
and all of the electrons in singly occupied orbitals have the same spin.
Electrons arrange themselves in order to minimize their interaction energy. They will always occupy an
empty orbital before they pair up to minimize repulsion. Unpaired electrons have the same spins because
they meet less often if traveling in the same direction than if traveling in opposite directions.
To avoid confusion, scientists always draw the first electron, and any other unpaired electron, in an orbital
as “spin-up.”
Electron configurations help make predictions about how certain elements will react. An atom is most
reactive when its valence shell is not full and most stable when its valence orbitals are full. Elements that
have the same number of valence electrons often have similar properties.

Key Terms

repulsion: A force that moves two bodies away from each other.
hund’s rule: A rule which states that a greater total spin state usually makes the resulting atom more
stable.
quantum-mechanical calculation: Branch of physics which studies matter and energy at the level of
atoms and other elementary particles, and substitutes probabilistic mechanisms for classical Newtonian
ones.

Relation to Aufbau Principle

Electrons will fill the lowest energy orbitals first and then move up to higher energy orbitals only after the lower
energy orbitals are full. This is referred to as the Aufbau Principle, after the scientist who proposed the concept.
Although the implications are clear for orbitals of different principal quantum number (n), which are clearly of
different energy, the filling order is less clear for degenerate sublevels. For example, for boron through neon, the
electron filling order of the 2p orbitals follows Hund’s Rule.

Hund’s Rule states that:

1. Every orbital in a sublevel is singly occupied before any orbital is doubly occupied.
2. All of the electrons in singly occupied orbitals have the same spin.
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Hund’s Rule Explained

According to the first rule, electrons will always occupy an empty orbital before they pair up. Electrons are negatively
charged and, as a result, they repel each other. Electrons tend to minimize repulsion by occupying their own orbital,
rather than sharing an orbital with another electron. Further, quantum-mechanical calculations have shown that the
electrons in singly occupied orbitals are less effectively screened or shielded from the nucleus.

For the second rule, unpaired electrons in singly occupied orbitals have the same spins. If all electrons are orbiting
in the same direction, they meet less often than if some of them orbit in opposite directions. In the latter case, the
repulsive force increases, which separates electrons. Therefore, spins that are aligned have lower energy.

Technically speaking, the first electron in a sublevel could be either “spin-up” or “spin-down.” Once the spin of the
first electron in a sublevel is chosen, the spins of all of the other electrons in that sublevel depend on that first
choice. To avoid confusion, scientists always draw the first electron, and any other unpaired electron, in an orbital as
“spin-up.”

Applying Hund’s Rule

For example, take the electron configuration for carbon: 2 electrons will pair up in the 1s orbital, 2 electrons pair up
in the 2s orbital, and the remaining 2 electrons will be placed into the 2p orbitals. The correct orbital diagram,
obeying Hund’s Rule, will note the two 2p electrons to be unpaired in two of the three available orbitals, both with
“spin-up.” Since electrons always occupy an empty orbital before they fill up, it would be incorrect to draw the two 2p
electrons in the same orbital, leaving open orbitals unfilled.

1s 2s 2p
correct

no electron-electron repulsion
equals lower energy

1s 2s 2p
incorrect

electron-electron repulsion
equals higher energy

or

Example of Hund’s rule: Orbital diagram for carbon, showing the correct application of Hund’s Rule.

As another example, oxygen has 8 electrons. The electron configuration can be written as 1s22s22p4. The orbital
diagram is drawn as follows: the first 2 electrons will pair up in the 1s orbital; the next 2 electrons will pair up in the
2s orbital. That leaves 4 electrons, which must be placed in the 2p orbitals. According to Hund’s Rule, all orbitals will
be singly occupied before any is doubly occupied. Therefore, two p orbitals will each get 1 electron and one will get
2 electrons. Hund’s Rule also tells us that all of the unpaired electrons must have the same spin. Keeping with
convention, all of the unpaired electrons are drawn as “spin-up.”

1s 2s 2p
correct

no electron-electron repulsion
equals lower energy

1s 2s 2p
incorrect

electron-electron repulsion
equals higher energy

or

Application of Hund’s rule: Orbital diagram for oxygen, which has four 2p electrons, showing the correct application of Hund’s
Rule.
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Purpose of Electron Con�gurations

When atoms come into contact with one another, it is the outermost electrons of these atoms, or valence shell, that
will interact first. An atom is least stable (and therefore most reactive) when its valence shell is not full. The valence
electrons are largely responsible for an element’s chemical behavior. Elements that have the same number of
valence electrons often have similar chemical properties.

Electron configurations can also predict stability. An atom is at its most stable (and therefore unreactive) when all its
orbitals are full. The most stable configurations are the ones that have full energy levels. These configurations occur
in the noble gases. The noble gases are very stable elements that do not react easily with any other elements.

Electron configurations can help to make predictions about the ways in which certain elements will react and the
chemical compounds or molecules that different elements will form. These principles help to understand the
behavior of all chemicals, from the most basic elements like hydrogen and helium, to the most complex proteins
(huge biological chemicals made of thousands of different atoms bound together) found in the human body.

The Shielding E�ect and E�ective Nuclear Charge

The shielding effect, approximated by the effective nuclear charge, is due to inner electrons shielding valence
electrons from the nucleus.

Learning Objectives

Calculate effective nuclear charges experienced by valence electrons.

Key Takeaways

Key Points

The shielding effect describes the balance between the pull of the protons on valence electrons and the
repulsion forces from inner electrons.
The shielding effect explains why valence-shell electrons are more easily removed from the atom. The
effect also explains atomic size. The more shielding, the further the valence shell can spread out and the
bigger atoms will be.
The effective nuclear charge is the net positive charge experienced by valence electrons. It can be
approximated by the equation: Zeff = Z – S, where Z is the atomic number and S is the number of
shielding electrons.

Key Terms

cation: A positively charged ion, as opposed to an anion.
valence shell: The outermost shell of electrons in an atom; these electrons take part in bonding with
other atoms.
valence shell electron pair repulsion theory: A set of rules used to predict the shape of individual
molecules.
core electrons: Those that are not part of the valence shell and as such, are not involved in bonding.
nucleus: The positively charged central part of an atom, made up of protons and neutrons.
effective nuclear charge: That experienced by an electron in a multi-electron atom, typically less for
electrons that are shielded by core electrons.
anion: A negatively charged ion, as opposed to a cation.

The Shielding E�ect
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Electrons in an atom can shield each other from the pull of the nucleus. This effect, called the shielding effect,
describes the decrease in attraction between an electron and the nucleus in any atom with more than one electron
shell. The more electron shells there are, the greater the shielding effect experienced by the outermost electrons.

In hydrogen-like atoms, which have just one electron, the net force on the electron is as large as the electric
attraction from the nucleus. However, when more electrons are involved, each electron (in the n-shell) feels not only
the electromagnetic attraction from the positive nucleus but also repulsion forces from other electrons in shells from
1 to n-1. This causes the net electrostatic force on electrons in outer shells to be significantly smaller in magnitude.
Therefore, these electrons are not as strongly bound as electrons closer to the nucleus.

The shielding effect explains why valence shell electrons are more easily removed from the atom. The nucleus can
pull the valence shell in tighter when the attraction is strong and less tight when the attraction is weakened. The
more shielding that occurs, the further the valence shell can spread out. As a result, atoms will be larger.

Example

Why is cesium bigger than elemental sodium?

The element sodium has the electron configuration 1s22s22p63s1. The outer energy level is n = 3 and there is
one valence electron. The attraction between this lone valence electron and the nucleus with 11 protons is
shielded by the other 10 core electrons.

The electron configuration for cesium is 1s22s22p63s23p64s23d104p65s24d105p66s1. While there are more
protons in a cesium atom, there are also many more electrons shielding the outer electron from the nucleus. The
outermost electron, 6s1, therefore, is held very loosely. Because of shielding, the nucleus has less control over
this 6s1 electron than it does over a 3s1 electron.

E�ective Nuclear Charge

The magnitude of the shielding effect is difficult to calculate precisely. As an approximation, we can estimate the
effective nuclear charge on each electron.

Effective nuclear charge diagram: Diagram of the concept of effective nuclear charge based on electron shielding.

The effective nuclear charge (often symbolized as Zeff or Z*) is the net positive charge experienced by an electron in
a multi-electron atom. The term “effective” is used because the shielding effect of negatively charged electrons
prevents higher orbital electrons from experiencing the full nuclear charge.

The effective nuclear charge on an electron is given by the following equation:

Zeff = Z – S
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where Z is the number of protons in the nucleus (atomic number), and S is the number of electrons between the
nucleus and the electron in question (the number of nonvalence electrons).

Example

Consider a neutral neon atom (Ne), a sodium cation (Na+), and a fluorine anion (F–). What is the effective
nuclear charge for each?
Start by figuring out the number of nonvalence electrons, which can be determined from the electron
configuration.

Ne has 10 electrons. The electron configuration is 1s22s2 2p6. The valence shell is shell 2 and contains 8
valence electrons. Thus the number of nonvalence electrons is 2 (10 total electrons – 8 valence). The atomic
number for neon is 10, therefore:
Zeff(Ne) = 10 – 2 = 8+

Flourine has 9 electrons but F– has gained an electron and thus has 10. The electron configuration is the same
as for neon and the number of nonvalence electrons is 2. The atomic number for F– is 9, therefore:

Zeff(F–) = 9 – 2 = 7+

Sodium has 11 electrons but the Na+ ion has lost an electron and thus has 10. Once again, the electron
configuration is the same as in the previous examples and the number of nonvalence electrons is 2 (by losing
one electron, the valence shell becomes the n=2 shell). The atomic number for Na+ is 11, therefore:

Zeff(Na+) = 11 – 2 = 9+

In each of the above examples (Ne, F–, Na+) an atom has 10 electrons but the effective nuclear charge varies
because each has a different atomic number. The sodium cation has the largest effective nuclear charge, which
results in electrons being held the tightest, and therefore Na+ has the smallest atomic radius.

Diamagnetism and Paramagnetism
Diamagnetic atoms have only paired electrons, whereas paramagnetic atoms, which can be made magnetic, have
at least one unpaired electron.

Learning Objectives

Distinguish diamagnetic from paramagnetic atoms.

Key Takeaways

Key Points

Any time two electrons share the same orbital, their spin quantum numbers have to be different.
Whenever two electrons are paired together in an orbital, or their total spin is 0, they are diamagnetic
electrons. Atoms with all diamagnetic electrons are called diamagnetic atoms.
A paramagnetic electron is an unpaired electron. An atom is considered paramagnetic if even one orbital
has a net spin. An atom could have ten diamagnetic electrons, but as long as it also has one
paramagnetic electron, it is still considered a paramagnetic atom.
Diamagnetic atoms repel magnetic fields. The unpaired electrons of paramagnetic atoms realign in
response to external magnetic fields and are therefore attracted. Paramagnets do not retain
magnetization in the absence of a magnetic field, because thermal energy randomizes electron spin
orientations.
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Diamagnetic levitation: A small (~6mm) piece of pyrolytic graphite
(a material similar to graphite) levitating over a permanent gold
magnet array (5mm cubes on a piece of steel). Note that the poles of
the magnets are aligned vertically and alternate (two with north facing
up, and two with south facing up, diagonally).

Key Terms

quantum number: One of certain integers or half-integers that specify the state of a quantum mechanical
system (such as an electron in an atom).
lanthanide: Any of the 14 rare earth elements from cerium (or from lanthanum) to lutetium in the periodic
table. Because their outermost orbitals are empty, they have very similar chemistry. Below them are the
actinides.
diamagnetic: Materials that create an induced magnetic field in a direction opposite to an externally
applied magnetic field and are therefore repelled by the applied magnetic field.
paramagnetic: Materials that are attracted by an externally applied magnetic field and form internal,
induced magnetic fields in the direction of the applied magnetic field.
MRI: Magnetic Resonance Imaging, a medical imaging technique used in radiology to investigate the
anatomy and physiology of the body in both health and disease.

Diamagnetism

Any time two electrons share the same orbital, their
spin quantum numbers have to be different. In other
words, one of the electrons has to be “spin-up,” with 

, while the other electron is “spin-down,”
with . This is important when it comes to
determining the total spin in an electron orbital. In
order to decide whether electron spins cancel, add
their spin quantum numbers together. Whenever two
electrons are paired together in an orbital, or their
total spin is 0, they are called diamagnetic electrons.

Think of spins as clockwise and counterclockwise. If
one spin is clockwise and the other is
counterclockwise, then the two spin directions
balance each other out and there is no leftover
rotation. Note what all of this means in terms of
electrons sharing an orbital: Since electrons in the
same orbital always have opposite values for their
spin quantum numbers (ms), they will always end up
canceling each other out. In other words, there is no
leftover spin in an orbital that contains two electrons.

Electron spin is very important in determining the
magnetic properties of an atom. If all of the electrons
in an atom are paired up and share their orbital with
another electron, then the total spin in each orbital is
zero and the atom is diamagnetic. Diamagnetic
atoms are not attracted to a magnetic field, but
rather are slightly repelled.

Paramagnetism

Electrons that are alone in an orbital are called
paramagnetic electrons. Remember that if an
electron is alone in an orbital, the orbital has a net
spin, because the spin of the lone electron does not get canceled out. If even one orbital has a net spin, the entire
atom will have a net spin. Therefore, an atom is considered to be paramagnetic when it contains at least one
paramagnetic electron. In other words, an atom could have 10 paired (diamagnetic) electrons, but as long as it also
has one unpaired (paramagnetic) electron, it is still considered a paramagnetic atom.

Just as diamagnetic atoms are slightly repelled from a magnetic field, paramagnetic atoms are slightly attracted to a
magnetic field. Paramagnetic properties are due to the realignment of the electron paths caused by the external

= +ms
1
2

= −ms
1
2
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magnetic field. Paramagnets do not retain any magnetization in the absence of an externally applied magnetic field,
because thermal motion randomizes the spin orientations. Stronger magnetic effects are typically only observed
when d- or f-electrons are involved. The size of the magnetic moment on a lanthanide atom can be quite large, as it
can carry up to seven unpaired electrons, in the case of gadolinium(III) (hence its use in MRI).
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PERIODIC TRENDS

Variation of Physical Properties Across a Period
The physical properties of elements vary across a period, mostly as a function of bonding.

Learning Objectives

Describe the general variations in physical properties across a row of the periodic table.

Key Takeaways

Key Points

As you move from left to right across a period, the physical properties of the elements change.
One loose trend is the tendency for elemental states to go from solid to liquid to gas across a period. In
the extreme cases, Groups 1 and 18, we see that Group-1 elements are all solids and Group-18
elements are all gases.
Many of the changes in physical properties as you cross a period are due to the nature of the bonding
interactions that the elements undergo. The elements on the left side of a period tend to form more ionic
bonds, while those on the right side form more covalent bonds.

Key Terms

boiling point: The temperature at which a liquid boils, with the vapor pressure equal to the given external
pressure.
melting point: The temperature at which the solid and liquid phases of a substance are in equilibrium; it
is relatively insensitive to changes in pressure.

The periodic table of elements has a total of 118 entries. Elements are arranged in a series of rows (periods) in
order of atomic number so that those with similar properties appear in vertical columns. Elements in the same
period have the same number of electron shells; moving across a period (so progressing from group to group),
elements gain electrons and protons and become less metallic. This arrangement reflects the periodic recurrence of
similar properties as the atomic number increases. For example, the alkali metals lie in one group (Group 1) and
share similar properties, such as high reactivity and the tendency to lose one electron to arrive at a noble-gas
electron configuration.

Modern quantum mechanics explains these periodic trends in properties in terms of electron shells. The filling of
each shell corresponds to a row in the table.

In the s-block and p-block of the periodic table, elements within the same period generally do not exhibit trends and
similarities in properties (vertical trends down groups are more significant). However, in the d-block, trends across
periods become significant, and the f-block elements show a high degree of similarity across periods (particularly
the lanthanides).

If we examine the physical state of each element, we notice that on the left side of the table, elements such as
lithium and beryllium are metallic solids, whereas on the right, nitrogen, oxygen, fluorine, and neon are all gases.
This is because lithium and beryllium form metallic solids, whereas the elements to the right form covalent
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compounds with little intermolecular force holding them together. Therefore we can say that, in general, elements
tend to go from solids to liquids to gases as we move across a given period. However, this is not a strict trend.

Bonding

As you move across a period in the periodic table, the types of commonly encountered bonding interactions change.
For example, at the beginning of Period 2, elements such as lithium and beryllium form only ionic bonds, in general.
Moving across the period, elements such as boron, carbon, nitrogen and oxygen tend to form covalent bonds.
Fluorine can form ionic bonds with some elements, such as carbon and boron, and neon does not tend to form any
bonds at all.

Melting Points of the Halides

Another physical property that varies across a period is the melting point of the corresponding halide. A halide is a
binary compound, of which one part is a halogen atom and the other part is an element or radical that is less
electronegative (or more electropositive) than the halogen, to make a fluoride, chloride, bromide, iodide, or astatide
compound. Many salts are halides; the hal- syllable in halide and halite reflects this correlation. All Group 1 metals
form halides that are white solids at room temperature.

The melting point is correlated to the strength of intermolecular bonds within the element. First, we must analyze
compounds formed from elements from Groups 1 and 2 (e.g., sodium and magnesium). To develop an
understanding of bonding in these compounds, we focus on the halides of these elements. The physical properties
of the chlorides of elements in Groups 1 and 2 are very different compared to the chlorides of the elements in
Groups 4, 5, and 6.

All of the alkali halides and alkaline earth halides are solids at room temperature and have melting points in the
hundreds of degrees centigrade. For example, the melting point of sodium chloride (NaCl) is 808 °C. In contrast, the
melting points of the non-metal halides from Periods 2 and 3, such as CCl4, PCl3, and SCl2, are below 0 °C, so
these materials are liquids at room temperature. Furthermore, all of these compounds have low boiling points,
typically in the range of 50 °C to 80 °C.

Melting and boiling points of various halides

Halide Melting Point (ºC) Boiling Point (ºC)

LiCl 610º 1382º

BeCl2 405º 488º

CCl4 -23º 77º

NCl3 −40º 71º

OCl2 −20º 4º

FCl −154º −101º

NaCl 808º 1465º

MgCl2 714º 1418º

SiCl4 -68º 57º

PCl3 −91º 74º

SCl2 −122º 59º
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Melting and boiling points of various halides

Halide Melting Point (ºC) Boiling Point (ºC)

Cl2 −102º −35º

KCl 772º 1407º

CaCl 772º > 1600º

The non-metal halide liquids are also electrical insulators and do not conduct electrical current. In contrast, when an
alkali halide or alkaline earth halide melts, the resulting liquid is an excellent electrical conductor. This tells us that
these molten compounds consist of ions, whereas the non-metal halides do not. This again demonstrates the type
of bonding that these compounds exhibit: the left-most elements form more ionic bonds, and the further-right
elements tend to form more covalent bonds.

Variation of Physical Properties Within a Group
The physical properties (notably, melting and boiling points) of the elements in a given group vary as you move
down the table.

Learning Objectives

Describe the general trends of physical properties within a group on the periodic table.

Key Takeaways

Key Points

The physical properties of elements depend in part on their valence electron configurations. As this
configuration remains the same within a group, physical properties tend to remain somewhat consistent.
The most notable within-group changes in physical properties occur in Groups 13, 14, and 15, where the
elements at the top are non-metallic, while the elements at the bottom are metals.
The trends in boiling and melting points vary from group to group, based on the type of non-bonding
interactions holding the atoms together.

Key Terms

physical property: Any property that is measurable whose value describes a physical system’s state.
malleable: Able to be hammered into thin sheets; capable of being extended or shaped by beating with a
hammer or by the pressure of rollers.
ductile: Capable of being pulled or stretched into thin wire by mechanical force without breaking.

In chemistry, a group is a vertical column in the periodic table of the chemical elements. There are 18 groups in the
standard periodic table, including the d-block elements but excluding the f-block elements. Each element within a
group has similar physical or chemical properties because of its atom’s outermost electron shell (most chemical
properties are dominated by the orbital location of the outermost electron).

Common Physical Properties

A physical property of a pure substance can be defined as anything that can be observed without the identity of the
substance changing. The observations usually consist of some type of numerical measurement, although

341



sometimes there is a more qualitative (non-numerical) description of the property. Physical properties include such
things as:

Color
Brittleness
Malleability
Ductility
Electrical conductivity
Density
Magnetism
Hardness
Atomic number
Specific heat
Heat of vaporization
Heat of fusion
Crystalline configuration
Melting temperature
Boiling temperature
Heat conductivity
Vapor pressure
Tendency to dissolve in various liquids

These are only a few of the measurable physical properties.

Within a group of the periodic table, each element has the same valence electron configuration. For example,
lithium, sodium, potassium, rubidium, cesium, and francium all have a single electron in an s orbital, whereas every
element in the group including fluorine has the valence electron configuration ns2np5, where n is the period. This
means the elements of a group often exhibit similar chemical reactivity, and there may be similarities in physical
properties as well.

Boiling and Melting Points

Before a discussion of the melting points of various elements, it should be noted that some elements exist in
different forms. For example, pure carbon can exist as diamond, which has a very high melting point, or as graphite,
whose melting point is still high but much lower than that of diamond.

Different groups exhibit different trends in boiling and melting points. For Groups 1 and 2, the boiling and melting
points decrease as you move down the group. For the transition metals, boiling and melting points mostly increase
as you move down the group, but they decrease for the zinc family. In the main group elements, the boron and
carbon families (Groups 13 and 14) decrease in their boiling and melting points as you move down the group,
whereas the nitrogen, oxygen, and fluorine families (Groups 15, 16, and 17) tend to increase in both. The noble
gases (Group 18) decrease in their boiling and melting points down the group.

These phenomena can be understood in relation to the types of forces holding the elements together. For metallic
species, the metallic bonding interaction (electron-sharing) becomes more difficult as the elements get larger
(toward the bottom of the table), causing the forces holding them together to become weaker. As you move right
along the table, however, polarizability and van der Waals interactions predominate, and as larger atoms are more
polarizable, they tend to exhibit stronger intermolecular forces and therefore higher melting and boiling points.

Metallic Character

Metallic elements are shiny, usually gray or silver in color, and conductive of heat and electricity. They are malleable
(can be hammered into thin sheets) and ductile (can be stretched into wires). Some metals, such as sodium, are
soft and can be cut with a knife. Others, such as iron, are very hard. Non-metallic atoms are dull and are poor
conductors. They are brittle when solid, and many are gases at STP (standard temperature and pressure). Metals
give away their valence electrons when bonding, whereas non-metals tend to take electrons.
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A metal and a non-Metal: On the left is sodium, a very metallic element (ductile, malleable, conducts electricity). On the right is
sulfur, a very non-metallic element.

Metallic character increases from right to left and from top to bottom on the table. Non-metallic character follows the
opposite pattern. This is because of the other trends: ionization energy, electron affinity, and electronegativity. You
will notice a jagged line running through the periodic table starting between boron and aluminum – this is the
separation between metallic and non-metallic elements, with some elements close to the line exhibiting
characteristics of each. The metals are toward the left and center of the periodic table, in the s, d, and f blocks. Poor
metals and metalloids (somewhat metal, somewhat non-metal) are in the lower left of the p block. Non-metals are
on the right of the table.

Electron Con�gurations and Magnetic Properties of Ions

The electron configuration of a given element can be predicted based on its location in the periodic table.

Learning Objectives

Predict the type of ions an element will form based on its position in the periodic table

Key Takeaways

Key Points

The electron configuration of an element dictates the element’s properties in a chemical reaction. Electron
configurations vary regularly along the periodic table.
The Aufbau principle determines the electron configuration of an element. The principle states that the
lowest- energy orbitals are filled first, followed successively by higher-energy orbitals.
Magnetism can result from unpaired electrons in a given ion of an element, depending on the spin states
of the electrons.

Key Terms

electron configuration: The arrangement of electrons in an atom, molecule, or other physical structure,
such as a crystal.

Blocks of the Periodic Table
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The periodic table does more than just list the elements. The word “periodic” means that within each row, or period,
the elements show a pattern of characteristics. This is because the elements are listed in part by their electron
configuration.

Blocking in the periodic table: The periodic table can be broken into blocks, corresponding to the highest energy electrons.

The alkali metals and alkaline earth metals have one and two valence electrons (electrons in the outer shell),
respectively; because of this, they lose electrons to form bonds easily and so are very reactive. These elements
comprise the s block of the periodic table. The p block, on the right, contains common non-metals, such as chlorine
and helium. The noble gases, in the column on the right, almost never react, since they have eight valence
electrons forming a stable outer shell. The halogens, directly to the left of the noble gases, readily gain electrons
and react with metals. The s and p blocks make up the main- group elements, also known as representative
elements. The d block, which is the largest, consists of transition metals, such as copper, iron, and gold. The f block,
on the bottom, contains rarer metals, including uranium. Elements in the same group or family have the same
configuration of valence electrons, so they behave in chemically similar ways.
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Periodic table of the elements: This image is color-coded to show the s, p, d, and f blocks of the periodic table.

Electron Con�guration

In atomic physics and quantum chemistry, the electron configuration is the distribution of electrons of an atom or
molecule in atomic or molecular orbitals. For example, the electron configuration of the neon atom (Ne) is 1s2 2s2

2p6. According to the laws of quantum mechanics, a certain energy is associated with each electron configuration.
Under certain conditions, electrons can move from one orbital to another by emission or absorption of a quantum of
energy, in the form of a photon.

Knowledge of the electron configurations of different atoms is useful in understanding the structure of the periodic
table. The concept is also useful for describing the chemical bonds that hold atoms together. In bulk materials, this
same idea helps explain the peculiar properties of lasers and semiconductors.

The idea of an electron configuration was first conceptualized under the Bohr model of the atom, and it is still
common to speak of “shells” and “subshells” despite the advances in understanding of the quantum-mechanical
nature of electrons.

Aufbau Principle

The Aufbau principle (from the German Aufbau, meaning “building up, construction;” also called the Aufbau rule or
building-up principle) is used to determine the electron configuration of an atom, molecule, or ion. The principle
postulates a hypothetical process in which an atom is “built up” by the progressive addition of electrons. As
electrons are added, they assume their most stable positions (electron orbitals) with respect to the nucleus and the
electrons that are already there.

According to the principle, electrons fill orbitals starting at the lowest available energy state before filling higher
states (e.g., 1s before 2s). The number of electrons that can occupy each orbital is limited by the Pauli exclusion
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principle. If multiple orbitals of the same energy are available, Hund’s rule states that unoccupied orbitals will be
filled before occupied orbitals are reused (by electrons having different spins).

Atomic orbitals ordered by increasing energy: Order in which orbitals are arranged by increasing energy according to the
Madelung rule. Each diagonal red arrow corresponds to a different value of n + l.

Magnetism

Magnetism is a property of materials that respond to an applied magnetic field. Permanent magnets have persistent
magnetic fields caused by ferromagnetism, the strongest and most familiar type of magnetism. However, all
materials are influenced differently by the presence of a magnetic field. Some are attracted to a magnetic field
(paramagnetism); others are repulsed by it (diamagnetism); still others have a much more complex relationship with
an applied magnetic field (e.g., spin-glass behavior and antiferromagnetism). Substances that are negligibly affected
by magnetic fields are considered non-magnetic, these are: copper, aluminum, gases, and plastic. Pure oxygen
exhibits magnetic properties when cooled to a liquid state.

The magnetic properties of a given element depend on the electron configuration of that element, which will change
when the element loses or gains an electron to form an ion. If the ionization of an element yields an ion with
unpaired electrons, these electrons may align the sign of their spins in the presence of a magnetic field, making the
material paramagnetic. If the spins tend to align spontaneously in the absence of a magnetic field, the resulting
species is termed ferromagnetic.
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Hierarchy for various types of magnetism: There are various types of magnetism identified to date that can be organized in a
hierarchy.

Applications of Magnetism

A lodestone, or loadstone, is a naturally magnetized piece of the mineral magnetite (Fe3O4). Ancient people first
discovered the property of magnetism in lodestone. Pieces of lodestone, suspended so they could turn, were the
first magnetic compasses, and their importance to early navigation is indicated by their very name, which in Middle
English means “course stone” or “leading stone.” Lodestone is one of only two minerals that is found naturally
magnetized; the other, pyrrhotite, is only weakly magnetic.

Atomic Radius

Atomic radii decrease from left to right across a period and increase from top to bottom along a group.

Learning Objectives

Predict the relative atomic sizes of the elements based on the general trends in atomic radii for the periodic
table.

Key Takeaways

Key Points

The atomic radius of a chemical element is a measure of the size of its atoms, usually the mean or typical
distance from the nucleus to the boundary of the surrounding cloud of electrons.

Since the boundary is not a well-defined physical entity, there are various non-equivalent definitions of
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Since the boundary is not a well-defined physical entity, there are various non-equivalent definitions of
atomic radius.
The periodic trends of the atomic radii (and of various other chemical and physical properties of the
elements) can be explained by the electron shell theory of the atom.

Key Terms

quantum theory: A theory developed in early 20th century, according to which nuclear and radiation
phenomena can be explained by assuming that energy only occurs in discrete amounts called quanta.
electron shell: The collective states of all electrons in an atom having the same principal quantum
number (visualized as an orbit in which the electrons move).
noble gas: Any of the elements of Group 18 of the periodic table, being monatomic and (with very limited
exceptions) inert.

In chemistry, periodic trends are the tendencies of certain elemental characteristics to increase or decrease as one
progresses along a row or column of the periodic table of elements. The atomic radius is one such characteristic
that trends across a period and down a group of the periodic table.

Periodic trends: A graphic showing overall periodic trends in the periodic table.

Meaning of the Atomic Radius

The atomic radius of a chemical element is a measure of the size of its atoms, usually the mean or typical distance
from the nucleus to the boundary of the surrounding cloud of electrons. Since the boundary is not a well-defined
physical entity, there are various non-equivalent definitions of atomic radius.

Depending on context, the term atomic radius may apply only to isolated atoms, or also to atoms in condensed
matter, covalently bound in molecules, or in ionized and excited states. The value of an atomic radius may be
obtained through experimental measurements or computed with theoretical models. Under some definitions, the
value of a radius may depend on the atom’s state and context. For our purposes, we are generally looking at atoms
in their elemental state.
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Sizes of atoms and their ions in picometers (pm): Red numbers are ionic radii of cations, black numbers are for neutral species,
and blue numbers are for anions.

Atomic radii vary in a predictable and explicable manner across the periodic table. Radii generally decrease from left
to right along each period (row) of the table, from the alkali metals to the noble gases; radii increase down each
group (column). The radius increases sharply between the noble gas at the end of each period and the alkali metal
at the beginning of the next period. These trends of the atomic radii (and of various other chemical and physical
properties of the elements) can be explained by the electron shell theory of the atom. Radii measurements provided
important evidence for the development and confirmation of quantum theory.

Explanation of the General Trends

The way atomic radius varies with increasing atomic number can be explained by the arrangement of electrons in
shells of fixed capacity. Shells closer to the nucleus—those with a smaller radius—are generally filled first, since the
negatively charged electrons are attracted by the positively charged protons in the nucleus. As the atomic number
increases along a row of the periodic table, additional electrons are added to the same, outermost shell. The radius
of this shell gradually contracts as the attraction between the additional electrons and the nucleus increases. In a
noble gas, the outermost shell is completely filled. Therefore, the additional electron of next alkali metal (one row
down on the periodic table) will go into a new outer shell, accounting for the sudden increase in the atomic radius.
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Atomic number to radius graph: A chart showing the atomic radius relative to the atomic number of the elements.

The increasing nuclear charge is partly counterbalanced by the increasing number of electrons, a phenomenon that
is known as shielding; this explains why the size of atoms usually increases down each column. Underlying causes
of the periodic trends in atomic radius also have an impact on other chemical and physical properties of the
elements.

Ionic Radius

Similarly charged ions tend to decrease in size across a period (row) and increase in size down a group (column).

Learning Objectives

Identify the general trends of the ionic radius size for the periodic table.

Key Takeaways

Key Points

The ionic radius is the distance between the nucleus and the electron in the outermost shell of an ion.
When an atom loses an electron to form a cation, the lost electron no longer contributes to shielding the
other electrons from the charge of the nucleus; consequently, the other electrons are more strongly
attracted to the nucleus, and the radius of the atom gets smaller.
When an electron is added to an atom, forming an anion, the added electron repels other electrons,
resulting in an increase in the size of the atom.
The trend observed in size of ionic radii is due to shielding of the outermost electrons by the inner-shell
electrons so that the outer shell electrons do not “feel” the entire positive charge of the nucleus.
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Key Terms

cation: A positively charged ion, as opposed to an anion.
ion: An atom or group of atoms bearing an electrical charge, such as the sodium and chlorine atoms in a
salt solution.
anion: A negatively charged ion, as opposed to a cation.

In chemistry, periodic trends are the tendencies of certain elemental characteristics to increase or decrease along a
period (row) or group (column) of the periodic table of elements. Ionic radius (rion) is the radius of an ion, regardless
of whether it is an anion or a cation. Although neither atoms nor ions have sharp boundaries, it is useful to treat
them as if they are hard spheres with radii. In this way, the sum of ionic radii of a cation and an anion can give us
the distance between the ions in a crystal lattice. Ionic radii are typically given in units of either picometers (pm) or
Angstroms (Å), with 1 Å = 100 pm. Typical values range from 30 pm (0.3 Å) to over 200 pm (2 Å).

Trends in Ionic Radii

Ions may be larger or smaller than the neutral atom, depending on the ion’s charge. When an atom loses an
electron to form a cation, the lost electron no longer contributes to shielding the other electrons from the charge of
the nucleus; consequently, the other electrons are more strongly attracted to the nucleus, and the radius of the atom
gets smaller. Similarly, when an electron is added to an atom, forming an anion, the added electron repels other
electrons, resulting in an increase in the size of the atom.

The ionic radius is not a fixed property of a given ion; rather, it varies with coordination number, spin state, and other
parameters. For our purposes, we are considering the ions to be as close to their ground state as possible.
Nevertheless, ionic radius values are sufficiently transferable to allow periodic trends to be recognized.
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Sizes of atoms and their ions: Relative sizes of atoms and ions. The neutral atoms are colored gray, cations red, and anions blue.

As with other types of atomic radii, ionic radii increase upon descending a group and decrease going across a
period. Note that this only applies if the elements are the same type of ion, either cations or anions. For example,
while neutral lithium is larger than neutral fluorine, the lithium cation is much smaller than the fluorine anion, due to
the lithium cation having a different highest energy shell.

Ionization Energy

The ionization energy tends to increase as one moves from left to right across a given period or up a group in the
periodic table.

Learning Objectives

Recognize the general periodic trends in ionization energy.

Key Takeaways

Key Points

The ionization energy is the energy required to remove an electron from its orbital around an atom to a

352



The ionization energy is the energy required to remove an electron from its orbital around an atom to a
point where it is no longer associated with that atom.
The ionization energy of an element increases as one moves across a period in the periodic table
because the electrons are held tighter by the higher effective nuclear charge.
The ionization energy of the elements increases as one moves up a given group because the electrons
are held in lower-energy orbitals, closer to the nucleus and therefore are more tightly bound (harder to
remove).

Key Terms

ionization energy: The energy needed to remove an electron from an atom or molecule to infinity.

Periodic Trends in the Ionization Energy

The ionization energy of a chemical species (i.e., an atom or molecule ) is the energy required to remove electrons
from gaseous atoms or ions. This property is also referred to as the ionization potentia and is measured in volts. In
chemistry, it often refers to one mole of a substance (molar ionization energy or enthalpy) and is reported in kJ/mol.
In atomic physics, the ionization energy is typically measured in the unit electron volt (eV). Large atoms or
molecules have low ionization energy, while small molecules tend to have higher ionization energies.

The ionization energy is different for electrons of different atomic or molecular orbitals. More generally, the nth
ionization energy is the energy required to strip off the nth electron after the first n-1 electrons have been removed.
It is considered a measure of the tendency of an atom or ion to surrender an electron or the strength of the electron
binding. The greater the ionization energy, the more difficult it is to remove an electron. The ionization energy may
be an indicator of the reactivity of an element. Elements with a low ionization energy tend to be reducing agents and
form cations, which in turn combine with anions to form salts.

Ionization energy: This graph shows the first ionization energy of the elements in electron volts.

Moving left to right within a period or upward within a group, the first ionization energy generally increases. As the
atomic radius decreases, it becomes harder to remove an electron that is closer to a more positively charged

353



nucleus. Conversely, as one progresses down a group on the periodic table, the ionization energy will likely
decrease since the valence electrons are farther away from the nucleus and experience greater shielding. They
experience a weaker attraction to the positive charge of the nucleus. Ionization energy increases from left to right in
a period and decreases from top to bottom in a group.

Rationale for the Periodic Trends in Ionization Energy

The ionization energy of an element increases as one moves across a period in the periodic table because the
electrons are held tighter by the higher effective nuclear charge. This is because additional electrons in the same
shell do not substantially contribute to shielding each other from the nucleus, however an increase in atomic number
corresponds to an increase in the number of protons in the nucleus.

The ionization energy of the elements increases as one moves up a given group because the electrons are held in
lower-energy orbitals, closer to the nucleus and thus more tightly bound (harder to remove).

Based on these two principles, the easiest element to ionize is francium and the hardest to ionize is helium.

http://www.youtube.com/watch?v=w1-pUnx7d-4&stop=703

Periodic trends in ionization energy – YouTube: This video explains the periodic trends in ionization
energy….periodicity. The periodic table is arranged in a manner to show trends in the characteristics of the
elements.

Electron A�nity

The electron affinity of the elements generally increases across a period and sometimes decreases down a group in
the periodic table.

Learning Objectives

Recognize the general periodic trends for electron affinity.

Key Takeaways

Key Points

The electron affinity of an atom or molecule is the propensity for that particle to gain an electron. This is
an exothermic process for all non-noble gas elements.
There are general trends in electron affinity across and down the periodic table of elements. Electron
affinity generally increases across a period in the periodic table and sometimes decreases down a group.
These trends are not necessarily universal.
The chemical rationale for changes in electron affinity across the periodic table is the increased effective
nuclear charge across a period and up a group.

Key Terms

electron affinity: The electron affinity of an atom or molecule is defined as the amount of energy
released when an electron is added to a neutral atom or molecule to form a negative ion.
electronegativity: The tendency of an atom or molecule to attract electrons to itself.

The electron affinity (Eea) of a neutral atom or molecule is defined as the amount of energy released when an
electron is added to it to form a negative ion, as demonstrated by the following equation:

X(g) + → (g)e− X−
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Electron affinity is measured for atoms and molecules in the gaseous state only, since in the solid or liquid states
their energy levels would be changed by contact with other atoms or molecules. Robert S. Mulliken used a list of
electron affinities to develop an electronegativity scale for atoms by finding the average of the electron affinity and
ionization potential. A molecule or atom that has a more positive electron affinity value is often called an electron
acceptor; one with a less positive electron affinity is called an electron donor. Together they may undergo charge-
transfer reactions.

To use electron affinities properly, it is essential to keep track of the sign. For any reaction that releases energy, the
change in energy (ΔE) has a negative value, and the reaction is called an exothermic process. Electron capture for
almost all non-noble gas atoms involves the release of energy and therefore is an exothermic process.

http://www.youtube.com/watch?v=T2Zh36BwPIs&stop=1082

Periodic Properties: Part 4, Ionic Charges, Ionization Energy, Electron Affinity – YouTube: We conclude our
discussion of periodic properties by wrapping up the prediction of ionic charges of the transition metals, ionization
energies, and electron affinity.

Confusion may arise in mistaking Eea for ΔE. The numbers listed in tables of Eea are all positive because they are
magnitudes; the values of Eea in a table of electron affinities all indicate the amount of energy released when an
electron is added to an element. Because the release of energy is always an exothermic event, these all correspond
to negative values of ΔE (indicating an exothermic process).

Periodic Trends in Electron A�nity

Although Eea varies greatly across the periodic table, some patterns emerge. Generally, nonmetals have more
positive Eea than metals. Atoms, such as Group 7 elements, whose anions are more stable than neutral atoms have
a higher Eea. The electron affinities of the noble gases have not been conclusively measured, so they may or may
not have slightly negative values. Chlorine has the highest Eea while mercury has the lowest.

Eea generally increases across a period (row) in the periodic table, due to the filling of the valence shell of the atom.
For instance, within the same period, a Group-17 atom releases more energy than a Group-1 atom upon gaining an
electron because the added electron creates a filled valence shell and therefore is more stable.

A trend of decreasing Eea down the groups in the periodic table would be expected, since the additional electron is
entering an orbital farther away from the nucleus. Since this electron is farther away, it should be less attracted to
the nucleus and release less energy when added. However, this trend applies only to Group-1 atoms. Electron
affinity follows the trend of electronegativity: fluorine (F) has a higher electron affinity than oxygen (O), and so on.

The trends noted here are very similar to those in ionization energy and change for similar (though opposing)
reasons.
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Electron affinities in the periodic table: This table shows the electron affinities in kJ/mol for the elements in the periodic table.
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VARIATION IN CHEMICAL PROPERTIES

General Trends in Chemical Properties
In the periodic table, the elements are placed from left to right in each period in the sequence of their atomic
numbers.

Learning Objectives

Identify the general trends in chemical properties of elements based on their position in the periodic table.

Key Takeaways

Key Points

Elements tend to adopt the stable electron configurations of the noble gases.
The s block includes the first two groups ( alkali metals and alkaline earth metals) as well as hydrogen
and helium.
The p block includes the last six groups, Groups 13 to 18, and contains, among others, all of the
metalloids and nonmetals.
The d block includes Groups 3 to 12 and contains all of the transition metals.
The f block, usually offset below the rest of the periodic table, includes the lanthanides and actinides.

Key Terms

electronegativity: The tendency of an atom or molecule to attract electrons and thus form bonds.
valence: The combining capacity of an atom, radical or functional group determined by the number of
electrons that it will lose, gain, or share when it combines with other atoms, etc.

Structure of the Periodic Table

The periodic table displays all the chemical elements organized by atomic number and electron configuration.
Specifically, elements are presented by increasing atomic number. The main body of the table is an 18 by 7 grid,
and elements with the same number of valence electrons are kept together in groups (columns), such as the
halogens and the noble gases. The table has four distinct rectangular areas, or blocks. The f block is usually
included below the main table rather than within it to minimize the table’s width. The trends in the periodic table can
help predict the properties of various elements and the relations between properties. As a result, the periodic table
is a useful framework for analyzing chemical behavior and as such is widely used in chemistry and other sciences.

Groups

A group, or family, is a vertical column in the periodic table. Elements in the same group show patterns in atomic
radius, ionization energy, and electronegativity. From top to bottom in a group, the atomic radii of the elements
increase: since there are more filled energy levels, valence electrons are found farther from the nucleus. From top to
bottom, each successive element has a lower ionization energy because it is easier to remove an electron since the
atoms are less tightly bound. Similarly, from top to bottom, elements decrease in electronegativity due to an
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increasing distance between valence electrons and the nucleus. There are exceptions to these trends however – in
Group 11, for example, the electronegativity increases down the group.

Periods

Elements in the same period show trends in atomic radius, ionization energy, electron affinity, and electronegativity.
Moving left to right across a period, from the alkali metals to the noble gases, atomic radius usually decreases. This
is because each successive element has an additional proton and electron, which causes the electrons to be drawn
closer to the nucleus. The additional proton increases the effective nuclear charge to a greater extent than the
addition of an extra electron to an already partially-filled shell. The decrease in atomic radius also causes ionization
energy to increase from left to right across a period: the more tightly bound an element is, the more energy is
required to remove an electron. Electronegativity increases in the same manner as ionization energy because of the
pull exerted on the electrons by the nucleus. Electron affinity also shows a slight trend across a period: metals (the
left side of a period) generally have a lower electron affinity than nonmetals (the right side of a period), with the
exception of the noble gases which have an electron affinity of zero.

Blocks

Because of the importance of the outermost electron shell, the different regions of the periodic table are sometimes
referred to as blocks, named according to the subshell in which the “last” electron resides. The s block includes the
first two groups (alkali metals and alkaline earth metals) as well as hydrogen and helium. The p block includes the
last six groups, which are Groups 13 to 18 in IUPAC (3A to 8A in American), and contains, among others, all of the
metalloids. The d block includes Groups 3 to 12 in IUPAC (or 3B to 2B in American group numbering) and contains
all of the transition metals. The f block, usually offset below the rest of the periodic table, includes the lanthanides
and actinides.

Blocking in the periodic table: The periodic table can be broken into blocks, corresponding to the highest energy electrons.

Periodicity

The primary determinant of an element’s chemical properties is its electron configuration, particularly that of the
valence shell electrons. For instance, all atoms with four valence electrons occupying p orbitals will share some
similar characteristics. The type of orbital in which the atom’s outermost electrons reside determines the “block” to
which that element belongs. The number of valence shell electrons determines the family, or group, to which the
element belongs. The total number of electron shells an atom has determines the period to which it belongs. Each
shell is divided into different subshells. Since the outermost electrons determine chemical properties, those with the
same number of valence electrons are generally grouped together.
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The Halogens (Group 17)

The halogens are a series of highly reactive, nonmetal elements from Group 17 of the periodic table.

Learning Objectives

Describe the general properties of the halogen elements.

Key Takeaways

Key Points

All halogens are electronegative: they gain electrons very quickly, making them the most reactive of all
chemical elements.
Halogens easily dissociate into atomic particles and can combine with surrounding elements to form
compounds.
Halogens are generally poisonous; each has a different level of toxicity.
Halogens are poor conductors of heat and electricity.
Halogens can exist in all three classical states of matter: solid, liquid, and gas.

Key Terms

diatomic: Consisting of two atoms.
acid: An electron pair acceptor; generally capable of donating hydrogen ions.
toxic: Having a chemical nature that is harmful to health or lethal if consumed or otherwise entering into
the body in sufficient quantities.

Overview

The halogens are nonmetallic elements in Group 17 of the periodic table. They include fluorine, chlorine, bromine,
iodine, and astatine. Ununseptium, which is not a naturally occurring element, is also often considered a halogen.
As typical nonmetals, they have low melting and boiling points. A unique characteristic of halogens is that they are
the only element group that includes elements that belong to all three classical states of matter: solid, liquid, and
gas at room temperature .

Properties of the halogen group: Typical properties of the halogens.

The halogens, as a group, are extremely reactive. In their elemental form, they are found as diatomic molecules.
However, due to their extremely high reactivity (electronegativity), they are not found in their elemental form in any
natural environment on Earth.

Safety and Storage for Elemental Halogens
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Halogens are generally toxic, or even lethal, to biological organisms in their elemental forms. They tend to combine
readily, and explosively, with metals, particularly with alkali metals. Fluorine is one of the most reactive elements in
existence, attacking otherwise inert materials, such as glass, and forming compounds with the heavier noble gases.
It is a corrosive and highly toxic gas. The reactivity of fluorine is such that if it is used or stored in laboratory
glassware, it can react with glass in the presence of small amounts of water to form silicon tetrafluoride (SiF4).
Therefore, fluorine must be handled with substances such as Teflon (which is itself an organofluorine compound),
extremely dry glass, or metals such as copper or steel that form a protective layer of fluoride on their surface. The
high reactivity of fluorine also means that once it does react with something, it bonds with it so strongly that the
resulting molecule is very inert and non-reactive to anything else. For example, Teflon is a polymer of fluorine
bonded with carbon.

The halogens: The halogens are highly reactive, diatomic molecules.

Reactivity of Halogens

The halogens all form binary compounds with hydrogen, known as the hydrogen halides: hydrogen fluoride (HF),
hydrogen chloride (HCl), hydrogen bromide (HBr), hydrogen iodide (HI), and hydrogen astatide (HAt). All of these
are strong acids when dissolved in water, with the exception of HF. However, hydrofluoric acid is quite destructive to
animal tissue. When in aqueous solution, the hydrogen halides are known as hydrohalic acids. The names of these
acids are as follows: hydrofluoric acid, hydrochloric acid, hydrobromic acid, and hydroiodic acid. All of these acids
must be handled with great care because they are extremely dangerous. Some of these acids are also widely used
in industry. The halogens can also react with each other to form interhalogen compounds.

Reactivity of Halogens and Water

Fluorine reacts vigorously with water to produce oxygen (O2) and hydrofluoric acid (HF):

Chlorine has a maximum solubility of about 7.1 g Cl2/kg H2O at ambient temperature (21 °C). Dissolved chlorine
reacts to form hydrochloric acid (HCl) and hypochlorous acid (HClO), a solution that can be used as a disinfectant or
bleach:

Bromine has a solubility of 3.41 g/100 g H2O, but it slowly reacts to form hydrogen bromide (HBr) and hypobromous
acid (HBrO):

2 (g) + 2 O(l) → (g) + 4HF(aq)F2 H2 O2

(g) + O(l) → HCl(aq) +  HClO(aq)Cl2 H2

(g) + O(l) → HBr(aq) + HBrO(aq)Br2 H2
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Iodine, however, is minimally soluble in water (0.03 g/100 g H2O at 20 °C) and does not react with it. However,
iodine will form an aqueous solution in the presence of iodide ions, such as with the addition of potassium iodide
(KI), because the triiodide ion (I3–) is formed.

The Noble Gases (Group 18)
Noble gases are the six chemical elements of Group 18 of the periodic table, being monatomic and (with very
limited exceptions) inert.

Learning Objectives

Identify the properties of the noble gases.

Key Takeaways

Key Points

Noble gases are colorless, odorless, tasteless, and nonflammable gases under standard conditions.
In the periodic table, the noble gases are arranged according to their boiling point.
Noble gases are widely used in different fields, from incandescent lighting to excimer lasers.
Xenon is used as an anesthetic because of its high solubility in lipids, which makes it more potent than
the usual nitrous oxide, and because it is readily eliminated from the body, which allows for faster
recovery.
Xenon finds application in medical imaging of the lungs through hyperpolarized MRI.
Radon, which is highly radioactive and is only available in minute amounts, is used in radiotherapy.

Key Terms

reactivity: Relative susceptibility to chemical reaction.
inert: A substance that does not react chemically.
monatomic: Of an element, consisting of a single atom in the molecule; for example: the noble gases.
Note: strictly speaking, a molecule has at least two atoms.
valence electrons: The outermost electrons of an atom and the only electrons that participate in
chemical bonding. Atoms with full valence electron shells are stable.

The noble gases are a group of chemical elements that make up Group 18 on the periodic table. These gases all
have similar properties under standard conditions: they are all odorless, colorless, monatomic gases with very low
chemical reactivity. The six noble gases that occur naturally are helium (He), Neon (Ne), Argon (Ar), Krypton (Kr),
Xenon (Xe), and Radon (Rn).

Properties of the Noble Gases

The properties of the noble gases can be well explained by modern theories of atomic structure. The outer shell of
valence electrons is considered to be “full” in noble gases, giving them little tendency to participate in chemical
reactions. It has been possible to prepare only a few hundred noble gas compounds. In the case of Neon (Ne), for
example, both the n = 1 and n = 2 shells are complete and therefore it is a stable monatomic gas under ambient
conditions.

The melting and boiling points (physical properties) of a noble gas are close together, differing by less than 10 °C
(18 °F) – that is to say, they are liquids over only a small temperature range.

362



Electron configuration of neon: The electron configuration of Neon (Ne), with two complete

energy levels, 1s2 and 2s2 2p6.

Physical properties of the noble gases: The physical properties of the noble gases are tightly grouped.

The noble gases have weak interatomic forces and consequently have very low melting and boiling points. They are
all monatomic gases under standard conditions, including those with larger atomic masses than many other
elements that are solids under standard conditions.

Electron Con�gurations in the Noble Gases

The noble gas atoms, as do the atoms in most other groups on the periodic table, increase steadily in atomic radius
from one period to the next due to an increasing number of electrons. The size of the atom is related to several
properties. For example, the ionization potential decreases with an increasing radius because the valence electrons
in the larger noble gases are farther away from the nucleus and so are not held as tightly together by the atom.
Noble gases have the largest ionization potential among the elements of each period. This reflects the stability of
their electron configuration and points again to their relative lack of chemical reactivity.
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Ionization potential for noble gases: The noble gases have the largest ionization potential for the elements in their respective
periods.

Inert Gases

The noble gases were originally also referred to as “inert gases,” since it was believed that they did not react with
other elements to form compounds. In recent years, however, this term has fallen out of favor, although you will
occasionally see it in older literature. Scientists have discovered that, since the heavier noble gas atoms are held
together less strongly by electromagnetic forces than are the lighter noble gases, such as helium, the outer
electrons of these heavier atoms can be removed more easily. Because of this, many compounds of the gases
xenon, krypton, and radon can, in fact, be formed. Of the six noble gases, only krypton, xenon, and radon have the
ability to form stable compounds. These are used as oxidizing agents.

Applications for the Noble Gases

The noble gases glow in distinctive colors when used inside gas-discharge lamps, such as neon lights. Xenon is
commonly used in xenon arc lamps, which are present in film projectors and automobile headlights due to their
nearly continuous spectrum that resembles daylight.

364



A very common use of the noble gases: Under the correct conditions, brightly lit and colorful signs can be made using noble
gases. “Neon Lights” is the common term, but any of the noble gases can be used.

The noble gases are also used in excimer lasers, which are based on short-lived electronically excited molecules
known as excimers. The excimers used for lasers may be noble gas dimers such as Ar2, Kr2, or Xe2, or, more
commonly, the noble gas is combined with a halogen in excimers such as ArF, KrF, XeF, or XeCl. These lasers
produce ultraviolet light, which, due to its short wavelength (193 nm for ArF and 248 nm for KrF), allows for high-
precision imaging. Excimer lasers have many industrial, medical, and scientific applications. They are used for
microlithography and microfabrication, which are essential for integrated circuit manufacturing; and for laser surgery,
including laser angioplasty and eye surgery.
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BASIC CONCEPTS OF CHEMICAL
BONDING

THE IONIC BOND

Ionic Bonding and Electron Transfer
An ionic bond results from the transfer of an electron from a metal atom to a non-metal atom.

Learning Objectives

Identify the key features of ionic bonds

Key Takeaways

Key Points

Ionic bonds are formed between cations and anions.
A cation is formed when a metal ion loses a valence electron while an anion is formed when a non-metal
gains a valence electron. They both achieve a more stable electronic configuration through this
exchange.
Ionic solids form crystalline lattices, or repeating patterns of atoms, with high melting points, and are
typically soluble in water.

Key Terms

electrolyte: An ionic compound which dissolves in H2O, making the resulting solution capable of
conducting electricity.
electronegativity: The tendency of an atom to attract electrons to itself.
cation: A positively charged ion.
anion: A negatively charged ion.

Ionic Bonds

Ionic bonding is a type of chemical bond in which valence electrons are lost from one atom and gained by another.
This exchange results in a more stable, noble gas electronic configuration for both atoms involved. An ionic bond is
based on attractive electrostatic forces between two ions of opposite charge.
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Cations and Anions

Ionic bonds involve a cation and an anion. The bond is formed when an atom, typically a metal, loses an electron or
electrons, and becomes a positive ion, or cation. Another atom, typically a non-metal, is able to acquire the
electron(s) to become a negative ion, or anion.

One example of an ionic bond is the formation of sodium fluoride, NaF, from a sodium atom and a fluorine atom. In
this reaction, the sodium atom loses its single valence electron to the fluorine atom, which has just enough space to
accept it. The ions produced are oppositely charged and are attracted to one another due to electrostatic forces.

Formation of NaF: An electron is transferred from Na to F. The resulting Na+ and F– ions are electrically attracted to each other.

At the macroscopic scale, ionic compounds form lattices, are crystalline solids under normal conditions, and have
high melting points. Most of these solids are soluble in H2O and conduct electricity when dissolved. The ability to
conduct electricity in solution is why these substances are called electrolytes. Table salt, NaCl, is a good example of
this type of compound.

Ionic bonds differ from covalent bonds. Both types result in the stable electronic states associated with the noble
gases. However, in covalent bonds, the electrons are shared between the two atoms. All ionic bonds have some
covalent character, but the larger the difference in electronegativity between the two atoms, the greater the ionic
character of the interaction.

http://www.youtube.com/watch?v=hiyTfhjeF_U&stop=259

Ionic Bonding – YouTube: In this video, Paul Andersen explains how ionic solids form when cations and anions
are attracted.

Lattice Energy

Lattice energy is a measure of the bond strength in an ionic compound.

Learning Objectives

Describe lattice energy and the factors that affect it

Key Takeaways

Key Points

Lattice energy is defined as the energy required to separate a mole of an ionic solid into gaseous ions.
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NaCl Crystalline Lattice: Sodium ions (Na+) and
chloride(Cl–) ions, depicted in purple and green
respectively, alternate in the crystal lattice of solid NaCl.

Lattice energy is defined as the energy required to separate a mole of an ionic solid into gaseous ions.
Lattice energy cannot be measured empirically, but it can be calculated using electrostatics or estimated
using the Born-Haber cycle.
Two main factors that contribute to the magnitude of the lattice energy are the charge and radius of the
bonded ions.

Key Terms

exothermic reaction: A process which releases heat into its surroundings.
lattice energy: The amount of energy released upon formation of a crystalline ionic solid from gaseous
ions.

De�nition of Lattice Energy

Lattice energy is an estimate of the bond strength in ionic compounds. It is defined as the heat of formation for ions
of opposite charge in the gas phase to combine into an ionic solid. As an example, the lattice energy of sodium
chloride, NaCl, is the energy released when gaseous Na+ and Cl– ions come together to form a lattice of alternating
ions in the NaCl crystal.

The negative sign of the energy is indicative of an exothermic reaction.

Alternatively, lattice energy can be thought of as the energy required to separate a mole of an ionic solid into the
gaseous form of its ions (that is, the reverse of the reaction shown above).

Alternatively, lattice energy can be thought of as the energy
required to separate a mole of an ionic solid into the gaseous
form of its ions (that is, the reverse of the reaction shown
above).

Lattice energy cannot be determined experimentally due to
the difficulty in isolating gaseous ions. The energy value can
be estimated using the Born-Haber cycle, or it can be
calculated theoretically with an electrostatic examination of
the crystal structure.

Factors A�ecting Lattice Energy

In 1918, Born and Lande presented the following model for
lattice energy:

In this equation, NA is Avogadro’s constant; M is the
Madelung constant, which depends on the crystal geometry;
z+ is the charge number of the cation; z– is the charge
number of the anion; e is the elementary charge of the electron; n is the Born exponent, a characteristic of the
compressibility of the solid;  is the permittivity of free space; and r0 is the distance to the closest ion.

This model emphasizes two main factors that contribute to the lattice energy of an ionic solid: the charge on the
ions, and the radius, or size, of the ions. The effect of those factors is:

as the charge of the ions increases, the lattice energy increases
as the size of the ions increases, the lattice energy decreases

(g) + (g) → NaCl(s) ΔH = −787.3 kJ/molNa+ Cl−

E = − (1 − )
MNA z+z−e2

4πϵoro

1
n

ϵo
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Lattice energies are also important in predicting the solubility of ionic solids in H2O. Ionic compounds with smaller
lattice energies tend to be more soluble in H2O.

http://www.youtube.com/watch?v=EwnU8RalZOw&stop=345

Lattice Energies – Chemistry Tutorial: This tutorial covers lattice energy and how to compare the relative lattice
energies of different ionic compounds.

Formulas of Ionic Compounds

Ionic formulas must satisfy the noble gas configurations for the constituent ions and the product compound must be
electrically neutral.

Learning Objectives

Apply knowledge of ionic bonding to predict the formula of ionic compounds

Key Takeaways

Key Points

The charge on the cations and anions in an ionic compound can be determined by the loss or gain of
valence electrons necessary in order to achieve stable, noble gas electronic configurations.
The number of cations and anions that are combined in an ionic compound is the simplest ratio of whole
integers that can be combined to reach electrical neutrality.
The cation precedes the anion in both the written form and the formula.

Key Terms

noble gas: Any of the elements of group 18 of the periodic table, which are monatomic and, with very
limited exceptions, inert, or non-reactive.
electrically neutral: A net charge of zero, which occurs when an atom or molecule/compound has no
surplus or deficit of electrons.
empirical formula: The simplest whole-number ratio between elements in a formula of a compound.
polyatomic ion: An ion composed of several atoms.

Ionic Compounds

An ionic bond is formed through the transfer of one or more valence electrons, typically from a metal to a non-metal,
which produces a cation and an anion that are bound together by an attractive electrostatic force. On a macroscopic
scale, ionic compounds, such as sodium chloride (NaCl), form a crystalline lattice and are solids at normal
temperatures and pressures.

The charge on the cations and anions is determined by the number of electrons required to achieve stable noble
gas electronic configurations. The ionic composition is then defined by the requirement that the resulting compound
be electrically neutral overall.

For example, to combine magnesium (Mg) and bromine (Br) to get an ionic compound, we first note the electronic
configurations of these atoms (valence level in indicated in italics):

Mg: 1s22s22p63s2

Br: 1s22s22p63s23p63d104s24p5
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Crystalline Lattice: Sodium chloride crystal lattice

In order to achieve noble gas configurations, the magnesium
atom needs to lose its two valence electrons, while the
bromine atom, which has 7 valence electrons, requires one
additional electron to fill its outer shell. Therefore, for the
resulting compound to be neutral, two bromine anions must
combine with one magnesium cation to form magnesium
bromide (MgBr2). In addition, though any ratio of 2 bromine
atoms to 1 magnesium atom will satisfy the two requirements
above, the formula for ionic compounds is typically presented
as the empirical formula, or the simplest whole-number ratio
of atoms with positive integers.

Note that the cation always precedes the anion both in
written form and in formulas. In the written form, while the
cation name is generally the same as the element, the suffix
of single-atom anions is changed to –ide, as in the case of
sodium chloride. If the anion is a polyatomic ion, its suffix can
vary, but is typically either –ate or –ite,as in the cases of
sodium phosphate and calcium nitrite, depending on the
identity of the ion.

More examples:

lithium fluoride: Li+ and F– combine to form LiF
calcium chloride: Ca2+ and Cl– combine to form CaCl2
iron (II) oxide: Fe2+ and O2- combine to form FeO
aluminum sulfide: Al3+ and S2- combine to form Al2S3
sodium sulfate: Na+ and SO4

2- combine to form Na2SO4
ammonium phosphate: NH4+ and PO4

3- combine to form (NH4)3PO4
potassium chlorite: K+ and ClO2

– combine to form KClO2

Video Summary

http://www.youtube.com/watch?v=bvFylpHrJJY&stop=492

Chemistry 5.3 Formula Writing: Ionic Compounds – YouTube: A lesson on writing formulas for binary ionic
compounds as well as ionic compounds containing polyatomic ions. The cross-over method is demonstrated.

Ionic vs Covalent Bond Character

Ionic bonds can have some covalent character.

Learning Objectives

Discuss the idea that, in nature, bonds exhibit characteristics of both ionic and covalent bonds

Key Takeaways

Key Points

Ionic bonding is presented as the complete transfer of valence electrons, typically from a metal to a non-
metal.
In reality, electron density remains shared between the constituent atoms, meaning all bonds have some
covalent character.
The ionic or covalent nature of a bond is determined by the relative electronegativities of the atoms
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The ionic or covalent nature of a bond is determined by the relative electronegativities of the atoms
involved.

Key Terms

polar covalent bond: A covalent bond that has a partial ionic character to it, as a result of the difference
in electronegativity between the two bonding atoms.
electronegativity: A measure of the tendency of an atom to attract electrons to itself.
covalent character: The partial sharing of electrons between atoms that have an ionic bond.

Ionic vs Covalent Bonding

Chemical compounds are frequently classified by the bonds between constituent atoms. There are multiple kinds of
attractive forces, including covalent, ionic, and metallic bonds. Ionic bonding models are generally presented as the
complete loss or gain of one or more valence electrons from a metal to a nonmetal, resulting in cations and anions
that are held together by attractive electrostatic forces.

Ionic bonding: The formation of an ionic bond between lithium and fluorine to form LiF.

In reality, the bond between these atoms is more complex than this model illustrates. The bond formed between any
two atoms is not a purely ionic bond. All bonding interactions have some covalent character because the electron
density remains shared between the atoms. The degree of ionic versus covalent character of a bond is determined
by the difference in electronegativity between the constituent atoms. The larger the difference, the more ionic the
nature of the bond. In the conventional presentation, bonds are designated as ionic when the ionic aspect is greater
than the covalent aspect of the bond. Bonds that fall in between the two extremes, having both ionic and covalent
character, are classified as polar covalent bonds. Such bonds are thought of as consisting of partially charged
positive and negative poles.

Though ionic and covalent character represent points along a continuum, these designations are frequently useful in
understanding and comparing the macroscopic properties of ionic and covalent compounds. For example, ionic
compounds typically have higher boiling and melting points, and they are also usually more soluble in water than
covalent compounds.
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Example of a polar covalent bond: When a carbon atom
forms a bond with fluorine, they share a pair of electrons.
However, because fluorine is more highly electronegative
than carbon, it attracts that shared electron pair closer to
itself and thus creates an electric dipole. The lowercase
greek delta written above the atoms is used to indicate the
presence of partial charges. This bond is considered to
have characteristics of both covalent and ionic bonds.
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THE COVALENT BOND

Comparison between Covalent and Ionic Compounds
Covalent and ionic compounds have distinct physical properties.

Learning Objectives

Identify element pairs which are likely to form ionic or covalent bonds

Key Takeaways

Key Points

Ionic compounds are formed from strong electrostatic interactions between ions, which result in higher
melting points and electrical conductivity compared to covalent compounds.
Covalent compounds have bonds where electrons are shared between atoms. Due to the sharing of
electrons, they exhibit characteristic physical properties that include lower melting points and electrical
conductivity compared to ionic compounds.

Key Terms

valence electrons: Electrons in the outermost principal energy (valence) level of an atom that can
participate in the formation of chemical bonds with other atoms.
octet rule: Atoms lose, gain, or share electrons in order to have a full valence level of eight electrons.
Hydrogen and helium are exceptions because they can hold a maximum of two valence electrons.
electronegativity: The tendency of an atom or molecule to attract electrons and form bonds.

Two Classes of Compounds

Compounds are defined as substances containing two or more different chemical elements. They have distinct
chemical structures characterized by a fixed ratio of atoms held together by chemical bonds. Here, we discuss two
classes of compounds based on the bond type that holds the atoms together: ionic and covalent.

Covalent Compounds

Covalent bonds are characterized by the sharing of electrons between two or more atoms. These bonds mostly
occur between nonmetals or between two of the same (or similar) elements.Two atoms with similar electronegativity
will not exchange an electron from their outermost shell; the atoms instead share electrons so that their valence
electron shell is filled.

Examples of compounds that contain only covalent bonds are methane (CH4), carbon monoxide (CO), and iodine
monobromide (IBr).
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Covalent bonding between hydrogen atoms: Since each hydrogen atom has one electron, they are able to fill their outermost
shells by sharing a pair of electrons through a covalent bond.

Ionic Compounds

Ionic bonding occurs when there is a large difference in electronegativity between two atoms. This large difference
leads to the loss of an electron from the less electronegative atom and the gain of that electron by the more
electronegative atom, resulting in two ions. These oppositely charged ions feel an attraction to each other, and this
electrostatic attraction constitutes an ionic bond.

Ionic bonding occurs between a nonmetal, which acts as an electron acceptor, and a metal, which acts as an
electron donor. Metals have few valence electrons, whereas nonmetals have closer to eight valence electrons; to
easily satisfy the octet rule, the nonmetal will accept an electron donated by the metal. More than one electron can
be donated and received in an ionic bond.

Some examples of compounds with ionic bonding include NaCl, KI, MgCl2.

Formation of sodium fluoride (NaF): The transfer of an electron from a neutral sodium atom to a neutral fluorine atom creates two
oppositely charge ions: Na+ and F–. Attraction of the oppositely charged ions is the ionic bond between Na and F.

E�ect on Physical Properties
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Covalent and ionic compounds can be differentiated easily because of their different physical properties based on
the nature of their bonding. Here are some differences:

1. At room temperature and normal atmospheric pressure, covalent compounds may exist as a solid, a liquid, or
a gas, whereas ionic compounds exist only as solids.

2. Although solid ionic compounds do not conduct electricity because there are no free mobile ions or electrons,
ionic compounds dissolved in water make an electrically conductive solution. In contrast, covalent
compounds do not exhibit any electrical conductivity, either in pure form or when dissolved in water.

3. Ionic compounds exist in stable crystalline structures. Therefore, they have higher melting and boiling points
compared to covalent compounds.

Single Covalent Bonds
Single covalent bonds are sigma bonds, which occur when one pair of electrons is shared between atoms.

Learning Objectives

Identify the four orbital types used in covalent bond formation

Key Takeaways

Key Points

Covalent bonds occur when electrons are shared between two atoms. A single covalent bond is when
only one pair of electrons is shared between atoms.
A sigma bond is the strongest type of covalent bond, in which the atomic orbitals directly overlap between
the nuclei of two atoms.
Sigma bonds can occur between any kind of atomic orbitals; the only requirement is that the atomic
orbital overlap happens directly between the nuclei of atoms.

Key Terms

sigma bond: A covalent bond whose electron density is concentrated in the region directly between the
nuclei.
covalent bond: A type of chemical bond where two atoms are connected to each other by the sharing of
two or more electrons.
atomic orbital: A region in space around the atom’s nucleus where there is a probability of finding an
electron.

Hierarchical Structure of the Atom

There are four hierarchical levels that describe the position and energy of the electrons an atom has. Here they are
listed along with some of the possible values (or letters) they can have:

1. Principal energy levels (1, 2, 3, etc.)
2. Sublevels (s, p, d, f)
3. Orbitals
4. Electrons

Principal energy levels are made out of sublevels, which are in turn made out of orbitals, in which electrons are
found.

Atomic Orbitals
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An atomic orbital is defined as the probability of finding an electron in an area around an atom’s nucleus. Generally,
orbital shapes are drawn to describe the region in space in which electrons are likely to be found. This is referred to
as “electron density.”

Atomic orbitals: The shapes of the first five atomic orbitals are shown in order: 1s, 2s, and the three 2p orbitals. Both blue and
orange-shaded regions represent regions in space where electrons can be found ‘belonging’ to these orbitals.

Sigma Bonds

Covalent bonding occurs when two atomic orbitals come together in close proximity and their electron densities
overlap. The strongest type of covalent bonds are sigma bonds, which are formed by the direct overlap of orbitals
from each of the two bonded atoms. Regardless of the atomic orbital type, sigma bonds can occur as long as the
orbitals directly overlap between the nuclei of the atoms.

Orbital overlaps and sigma bonds: These are all possible overlaps between different types of atomic orbitals that result in the
formation of a sigma bond between two atoms. Notice that the area of overlap always occurs between the nuclei of the two bonded
atoms.

Single covalent bonds occur when one pair of electrons is shared between atoms as part of a molecule or
compound. A single covalent bond can be represented by a single line between the two atoms. For instance, the
diatomic hydrogen molecule, H2, can be written as H—H to indicate the single covalent bond between the two
hydrogen atoms.
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Sigma bond in the hydrogen molecule: Higher intensity of the red color indicates a greater probability of the bonding electrons
being localized between the nuclei.

Double and Triple Covalent Bonds
Double and triple bonds, comprised of sigma and pi bonds, increase the stability and restrict the geometry of a
compound.

Learning Objectives

Describe the types of orbital overlap that occur in single, double, and triple bonds

Key Takeaways

Key Points

Double and triple covalent bonds are stronger than single covalent bonds and they are characterized by
the sharing of four or six electrons between atoms, respectively.
Double and triple bonds are comprised of sigma bonds between hybridized orbitals, and pi bonds
between unhybridized p orbitals. Double and triple bonds offer added stability to compounds, and restrict
any rotation around the bond axis.
Bond lengths between atoms with multiple bonds are shorter than in those with single bonds.

Key Terms

bond strength: Directly related to the amount of energy required to break the bond between two atoms.
The more energy required, the stronger the bond is said to be.
bond length: The distance between the nuclei of two bonded atoms. It can be experimentally
determined.
orbital hybridization: The concept of mixing atomic orbitals to form new hybrid orbitals suitable for the
qualitative description of atomic bonding properties and geometries.
atomic orbitals: The physical region in space around the nucleus where an electron has a probability of
being.
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Double and Triple Covalent Bonds

Covalent bonding occurs when electrons are shared between atoms. Double and triple covalent bonds occur when
four or six electrons are shared between two atoms, and they are indicated in Lewis structures by drawing two or
three lines connecting one atom to another. It is important to note that only atoms with the need to gain or lose at
least two valence electrons through sharing can participate in multiple bonds.

Bonding Concepts

Hybridization 

Double and triple bonds can be explained by orbital hybridization, or the ‘mixing’ of atomic orbitals to form new
hybrid orbitals. Hybridization describes the bonding situation from a specific atom’s point of view. A combination of s
and p orbitals results in the formation of hybrid orbitals. The newly formed hybrid orbitals all have the same energy
and have a specific geometrical arrangement in space that agrees with the observed bonding geometry in
molecules. Hybrid orbitals are denoted as spx, where s and p denote the orbitals used for the mixing process, and
the value of the superscript x ranges from 1-3, depending on how many p orbitals are required to explain the
observed bonding.

Hybridized orbitals: A schematic of the resulting orientation in space of sp3 hybrid orbitals. Notice that the sum of the superscripts
(1 for s, and 3 for p) gives the total number of formed hybrid orbitals. In this case, four orbitals are produced which point along the
direction of the vertices of a tetrahedron.

Pi Bonds

Pi, or , bonds occur when there is overlap between unhybridized p orbitals of two adjacent atoms. The overlap
does not occur between the nuclei of the atoms, and this is the key difference between sigma and pi bonds. For the
bond to form efficiently, there has to be a proper geometrical relationship between the unhybridized p orbitals: they
must be on the same plane.

π
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Pi bond formation: Overlap between adjacent unhybridized p orbitals produces a pi bond. The electron density corresponding to
the shared electrons is not concentrated along the internuclear axis (i.e., between the two atoms), unlike in sigma bonds.

Multiple bonds between atoms always consist of a sigma bond, with any additional bonds being of the π type.

Examples of Pi Bonds

The simplest example of an organic compound with a double bond is ethylene, or ethene, C2H4. The double bond
between the two carbon atoms consists of a sigma bond and a π bond.
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Ethylene bonding: An example of a simple molecule with a double bond between carbon atoms. The bond lengths and angles
(indicative of the molecular geometry) are indicated.

From the perspective of the carbon atoms, each has three sp2 hybrid orbitals and one unhybridized p orbital. The
three sp2 orbitals lie in a single plane at 120-degree angles. As the carbon atoms approach each other, their orbitals
overlap and form a bond. Simultaneously, the p orbitals approach each other and form a bond. To maintain this
bond, the p orbitals must stay parallel to each other; therefore, rotation is not possible.

A triple bond involves the sharing of six electrons, with a sigma bond and two  bonds. The simplest triple-bonded
organic compound is acetylene, C2H2. Triple bonds are stronger than double bonds due to the the presence of two 
bonds rather than one. Each carbon has two sp hybrid orbitals, and one of them overlaps with its corresponding one
from the other carbon atom to form an sp-sp sigma bond. The remaining four unhybridized p orbitals overlap with
each other and form two  bonds. Similar to double bonds, no rotation around the triple bond axis is possible.

Observable Consequences of Multiple Bonds

Bond Strength

Covalent bonds can be classified in terms of the amount of energy that is required to break them. Based on the
experimental observation that more energy is needed to break a bond between two oxygen atoms in O2 than two
hydrogen atoms in H2, we infer that the oxygen atoms are more tightly bound together. We say that the bond
between the two oxygen atoms is stronger than the bond between two hydrogen atoms.

Experiments have shown that double bonds are stronger than single bonds, and triple bonds are stronger than
double bonds. Therefore, it would take more energy to break the triple bond in N2 compared to the double bond in
O2. Indeed, it takes 497 kcal/mol to break the O2 molecule, while it takes 945 kJ/mol to do the same to the N2
molecule.

Bond Length

π
π

π
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Another consequence of the presence of multiple bonds between atoms is the difference in the distance between
the nuclei of the bonded atoms. Double bonds have shorter distances than single bonds, and triple bonds are
shorter than double bonds.

Physical Properties of Covalent Molecules
The covalent bonding model helps predict many of the physical properties of compounds.

Learning Objectives

Discuss the qualitative predictions of covalent bond theory on the boiling and melting points, bond length and
strength, and conductivity of molecules

Key Takeaways

Key Points

The Lewis theory of covalent bonding says that the bond strength of double bonds is twice that of single
bonds, which is not true.
General physical properties that can be explained by the covalent bonding model include boiling and
melting points, electrical conductivity, bond strength, and bond length.

Key Terms

bond length: The distance between the nuclei of two bonded atoms. It can be experimentally
determined.
intermolecular forces: Attractive forces or interactions between different molecules in a sample of a
substance. The strength of these interactions is an important factor that determines the substance’s
physical properties.
bond strength: Directly related to the amount of energy required to break the bond between two atoms.
The more energy required, the stronger the bond is said to be.
octet rule: Atoms lose, gain, or share electrons in order to have a full valence shell of eight electrons.
Hydrogen is an exception because it can hold a maximum of two electrons in its valence level.

First described by Gilbert Lewis, a covalent bond occurs when electrons of different atoms are shared between the
two atoms. These cases of electron sharing can be predicted by the octet rule. The octet rule is a chemical rule that
generalizes that atoms of low atomic number (< 20) will combine in a way that results in their having 8 electrons in
their valence shells. Having 8 valence electrons is favorable for stability and is similar to the electron configuration of
the inert noble gases. In a covalent bond, the shared electrons contribute to each atom’s octet and thus enhance
the stability of the compound.

The Lewis bonding theory can explain many properties of compounds. For example, the theory predicts the
existence of diatomic molecules such as hydrogen, H2, and the halogens (F2, Cl2, Br2, I2). A H atom needs one
additional electron to fill its valence level, and the halogens need one more electron to fill the octet in their valence
levels. Lewis bonding theory states that these atoms will share their valence electrons, effectively allowing each
atom to create its own octet.

Several physical properties of molecules/compounds are related to the presence of covalent bonds:

Covalent bonds between atoms are quite strong, but attractions between molecules/compounds, or
intermolecular forces, can be relatively weak. Covalent compounds generally have low boiling and melting
points, and are found in all three physical states at room temperature.
Covalent compounds do not conduct electricity; this is because covalent compounds do not have charged
particles capable of transporting electrons.

Lewis theory also accounts for bond length; the stronger the bond and the more electrons shared, the shorter
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Lewis theory also accounts for bond length; the stronger the bond and the more electrons shared, the shorter
the bond length is.

However, the Lewis theory of covalent bonding does not account for some observations of compounds in nature.
The theory predicts that with more shared electrons, the bond between the two atoms should be stronger. According
to the theory, triple bonds are stronger than double bonds, and double bonds are stronger than single bonds. This is
true. However, the theory implies that the bond strength of double bonds is twice that of single bonds, which is not
true. Therefore, while the covalent bonding model accounts for many physical observations, it does have its
limitations.
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LEWIS DOT SYMBOLS AND LEWIS STRUCTURES

Representing Valence Electrons in Lewis Symbols
Lewis symbols use dots to visually represent the valence electrons of an atom.

Learning Objectives

Recall the Lewis structure formalism for representing valance electrons

Key Takeaways

Key Points

Electrons exist outside of an atom ‘s nucleus and are found in principal energy levels that contain only up
to a specific number of electrons.
The outermost principal energy level that contains electrons is called the valence level and contains
valence electrons.
Lewis symbols are diagrams that show the number of valence electrons of a particular element with dots
that represent lone pairs.
Lewis symbols do not visualize the electrons in the inner principal energy levels.

Key Terms

principal energy levels: The different levels where electrons can be found and that occur at specific
distances from the atom’s nucleus. Each level is associated with a particular energy value that electrons
within it have.
valence level: The outermost principal energy level, which is the level furthest away from the nucleus
that still contains electrons.
valence electrons: The electrons of atoms that participate in the formation of chemical bonds.
Lewis symbols: Symbols of the elements with their number of valence electrons represented as dots

Lewis symbols (also known as Lewis dot diagrams or electron dot diagrams) are diagrams that represent the
valence electrons of an atom. Lewis structures (also known as Lewis dot structures or electron dot structures) are
diagrams that represent the valence electrons of atoms within a molecule. These Lewis symbols and Lewis
structures help visualize the valence electrons of atoms and molecules, whether they exist as lone pairs or within
bonds.

Principal Energy Levels

An atom consists of a positively charged nucleus and negatively charged electrons. The electrostatic attraction
between them keeps electrons ‘bound’ to the nucleus so they stay within a certain distance of it. Careful
investigations have shown that not all electrons within an atom have the same average position or energy. We say
the electrons ‘reside’ in different principal energy levels, and these levels exist at different radii from the nucleus and
have rules regarding how many electrons they can accommodate.
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Principal energy levels of gold (Au): The figure shows the organization of the electrons around the nucleus of a gold (Au) atom.
Notice that the first energy level (closest to the nucleus) can have only two electrons, while more electrons can ‘fit’ within a given
level further out. The number of electrons in each level is listed on the upper right corner of the figure. Notice that the outermost level
has only one electron.

As an example, a neutral atom of gold (Au) contains 79 protons in its nucleus and 79 electrons. The first principal
energy level, which is the one closest to the nucleus, can hold a maximum of two electrons. The second principal
energy level can have 8, the third can have 18, and so on, until all 79 electrons have been distributed.

The outermost principal energy level is of great interest in chemistry because the electrons it holds are the furthest
away from the nucleus, and therefore are the ones most loosely held by its attractive force; the larger the distance
between two charged objects, the smaller the force they exert on each other. Chemical reactivity of all of the
different elements in the periodic table depends on the number of electrons in that last, outermost level, called the
valence level or valence shell. In the case of gold, there is only one valence electron in its valence level.
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Octet of Valence Electrons

Atoms gain, lose, or share electrons in their valence level in order to achieve greater stability, or a lower energy
state. From this perspective, bonds between atoms form so that the bonded atoms are in a lower energy state
compared to when they were by themselves. Atoms can achieve this more stable state by having a valence level
which contains as many electrons as it can hold. For the first principal energy level, having two electrons in it is the
most stable arrangement, while for all other levels outside of the first, eight electrons are necessary to achieve the
most stable state.

Lewis Symbols

In the Lewis symbol for an atom, the chemical symbol of the element (as found on the periodic table) is written, and
the valence electrons are represented as dots surrounding it. Only the electrons in the valence level are shown
using this notation. For example, the Lewis symbol of carbon depicts a “C’ surrounded by 4 valence electrons
because carbon has an electron configuration of 1s22s22p2.

The Lewis symbol for carbon: Each of the four valence electrons is represented as a dot.

Electrons that are not in the valence level are not shown in the Lewis symbol. The reason for this is that the
chemical reactivity of an atom of the element is solely determined by the number of its valence electrons, and not its
inner electrons. Lewis symbols for atoms are combined to write Lewis structures for compounds or molecules with
bonds between atoms.

Writing Lewis Symbols for Atoms

The Lewis symbol for an atom depicts its valence electrons as dots around the symbol for the element.

Learning Objectives

Write Lewis symbols for atoms

Key Takeaways

Key Points

The columns, or groups, in the periodic table are used to determine the number of valence electrons for
each element.
The noble/ inert gases are chemically stable and have a full valence level of electrons.
Other elements react in order to achieve the same stability as the noble gases.
Lewis symbols represent the valence electrons as dots surrounding the elemental symbol for the atom.

Key Terms

group: A column in the periodic table that consists of elements with similar chemical reactivity, because
they have the same number of valence electrons.
Noble Gases: Inert, or unreactive, elements in the last group in the periodic table which are typically
found in the gaseous form.
Lewis symbol: Formalism in which the valence electrons of an atom are represented as dots.
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Determining the Number of Valence Electrons

In order to write the Lewis symbol for an atom, you must first determine the number of valence electrons for that
element. The arrangement of the periodic table can help you figure out this information. Since we have established
that the number of valence electrons determines the chemical reactivity of an element, the table orders the elements
by number of valence electrons.

Each column (or group) of the periodic table contains elements that have the same number of valence electrons.
Furthermore, the number of columns (or groups) from the left edge of the table tells us the exact number of valence
electrons for that element. Recall that any valence level can have up to eight electrons, except for the first principal
energy level, which can only have two.

Fl Lv

Periodic table of the elements: Group numbers shown by Roman numerals (above the table) tell us how many valence electrons
there are for each element.

Some periodic tables list the group numbers in Arabic numbers instead of Roman numerals. In that case, the
transition metal groups are included in the counting and the groups indicated at the top of the periodic table have
numbers 1, 2, 13, 14, 15, 16, 17, 18. The corresponding roman numerals used are I, II, III, IV, V, VI, VII, VIII.

Survey of the Groups in the Periodic Table
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Take the first column or group of the periodic table (labeled ‘I’): hydrogen (H), lithium (Li), sodium (Na), potassium
(K), etc. Each of these elements has one valence electron. The second column or group (labeled ‘II’) means that
beryllium (Be), magnesium (Mg), calcium (Ca), etc., all have two valence electrons.

The middle part of the periodic table that contains the transition metals is skipped in this process for reasons having
to do with the electronic configuration of these elements.

Proceeding to the column labeled ‘III’, we find that those elements (B, Al, Ga, In,…) have three valence electrons in
their outermost or valence level.

We can continue this inspection of the groups until we reach the eighth and final column, in which the most stable
elements are listed. These are all gaseous under normal conditions of temperature and pressure, and are called
‘noble gases.’ Neon (Ne), argon (Ar), krypton (Kr), etc., each contain eight electrons in their valence level.
Therefore, these elements have a full valence level that has the maximum number of electrons possible. Helium
(He), at the very top of this column is an exception because it has two valence electrons; its valence level is the first
principal energy level which can only have two electrons, so it has the maximum number of electrons in its valence
level as well.

The Lewis symbol for helium: Helium is one of the noble gases and contains a full valence shell. Unlike the other noble gases in
Group 8, Helium only contains two valence electrons. In the Lewis symbol, the electrons are depicted as two lone pair dots.

The noble gases represent elements of such stability that they are not chemically reactive, so they can be called
inert. In other words, they don’t need to bond with any other elements in order to attain a lower energy configuration.
We explain this phenomenon by attributing their stability to having a ‘full’ valence level.

The significance in understanding the nature of the stability of noble gases is that it guides us in predicting how
other elements will react in order to achieve the same electronic configuration as the noble gases by having a full
valence level.

Writing Lewis Symbols for Atoms

Lewis symbols for the elements depict the number of valence electrons as dots. In accordance with what we
discussed above, here are the Lewis symbols for the first twenty elements in the periodic table. The heavier
elements will follow the same trends depending on their group.

Once you can draw a Lewis symbol for an atom, you can use the knowledge of Lewis symbols to create Lewis
structures for molecules.

&stop=1013

Valence Electrons and the Periodic Table: Electrons can inhabit a number of energy shells. Different shells are
different distances from the nucleus. The electrons in the outermost electron shell are called valence electrons, and
are responsible for many of the chemical properties of an atom. This video will look at how to find the number of
valence electrons in an atom depending on its column in the periodic table.

Introduction to Lewis Structures for Covalent Molecules

In covalent molecules, atoms share pairs of electrons in order to achieve a full valence level.
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Learning Objectives

Predict and draw the Lewis structure of simple covalent molecules and compounds

Key Takeaways

Key Points

The octet rule says that the noble gas electronic configuration is a particularly favorable one that can be
achieved through formation of electron pair bonds between atoms.
In many atoms, not all of the electron pairs comprising the octet are shared between atoms. These
unshared, non-bonding electrons are called ‘ lone pairs ‘ of electrons.
Although lone pairs are not directly involved in bond formation, they should always be shown in Lewis
structures.
There is a logical procedure that can be followed to draw the Lewis structure of a molecule or compound.

Key Terms

octet rule: Atoms try to achieve the electronic configuration of the noble gas nearest to them in the
periodic table by achieving a full valence level with eight electrons.
exceptions to the octet rule: Hydrogen (H) and helium (He) only need two electrons to have a full
valence level.
covalent bond: Two atoms share valence electrons in order to achieve a noble gas electronic
configuration.
Lewis structure: Formalism used to show the structure of a molecule or compound, in which shared
electrons pairs between atoms are indicated by dashes. Non-bonding, lone pairs of electrons must also
be shown.

The Octet Rule

Noble gases like He, Ne, Ar, Kr, etc., are stable because their valence level is filled with as many electrons as
possible. Eight electrons fill the valence level for all noble gases, except helium, which has two electrons in its full
valence level. Other elements in the periodic table react to form bonds in which valence electrons are exchanged or
shared in order to achieve a valence level which is filled, just like in the noble gases. We refer to this chemical
tendency of atoms as ‘the octet rule,’ and it guides us in predicting how atoms combine to form molecules and
compounds.

Covalent Bonds and Lewis Diagrams of Simple Molecules

The simplest example to consider is hydrogen (H), which is the smallest element in the periodic table with one
proton and one electron. Hydrogen can become stable if it achieves a full valence level like the noble gas that is
closest to it in the periodic table, helium (He). These are exceptions to the octet rule because they only require 2
electrons to have a full valence level.

Two H atoms can come together and share each of their electrons to create a ‘ covalent bond.’ The shared pair of
electrons can be thought of as belonging to either atom, and thus each atom now has two electrons in its valence
level, like He. The molecule that results is H2, and it is the most abundant molecule in the universe.
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Lewis structure of diatomic hydrogen: This is the process through which the H2 molecule is formed. Two H atoms, each
contributing an electron, share a pair of electrons. This is known as a ‘single covalent bond.’ Notice how the two electrons can be
found in a region of space between the two atomic nuclei.

The Lewis formalism used for the H2 molecule is H:H or H—H. The former, known as a ‘Lewis dot diagram,’
indicates a pair of shared electrons between the atomic symbols, while the latter, known as a ‘Lewis structure,’ uses
a dash to indicate the pair of shared electrons that form a covalent bond. More complicated molecules are depicted
this way as well.

Lewis dot dragram for methane: Methane, with molecular formula CH4, is shown. The electrons are color-coded to indicate which
atoms they belonged to before the covalent bonds formed, with red representing hydrogen and blue representing carbon. Four
covalent bonds are formed so that C has an octet of valence electrons, and each H has two valence electrons—one from the carbon
atom and one from one of the hydrogen atoms.

Now consider the case of fluorine (F), which is found in group VII (or 17) of the periodic table. It therefore has 7
valence electrons and only needs 1 more in order to have an octet. One way that this can happen is if two F atoms
make a bond, in which each atom provides one electron that can be shared between the two atoms. The resulting
molecule that is formed is F2, and its Lewis structure is F—F.
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Achieving an octet of valence electrons: Two fluorine atoms are able to share an electron pair, which becomes a covalent bond.
Notice that only the outer (valence level) electrons are involved, and that in each F atom, 6 valence electrons do not participate in
bonding. These are ‘lone pairs’ of electrons.

After a bond has formed, each F atom has 6 electrons in its valence level which are not used to form a bond. These
non-bonding valence electrons are called ‘lone pairs’ of electrons and should always be indicated in Lewis
diagrams.

Lewis structure of acetic acid: Acetic acid, CH3COOH, can be written out with dots indicating the shared electrons, or, preferably,
with dashes representing covalent bonds. Notice the lone pairs of electrons on the oxygen atoms are still shown. The methyl group
carbon atom has six valence electrons from its bonds to the hydrogen atoms because carbon is more electronegative than
hydrogen. Also, one electron is gained from its bond with the other carbon atom because the electron pair in the C−C bond is split
equally. 

Procedure for Drawing Simple Lewis Structures

We have looked at how to determine Lewis structures for simple molecules. The procedure is as follows:

1. Write a structural diagram of the molecule to clearly show which atom is connected to which (although many
possibilities exist, we usually pick the element with the most number of possible bonds to be the central
atom).

2. Draw Lewis symbols of the individual atoms in the molecule.

3. Bring the atoms together in a way that places eight electrons around each atom (or two electrons for H,
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3. Bring the atoms together in a way that places eight electrons around each atom (or two electrons for H,
hydrogen) wherever possible.

4. Each pair of shared electrons is a covalent bond which can be represented by a dash.

Alternate view of lewis dot structure of water: This arrangement of shared electrons between O and H results in the oxygen atom
having an octet of electrons, and each H atom having two valence electrons.

Multiple bonds can also form between elements when two or three pairs of electrons are shared to produce double
or triple bonds, respectively. The Lewis structure for carbon dioxide, CO2, is a good example of this.

Lewis structure of carbon dioxide: This figure explains the bonding in a CO2 molecule. Each O atom starts out with six (red)
electrons and C with four (black) electrons, and each bond behind an O atom and the C atom consists of two electrons from the O
and two of the four electrons from the C.

In order to achieve an octet for all three atoms in CO2, two pairs of electrons must be shared between the carbon
and each oxygen. Since four electrons are involved in each bond, a double covalent bond is formed. You can see
that this is how the octet rule is satisfied for all atoms in this case. When a double bond is formed, you still need to
show all electrons, so double dashes between the atoms show that four electrons are shared.

Final Lewis structure for carbon dioxide: Covalent bonds are indicated as dashes and lone pairs of electrons are shown as pairs
of dots. in carbon dioxide, each oxygen atom has two lone pairs of electrons remaining; the covalent bonds between the oxygen and
carbon atoms each use two electrons from the oxygen atom and two from the carbon.

Lewis Structures for Polyatomic Ions

The Lewis structure of an ion is placed in brackets and its charge is written as a superscript outside of the brackets,
on the upper right.

Learning Objectives

Apply the rules for drawing Lewis structures to polyatomic ions

Key Takeaways

Key Points

Ions are treated almost the same way as a molecule with no charge. However, the number of electrons
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Ions are treated almost the same way as a molecule with no charge. However, the number of electrons
must be adjusted to account for the net electric charge of the ion.
When counting electrons, negative ions should have extra electrons placed in their Lewis structures,
while positive ions should have fewer electrons than an uncharged molecule.

Key Terms

polyatomic ion: A charged species composed of two or more atoms covalently bonded, or of a metal
complex that acts as a single unit in acid-base chemistry or in the formation of salts. Also known as a
molecular ion.

The total number of electrons represented in a Lewis structure is equal to the sum of the numbers of valence
electrons in each individual atom. Non-valence electrons are not represented in Lewis structures. After the total
number of available electrons has been determined, electrons must be placed into the structure.

Lewis structures for polyatomic ions are drawn by the same methods that we have already learned. When counting
electrons, negative ions should have extra electrons placed in their Lewis structures; positive ions should have
fewer electrons than an uncharged molecule. When the Lewis structure of an ion is written, the entire structure is
placed in brackets, and the charge is written as a superscript on the upper right, outside of the brackets. For
example, consider the ammonium ion, NH4

+, which contains 9 (5 from N and 1 from each of the four H atoms) –1 =
8 electrons. One electron is subtracted because the entire molecule has a +1 charge.

Coordinate covalent bonding: The ammonium ion, NH4+, contains 9–1 = 8 electrons.

Negative ions follow the same procedure. The chlorite ion, ClO2
–, contains 19 (7 from the Cl and 6 from each of the

two O atoms) +1 = 20 electrons. One electron is added because the entire molecule has a -1 charge.
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Hypochlorite ion Lewis structure: The hypochlorite ion, ClO−, contains 13 + 1 = 14 electrons.
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ELECTRONEGATIVITY

Electronegativity and Oxidation Number
Electronegativity is the tendency of an atom/molecule to attract electrons; oxidation number is an indicator of its
bonding environment.

Learning Objectives

Apply the rules for assigning oxidation numbers to atoms in compounds

Key Takeaways

Key Points

An atom ‘s electronegativity is affected by both the element ‘s atomic number and its size.
The higher its electronegativity, the more an element attracts electrons.
The atom with higher electronegativity, typically a nonmetallic element, is assigned a negative oxidation
number, while metallic elements are typically assigned positive oxidation numbers.

Key Terms

electronegativity: A chemical property that describes the tendency of an atom to attract electrons (or
electron density) toward itself.
oxidation number: The hypothetical charge that an atom in a molecule/compound would have if all
bonds were purely ionic. It indicates of the degree of oxidation of an atom in a chemical compound.

Electronegativity

Electronegativity is a property that describes the tendency of an atom to attract electrons (or electron density)
toward itself. An atom’s electronegativity is affected by both its atomic number and the size of the atom. The higher
its electronegativity, the more an element attracts electrons. The opposite of electronegativity is electropositivity,
which is a measure of an element’s ability to donate electrons.

Electronegativity is not directly measured, but is instead calculated based on experimental measurements of other
atomic or molecular properties. Several methods of calculation have been proposed, and although there may be
small differences in the numerical values of the calculated electronegativity values, all methods show the same
periodic trend among the elements.

Electronegativity, as it is usually calculated, is not strictly a property of an atom, but rather a property of an atom in a
molecule. Properties of a free atom include ionization energy and electron affinity. It is expected that the
electronegativity of an element will vary with its chemical environment, but it is usually considered to be a
transferable property; that is to say, similar values will be valid in a variety of situations.

On the most basic level, electronegativity is determined by factors such as the nuclear charge and the
number/location of other electrons present in the atomic shells. The nuclear charge is important because the more
protons an atom has, the more “pull” it will have on negative electrons. Where electrons are in space is a
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contributing factor because the more electrons an atom has, the farther from the nucleus the valence electrons will
be, and as a result they will experience less positive charge; this is due to their increased distance from the nucleus,
and because the other electrons in the lower-energy core orbitals will act to shield the valence electrons from the
positively charged nucleus.

The most commonly used method of calculation for electronegativity was proposed by Linus Pauling. This method
yields a dimensionless quantity, commonly referred to as the Pauling scale, with a range from 0.7 to 4. If we look at
the periodic table without the inert gases, electronegativity is greatest in the upper right and lowest at the bottom
left.

Electronegativity of the elements: Electronegativity is highest at the top right of the table and lowest at the bottom left.

Hence, fluorine (F) is the most electronegative of the elements, while francium (Fr) is the least electronegative.

Oxidation Numbers

It is common to consider a single value of electronegativity to be valid for most bonding situations a given atom can
be in. While this approach has the advantage of simplicity, it is clear that the electronegativity of an element is not
an invariable atomic property; rather, it can be thought of as depending on a quantity called ‘the oxidation number’
of the element.

One way to characterize atoms in a molecule and keep track of electrons is by assigning oxidation numbers. The
oxidation number is the electric charge an atom would have if the bonding electrons were assigned exclusively to
the more electronegative atom, and it can identify which atom is oxidized and which is reduced in a chemical
process. Six rules can be used when assigning oxidation numbers:

1. The oxidation number of an element in its natural state (i.e., how it is found in nature) is zero. For example,
hydrogen in H2, oxygen in O2, nitrogen in N2, carbon in diamond, etc., have oxidation numbers of zero.

2. In ionic compounds, the ionic charge of an atom is its oxidation number.
3. The sum of the oxidation numbers of all the atoms in an ion or molecule is equal to its net charge.
4. In compounds with nonmetals, the oxidation number of hydrogen is +1. However, when hydrogen is bonded

with a metal, its oxidation number reduces to -1 because the metal is a more electropositive, or less
electronegative, element.

5. Oxygen is assigned an oxidation number of -2 in most compounds. However, there are certain exceptions. In
peroxides (O2

2-), such as hydrogen peroxide (H2O2), the oxidation number of oxygen is -1. In oxygen
difluoride (OF2), the oxidation number of oxygen is +2, while in dioxygen difluoride (O2F2), oxygen is

assigned an oxidation number of +1 because fluorine is the more electronegative element in these
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assigned an oxidation number of +1 because fluorine is the more electronegative element in these
compounds, so it is assigned an oxidation number of -1.

6. The atom with higher electronegativity, typically a nonmetallic element, is assigned a negative oxidation
number, while the other atom, which is often but not necessarily a metallic element, is given a positive
oxidation number.

Bond Polarity
Molecular polarity is dependent on the presence of polar covalent bonds and the molecule’s three-dimensional
structure.

Learning Objectives

Apply knowledge of bond polarity and molecular geometry to identify the dipole moment of molecules

Key Takeaways

Key Points

When non-identical atoms are covalently bonded, the electron pair will be attracted more strongly to the
atom that has the higher electronegativity. This results in a polar covalent bond.
Polarity refers to a separation of electric charge leading to a molecule or its chemical groups having an
electric dipole moment.
A polar molecule acts as an electric dipole that can interact with electric fields that are created artificially,
or that arise from nearby ions or polar molecules.
The dipole moment  that corresponds to an individual bond is given by the product of the quantity of
charge, q, and the bond length r: .

Key Terms

Bond polarity: A covalent bond is polar if one atom is more electronegative than its bonding partner,
resulting in a net dipole moment between the two atoms.
dipole moment: A measure of the polarity of a covalent bond or of an entire molecule. It is the product of
the charge on either pole of the dipole and the distance separating them.
Molecular polarity: A molecule is polar if it has a net dipole moment, which depends on the existence of
polar covalent bonds and the molecule’s three-dimensional structure or geometry.

Bond vs Molecular Polarity

Polarity refers to the separation of charge that creates permanent positive and negative ‘electric poles.’ This concept
can be applied in two contexts:

1. Bond polarity: when atoms from different elements are covalently bonded, the shared pair of electrons will be
attracted more strongly to the atom with the higher electronegativity. As a result, the electrons will not be
shared equally. Such bonds are said to be ‘polar’ and possess partial ionic character.

2. Molecular polarity: when an entire molecule, which can be made out of several covalent bonds, has a net
polarity, with one end having a higher concentration of negative charge and another end having a surplus of
positive charge. A polar molecule acts as an electric dipole which can interact with electric fields that are
created artificially, or that arise from interactions with nearby ions or other polar molecules.

Dipole Moment

μ
μ = qr
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Dipoles are conventionally represented as arrows pointing in the direction of the negative end. The strength of a
dipole’s interaction with an electric field is given by the electric dipole moment of the bond or molecule. The dipole
moment is calculated by evaluating the product of the magnitude of separated charge, q, and the bond length, r:

In SI units, q is expressed in coulombs and r in meters, so μ has the dimensions of . If two charges of
magnitude +1 and -1 are separated by a typical bond length of 100 pm, then:

The Debye unit, D, is commonly used to express dipole moments.

Determining a Molecule’s Dipole Moment

In molecules containing more than one polar bond, the molecular dipole moment is just the vector addition of the
individual bond dipole moments. Being vectors, these can reinforce or cancel each other depending on the
geometry of the molecule. Therefore, it is possible for molecules containing polar bonds to be nonpolar overall, as in
the example of carbon dioxide.

Molecular dipole moment of carbon dioxide: The linear shape of the CO2 molecule results in the canceling of the dipole moments
of the two polar C=O bonds. The net, molecular dipole moment of CO2 is therefore zero, and the molecule is nonpolar.

H2O, by contrast, has a very large molecular dipole moment which results from the two polar H–O bonds forming an
angle of 104.5° between them. The water molecule, therefore, is polar.

μ = qr

C ⋅ m

μ = (1.6022 × C) × ( m) = 1.6 × C ⋅ m = 4.8D10−19 10−10 10−29
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Dipole moment of a water molecule: Water has a very large dipole moment which results from the two polar H–O bonds oriented
at an angle of 104.5° with respect to each other. The bond dipoles add up to create a molecular dipole (indicated by the green
arrow).
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FORMAL CHARGE AND RESONANCE

Formal Charge and Lewis Structure
Covalent bonds in a molecule and the overall charge of a molecule can be visualized with Lewis dot structures.

Learning Objectives

Calculate formal charges on atoms in a compound

Key Takeaways

Key Points

Lewis structures, also called Lewis dot diagrams, model covalent bonding between atoms. These
diagrams use dots around atoms to signify electrons and lines to signify bonds between atoms.
Lewis structures incorporate an atom’s formal charge, which is the charge on an atom in a molecule,
assuming that electrons in a chemical bond are shared equally between atoms.
When multiple Lewis structures can represent the same compound, the different Lewis formulas are
called resonance structures.

Key Terms

formal charge: The charge assigned to an atom in a molecule, assuming that electrons in a chemical
bond are shared equally between atoms. This helps determine which of a few Lewis structures is most
correct.
octet rule: Atoms lose, gain, or share electrons in order to have a full valence shell of eight electrons.
resonance structure: A molecule or polyatomic ion that has multiple Lewis structures because bonding
can be shown multiple ways.

Lewis Structures

Pictorial representations are often used to visualize electrons, as well as any bonding that may occur between
atoms in a molecule. In particular, chemists use Lewis structures (also known as Lewis dot diagrams, electron dot
diagrams, or electron structures) to represent covalent compounds. In these diagrams, valence electrons are shown
as dots that sit around the atom; any bonds that the atoms share are represented by single, double, or triple lines.

The Lewis dot structure of carbon: A typical Lewis structure of carbon, with the valence electrons denoted as dots around the
atom.

Generally, most Lewis structures follow the octet rule; they will share electrons until they achieve 8 electrons in their
outermost valence shell. However, there are exceptions to the octet rule, such as boron, which is stable with only 6
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electrons in its valence shell. The elements hydrogen (H) and helium (He) follow the duet rule, which says their
outermost valence shell is full with 2 electrons in it.

Drawing a Lewis Structure

To draw a Lewis structure, the number of valence electrons on each atom in the compound must be determined.
The total number of valence electrons in the entire compound is equal to the sum of the valence electrons of each
atom in the compound. Non-valence electrons are not represented when drawing the Lewis structures.

Valence electrons are placed as lone pairs (two electrons) around each atom. Most atoms may have an incomplete
octet of electrons. However, atoms can share electrons with each other to fulfill this octet requirement. A bond that
shares two electrons is called a single bond and is signified by a straight, horizontal line.

If the octet rule is still not satisfied, atoms may form a double (4 shared electrons) or triple bond (6 shared
electrons). Because the bonding pair is shared, the atom that had the lone pair still has an octet, and the other atom
gains two or more electrons in its valence shell.

For example, CO2 is a neutral molecule with 16 total valence electrons. In the Lewis structure, carbon should be
double-bonded to both oxygen atoms.

The Lewis structure for carbon dioxide: This diagram shows the conceptual stages of drawing the Lewis structure for a molecule
of carbon dioxide (CO2).

Lewis structures can also be drawn for ions. In these cases, the entire structure is placed in brackets, and the
charge is written as a superscript on the upper right, outside of the bracket.

The Lewis structure for the hydroxide ion: In the hydroxide ion (OH–), the entire structure is surrounded by a bracket, and the
charge is placed outside the bracket.

Determining Formal Charge

Although we know how many valence electrons are present in a compound, it is harder to determine around which
atoms the electrons actually reside. To assist with this problem, chemists often calculate the formal charge of each
atom. The formal charge is the electric charge an atom would have if all the electrons were shared equally.

The formal charge of an atom can be determined by the following formula:

In this formula, V represents the number of valence electrons of the atom in isolation, N is the number of non-
bonding valence electrons, and B is the total number of electrons in covalent bonds with other atoms in the
molecule.

For example, let’s calculate the formal charge on an oxygen atom in a carbon dioxide (CO2) molecule:

FC = V − (N + )B
2
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FC = 6 valence electrons – (4 non-bonding valence electrons + 4/2 electrons in covalent bonds)

FC = 6 – 6 = 0

The oxygen atom in carbon dioxide has a formal charge of 0.

Resonance Structures

Sometimes multiple Lewis structures can be drawn to represent the same compound. These equivalent structures
are known as resonance structures and involve the shifting of electrons and not of actual atoms. Depending on the
compound, the shifting of electrons may cause a change in formal charges. Most often, Lewis structures are drawn
so that the the formal charge of each atom is minimized.

Resonance structures: Two of the contributing structures of nitrogen dioxide (NO2). Both formulas represent the same number of
atoms and electrons, just in a slightly different conformation.

Resonance

Resonance structures depict possible electronic configurations; the actual configuration is a combination of the
possible variations.

Learning Objectives

Describe how to draw resonance structures for compounds

Key Takeaways

Key Points

Lewis dot diagrams are often employed to visualize the covalent bonding between atoms in a compound.
However, when multiple equally valid structures can be drawn, these structures are called resonance
structures.
Resonance structures have the same number of electrons and therefore have the same overall charge.
Resonance structures differ only in the arrangement of electrons; the atoms keep the same connectivity
and arrangement.

Key Terms

resonance: A property of a compound that can be visualized as having multiple structures differing only
in the distribution of electrons.
resonance structure: A way of describing delocalized electrons within certain molecules or polyatomic
ions where the bonding cannot be expressed by a single Lewis structure.

Lewis dot structures can be drawn to visualize the electrons and bonds of a certain molecule. However, for some
molecules not all the bonding possibilities cannot be represented by a single Lewis structure; these molecules have
several contributing or “resonance” structures. In chemistry terms, resonance describes the fact that electrons are
delocalized, or flow freely through the molecule, which allows multiple structures to be possible for a given molecule.

Each contributing resonance structure can be visualized by drawing a Lewis structure; however, it is important to
note that each of these structures cannot actually be observed in nature. That is, the molecule does not actually go
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back and forth between these configurations; rather, the true structure is an approximate intermediate between each
of the structures. This intermediate has an overall lower energy than each of the possible configurations and is
referred to as a resonance hybrid. It is important to note that the difference between each structure lies in the
location of the electrons and not in the arrangement of the atoms.

More Than One Valid Lewis Structure

For example, the nitrate ion, NO3
–, has more than one valid Lewis structure. The structure contains two N-O single

bonds and one N=O double bond. But the question then remains as to which oxygen should be involved in the
double bond. Therefore, three valid resonance structures can be drawn. Double-ended arrows are used to indicate
that the structures are chemically equivalent. Again, in reality, the electronic configuration does not change between
the three structures; rather, it has one structure in which the extra electrons are distributed evenly. These fractional
bonds are sometimes depicted by dashed arrows, which show that the electron density is spread out throughout the
compound.

Resonance structures of the nitrate ion: The nitrate ion has three valid contributing structures that vary according to the
placement of the electrons.

Drawing Resonance Structures

When you are drawing resonance structures, it is important to remember to shift only the electrons; the atoms must
have the same position. Sometimes, resonance structures involve the placement of positive and negative charges
on specific atoms. Because atoms with electric charges are not as stable as atoms without electric charges, these
resonance structures will contribute less to the overall resonance structure than a structure with no charges.

http://www.youtube.com/watch?v=xHKlpYGG0tM&stop=460

Chemistry 4.4 More on Covalent Bonding – YouTube: This lesson discusses coordinate covalent bonds and
resonance structures.
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EXCEPTIONS TO THE OCTET RULE

The Incomplete Octet
While most elements below atomic number 20 follow the octet rule, several exceptions exist, including compounds
of boron and aluminum.

Learning Objectives

Describe the ways that B, Al, Li, and H deviate from the octet rule

Key Takeaways

Key Points

The octet rule states that atoms with an atomic number below 20 tend to combine so that they each have
eight electrons in their valence shells, which gives them the same electronic configuration as a noble gas.
The two elements that most commonly fail to complete an octet are boron and aluminum; they both
readily form compounds in which they have six valence electrons, rather than the usual eight predicted by
the octet rule.
While molecules exist that contain atoms with fewer than eight valence electrons, these compounds are
often reactive and can react to form species with eight valence electrons. For example, BF3 will readily
bind a fluoride anion to form the BF4

– anion, in which boron follows the octet rule.

Key Terms

atomic number: The number, equal to the number of protons in an atom, that determines its chemical
properties. Symbol: Z.
valence electrons: The electrons in the outermost (valence) principal energy level of an atom that can
participate in the formation of chemical bonds with other atoms.
octet rule: Atoms gain, lose, or share electrons with other atoms in order to fill their valence level with
eight electrons.

The Octet Rule and Its Exceptions

The octet rule states that atoms below atomic number 20 tend to combine so that they each have eight electrons in
their valence shells, which gives them the same electronic configuration as a noble gas. The rule is applicable to the
main- group elements, especially carbon, nitrogen, oxygen, and the halogens, but also to metals such as sodium
and magnesium.

Valence electrons can be counted using a Lewis electron dot diagram. In carbon dioxide, for example, each oxygen
shares four electrons with the central carbon. These four electrons are counted in both the carbon octet and the
oxygen octet because they are shared.
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Carbon dioxide: A Lewis dot diagram for carbon dioxide.

Hydrogen and Lithium

However, many atoms below atomic number 20 often form compounds that do not follow the octet rule. For
example, with the duet rule of the first principal energy level, the noble gas helium, He, has two electrons in its outer
level. Since there is no 1p subshell, 1s is followed immediately by 2s, and thus level 1 can only have at most two
valence electrons. Hydrogen only needs one additional electron to attain this stable configuration, through either
covalent sharing of electrons or by becoming the hydride ion (:H–), while lithium needs to lose one by combining
ionically with other elements. This leads to hydrogen and lithium both having two electrons in their valence shell—
the same electronic configuration as helium—when they form molecules by bonding to other elements.

Boron and Aluminum

There are also a variety of molecules in which there are too few electrons to provide an octet for every atom. Boron
and aluminum, from Group III (or 13), display different bonding behavior than previously discussed. These atoms
each have three valence electrons, so we would predict that these atoms want to bond covalently in order to gain 5
electrons (through sharing) to fulfill the octet rule. However, compounds in which boron or aluminum atoms form five
bonds are never observed, so we must conclude that simple predictions based on the octet rule are not reliable for
Group III.

Consider boron trifluoride (BF3). The bonding is relatively simple to model with a Lewis structure if we allow each
valence level electron in the boron atom to be shared in a covalent bond with each fluorine atom. In this compound,
the boron atom only has six valence shell electrons, but the octet rule is satisfied by the fluorine atoms.

Lewis structure of boron trifluoride: Each pair of dots represents a pair of electrons. When
placed between two atoms, the electrons are in a bond. A bond can be drawn as a line between
two atoms, which also indicates two electrons. Notice that the central boron atom has only 6
electrons in the final Lewis diagram/structure of this molecule.

404



We might conclude from this one example that boron atoms obey a sextet rule. However, boron will form a stable
ion with hydrogen, BH4

–, in which the boron atom does have a complete octet. In addition, BF3 will react with
ammonia (NH3), to form a stable compound, NH3BF3, for which a Lewis structure can be drawn that shows boron
with a complete octet.

Boron trifluoride-ammonia complex: This covalent compound (NH3BF3) shows that boron can have an octet of electrons in its
valence level.

Compounds of aluminum follow similar trends. Aluminum trichloride (AlCl3), aluminum hydride (AlH3), and aluminum
hydroxide (Al(OH)3) indicate a valence of three for aluminum, with six valence electrons in the bonded molecule.
However, the stability of aluminum hydride ions (AlH4

–) indicates that Al can also support an octet of valence shell
electrons.

Although the octet rule can still be of some utility in understanding the chemistry of boron and aluminum, the
compounds of these elements are harder to predict than for other elements.

Odd-Electron Molecules
Molecules with an odd number of electrons disobey the octet rule.

Learning Objectives

Describe the deviation from the octet rule by free radicals

Key Takeaways

Key Points

While the majority of compounds formed from atoms below atomic number 20 follow the octet rule, there
are many examples of compounds that do not.
Having an odd number of electrons in a molecule guarantees that it does not follow the octet rule,
because the rule requires eight electrons (or two for hydrogen) around each atom.
The most commonly encountered stable species that exist with an odd number of electrons are nitrogen
oxides, such as nitric oxide (NO) and nitrogen dioxide (NO2), both of which are free radicals and disobey
the octet rule.

Key Terms

metastable: Of or pertaining to a physical or chemical state that is relatively long-lived, but may decay to
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metastable: Of or pertaining to a physical or chemical state that is relatively long-lived, but may decay to
a lower energy state when perturbed.
free radical: Any molecule, ion, or atom with one or more unpaired electrons. They vary in reactivity and
stability from highly reactive, occurring as transient (short-lived) species, to metastable.
octet rule: Atoms lose, gain, or share electrons in order to have a full valence shell of eight electrons.
Hydrogen is an exception because it can hold a maximum of two electrons in its valence level.

Free Radicals

Some elements, most notably nitrogen, can form compounds that do not obey the octet rule. One class of such
compounds are those that have an odd number of electrons. As the octet rule requires eight electrons around each
atom, a molecule with an odd number of electrons must disobey the octet rule. Molecules with unpaired electrons
are termed ‘free radicals.’ While typically highly unstable, and therefore highly reactive, some free radicals exhibit
stability of days, months, or even years. These latter compounds are said to be ‘ metastable,’ meaning they will
decompose or react if given enough time, but are stable enough for a considerable amount of time, from days to
even years, when subjected to only minor disturbances.

Examples of Free Radical Molecules

Recall that the Lewis structure of a molecule must depict the total number of  valence electrons from all the
atoms which are bonded together.
Nitric oxide has the formula NO. The total number of valence electrons is 5+6=11. Therefore, no matter how
electrons are shared between the nitrogen and oxygen atoms, there is no way for nitrogen to have an octet. It
will have seven electrons, assuming that the oxygen atom does satisfy the octet.

Nitric oxide: Nitric oxide (NO) is an example of a
stable free radical. It does not obey the octet rule
on the nitrogen atom. Each line around the atoms
represents a pair of electrons.

Nitric oxide is a by-product of combustion reactions that occur in engines, like those in automobile engines and
fossil fuel power plants. It is also produced naturally during the electrical discharge of lightning during
thunderstorms.
Nitrogen dioxide is the chemical compound with the formula NO2. Again, nitrogen dioxide does not follow the
octet rule for one of its atoms, namely nitrogen. The total number of valence electrons is 5+2(6)=17. There is
persistent radical character on nitrogen because it has an unpaired electron. The two oxygen atoms in this
molecule follow the octet rule.

Nitrogen dioxide: Nitrogen dioxide is another stable molecule that disobeys the octet rule. Note the seven electrons around
nitrogen. Formal charges and the molecule’s resonance structures are indicated.

Nitrogen dioxide is an intermediate in the industrial synthesis of nitric acid, millions of tons of which is produced
each year. This reddish-brown toxic gas has a characteristic sharp, biting odor and is a prominent air pollutant.

The Expanded Octet
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Main group elements in the third period and below form compounds that deviate from the octet rule by having more
than 8 valence electrons.

Learning Objectives

Explain why some elements can form an expanded octet

Key Takeaways

Key Points

Main group elements that form more bonds than would be predicted by the octet rule are called
hypervalent compounds, and have what is known as an ‘ expanded octet,’ meaning that there are more
than eight electrons around one atom.
The octet rule can be ‘expanded’ by some elements by utilizing the d- orbitals found in the third principal
energy level and beyond. Sulfur, phosphorus, silicon, and chlorine are common examples of elements
that form an expanded octet.
Phosphorus pentachloride (PCl5) and sulfur hexafluoride (SF6) are examples of molecules that deviate
from the octet rule by having more than 8 electrons around the central atom.

Key Terms

main group element: Elements that are not part of the transition metal block in the periodic table.
expanded octet: A case where an atom shares more than eight electrons with its bonding partners.
hypervalent molecule: A molecule that contains an atom from a main group element which deviates
from the octet rule by sharing more than eight electrons.

Deviations from the Octet Rule

A hypervalent molecule is a molecule that contains one or more main group elements that bear more than eight
electrons in their valence levels as a result of bonding. Phosphorus pentachloride (PCl5), sulfur hexafluoride (SF6),
chlorine trifluoride (ClF3), and the triiodide ion (I3−) are examples of hypervalent molecules.

For the elements in the second period of the periodic table (principal energy level n=2), the s2p6 electrons comprise
the octet, and no d sublevel exists. As a result, the second period elements (more specifically, the nonmetals C, N,
O, F) obey the octet rule without exceptions.
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Phosphorus pentachloride: In the PCl5 molecule, the central phosphorus
atom is bonded to five Cl atoms, thus having 10 bonding electrons and violating
the octet rule. The overall geometry of the molecule is depicted (trigonal
bipyramidal), and bond angles and lengths are highlighted.

However, some of the third-period elements (Si, P, S, and Cl) have been observed to bond to more than four other
atoms, and thus need to involve more than the four pairs of electrons available in an s2p6 octet. This is possible
because for n=3, the d sublevel exists, and it has five d orbitals. Although the energy of empty 3d-orbitals is
ordinarily higher than that of the 4s orbital, that difference is small and the additional d orbitals can accommodate
more electrons. Therefore, the d orbitals participate in bonding with other atoms and an expanded octet is produced.
Examples of molecules in which a third period central atom contains an expanded octet are the phosphorus
pentahalides and sulfur hexafluoride.
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Sulfur hexafluoride: In the SF6 molecule, the central sulfur atom is bonded to
six fluorine atoms, so sulfur has 12 bonding electrons around it. The overall
geometry of the molecule is depicted (tetragonal bipyramidal, or octahedral),
and bond angles and lengths are highlighted.

For atoms in the fourth period and beyond, higher d orbitals can be used to accommodate additional shared pairs
beyond the octet. The relative energies of the different kinds of atomic orbital reveal that energy gaps become
smaller as the principal energy level quantum number (n) increases, and the energetic cost of using these higher
orbitals to accommodate bonding electrons becomes smaller.

Licensing & Attributions

CC licensed content, Speci�c attribution

Octet rule. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Octet_rule. License: CC BY-SA: Attribution-ShareAlike
General Chemistry/Octet Rule and Exceptions. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Octet_Rule_and_Exceptions. License: CC BY-SA: Attribution-ShareAlike
John Hutchinson, Concept Development Studies in Chemistry. September 17, 2013. Provided by: OpenStax CNX. Located at: http://cnx.org/content/m12584/latest/?collection=col10264/latest. License: CC BY: Attribution
valence electrons. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/valence%20electrons. License: CC BY-SA: Attribution-ShareAlike
atomic number. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/atomic_number. License: CC BY-SA: Attribution-ShareAlike
Carbon-dioxide-octet-Lewis-2D. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Carbon-dioxide-octet-Lewis-2D.png. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Amazon Web Services. Located at: http://s3.amazonaws.com/�gures.boundless.com/506f0a32e4b0c20b80855491/BF3NH3.png. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Amazon Web Services. Located at: http://s3.amazonaws.com/�gures.boundless.com/506f0850e4b0dfd51f0b0f57/BF3+and+BF3NH3.png. License: CC BY-SA: Attribution-ShareAlike
Nitric oxide. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Nitric_oxide. License: CC BY-SA: Attribution-ShareAlike
Nitrogen dioxide. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Nitrogen_dioxide. License: CC BY-SA: Attribution-ShareAlike
General Chemistry/Octet Rule and Exceptions. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Octet_Rule_and_Exceptions. License: CC BY-SA: Attribution-ShareAlike
metastable. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/metastable. License: CC BY-SA: Attribution-ShareAlike
free radical. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/free_radical. License: CC BY-SA: Attribution-ShareAlike
octet rule. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/octet_rule. License: CC BY-SA: Attribution-ShareAlike
Carbon-dioxide-octet-Lewis-2D. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Carbon-dioxide-octet-Lewis-2D.png. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Amazon Web Services. Located at: http://s3.amazonaws.com/�gures.boundless.com/506f0a32e4b0c20b80855491/BF3NH3.png. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Amazon Web Services. Located at: http://s3.amazonaws.com/�gures.boundless.com/506f0850e4b0dfd51f0b0f57/BF3+and+BF3NH3.png. License: CC BY-SA: Attribution-ShareAlike
File:Sticksto�dioxid.svg - Wikibooks, open books for an open world. Provided by: Wikibooks. Located at: http://en.wikibooks.org/w/index.php?title=File:Sticksto�dioxid.svg&page=1. License: CC BY-SA: Attribution-ShareAlike
File:Nitric oxide.svg - Wikipedia, the free encyclopedia. Provided by: Wikipedia. Located at: http://en.wikipedia.org/w/index.php?title=File:Nitric_oxide.svg&page=1. License: CC BY-SA: Attribution-ShareAlike
Covalent bonding. Provided by: Steve Lower's Website. Located at: http://www.chem1.com/acad/webtext/chembond/cb03.html#COMP. License: CC BY-SA: Attribution-ShareAlike
Octet rule. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Octet_rule. License: CC BY-SA: Attribution-ShareAlike
Hypervalent molecule. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Hypervalent_molecule. License: CC BY-SA: Attribution-ShareAlike
General Chemistry/Octet Rule and Exceptions. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Octet_Rule_and_Exceptions. License: CC BY-SA: Attribution-ShareAlike
main group element. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/main_group_element. License: CC BY-SA: Attribution-ShareAlike
Carbon-dioxide-octet-Lewis-2D. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Carbon-dioxide-octet-Lewis-2D.png. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Amazon Web Services. Located at: http://s3.amazonaws.com/�gures.boundless.com/506f0a32e4b0c20b80855491/BF3NH3.png. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Amazon Web Services. Located at: http://s3.amazonaws.com/�gures.boundless.com/506f0850e4b0dfd51f0b0f57/BF3+and+BF3NH3.png. License: CC BY-SA: Attribution-ShareAlike
File:Sticksto�dioxid.svg - Wikibooks, open books for an open world. Provided by: Wikibooks. Located at: http://en.wikibooks.org/w/index.php?title=File:Sticksto�dioxid.svg&page=1. License: CC BY-SA: Attribution-ShareAlike
File:Nitric oxide.svg - Wikipedia, the free encyclopedia. Provided by: Wikipedia. Located at: http://en.wikipedia.org/w/index.php?title=File:Nitric_oxide.svg&page=1. License: CC BY-SA: Attribution-ShareAlike
Sulfur-hexa�uoride-2D-dimensions. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Sulfur-hexa�uoride-2D-dimensions.png. License: CC BY-SA: Attribution-ShareAlike
Phosphorus-pentachloride-2D-dimensions. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Phosphorus-pentachloride-2D-dimensions.png. License: CC BY-SA: Attribution-ShareAlike

409

http://en.wikipedia.org/wiki/Octet_rule
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/General_Chemistry/Octet_Rule_and_Exceptions
https://creativecommons.org/licenses/by-sa/4.0/
http://cnx.org/content/m12584/latest/?collection=col10264/latest
https://creativecommons.org/licenses/by/4.0/
http://en.wikipedia.org/wiki/valence%20electrons
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/atomic_number
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Carbon-dioxide-octet-Lewis-2D.png
https://creativecommons.org/licenses/by-sa/4.0/
http://s3.amazonaws.com/figures.boundless.com/506f0a32e4b0c20b80855491/BF3NH3.png
https://creativecommons.org/licenses/by-sa/4.0/
http://s3.amazonaws.com/figures.boundless.com/506f0850e4b0dfd51f0b0f57/BF3+and+BF3NH3.png
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Nitric_oxide
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Nitrogen_dioxide
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/General_Chemistry/Octet_Rule_and_Exceptions
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/metastable
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/free_radical
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/octet_rule
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Carbon-dioxide-octet-Lewis-2D.png
https://creativecommons.org/licenses/by-sa/4.0/
http://s3.amazonaws.com/figures.boundless.com/506f0a32e4b0c20b80855491/BF3NH3.png
https://creativecommons.org/licenses/by-sa/4.0/
http://s3.amazonaws.com/figures.boundless.com/506f0850e4b0dfd51f0b0f57/BF3+and+BF3NH3.png
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/w/index.php?title=File:Stickstoffdioxid.svg&page=1
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/w/index.php?title=File:Nitric_oxide.svg&page=1
https://creativecommons.org/licenses/by-sa/4.0/
http://www.chem1.com/acad/webtext/chembond/cb03.html#COMP
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Octet_rule
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Hypervalent_molecule
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/General_Chemistry/Octet_Rule_and_Exceptions
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/main_group_element
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Carbon-dioxide-octet-Lewis-2D.png
https://creativecommons.org/licenses/by-sa/4.0/
http://s3.amazonaws.com/figures.boundless.com/506f0a32e4b0c20b80855491/BF3NH3.png
https://creativecommons.org/licenses/by-sa/4.0/
http://s3.amazonaws.com/figures.boundless.com/506f0850e4b0dfd51f0b0f57/BF3+and+BF3NH3.png
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/w/index.php?title=File:Stickstoffdioxid.svg&page=1
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/w/index.php?title=File:Nitric_oxide.svg&page=1
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Sulfur-hexafluoride-2D-dimensions.png
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Phosphorus-pentachloride-2D-dimensions.png
https://creativecommons.org/licenses/by-sa/4.0/


BOND ENERGY AND ENTHALPY

Bond Energy
Bond energy is the measure of bond strength. In order to turn one mole of a molecule into its constituent atoms, an
amount of heat equal to the bond energy needs to be put into the system.

Learning Objectives

Identify the relationship between bond energy and strength of chemical bonds

Key Takeaways

Key Points

Values listed in tables of bond energy and bond length are averages taken over a variety of compounds
that contain a specific atom pair.
A plot of the potential energy of a two-atom system and the distance between the atoms reveals a
distance at which the energy is at its minimum. This distance is the bond length between the atoms.
The higher the bond energy associated with a specific atom pair, the stronger the bond is said to be, and
the smaller the distance between the two atoms.

Key Terms

equilibrium bond length: The average distance between two atoms when they are bonded to each
other.
Morse curve: A plot showing the dependence of the energy associated with a system of two atoms on
the distance between them (referred to as the ‘internuclear distance’).
enthalpy: In thermodynamics, a measure of the heat content of a chemical or physical system, measured
under conditions of constant pressure.
Bond Energy: A measure of a chemical bond’s strength. It is experimentally determined by measuring
the heat (or enthalpy) required to break a mole of molecules into their constituent individual atoms.

The Energy Associated with a Chemical Bond

Bond energy is a measure of a chemical bond ‘s strength, meaning that it tells us how likely a pair of atoms is to
remain bonded in the presence of energy perturbations. Alternatively, it can be thought of as a measure of the
stability gained when two atoms bond to each other, as opposed to their free or unbound states.

Bond energy is determined by measuring the heat required to break one mole of molecules into their individual
atoms, and it represents the average energy associated with breaking the individual bonds of a molecule. The
higher the bond energy, the ‘stronger’ we say the bond is between the two atoms, and the distance between them
(bond length) is smaller.

For instance, the HO-H bond in a water molecule requires 493 kJ/mol to break and generate the hydroxide ion
(OH–). Breaking the O-H bond in the hydroxide ion requires an additional 424 kJ/mol. Therefore, the bond energy of
the covalent O-H bonds in water is reported to be the average of the two values, or 458.9 kJ/mol. These energy
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values (493 and 424 kJ/mol) required to break successive O-H bonds in the water molecule are called ‘ bond
dissociation energies,’ and they are different from the bond energy. The bond energy is the average of the bond
dissociation energies in a molecule.

The exact properties of a specific kind of bond are determined in part by the nature of the other bonds in the
molecule; for example, the energy and length of the C–H bond will vary depending on what other atoms are bonded
to the carbon atom. Similarly, the C-H bond length can vary by as much as 4% between different molecules. For this
reason, the values listed in tables of bond energy and bond length are usually averages taken over a variety of
compounds that contain a specific atom pair.

We can apply bond energy values to determine the enthalpy of a compound’s formation, , which can be
roughly approximated by simply adding tabulated values for the bond energies of all created bonds. The accuracy of
this method is within a few percent of the experimentally determined  values.

Energy Between Two Atoms as a Function of Internuclear Distance

A Morse curve shows how the energy of a two atom system changes as a function of internuclear distance.

ΔHf

ΔHf
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Morse curve: Plot of potential energy vs distance between two atoms. The bond energy is energy that must be added from the
minimum of the ‘potential energy well’ to the point of zero energy, which represents the two atoms being infinitely far apart, or,
practically speaking, not bonded to each other.

At large distances, the energy is zero, meaning that there is no interaction. This agrees with our understanding that
two atoms placed infinitely far apart do not interact with each other in any meaningful way, or at the very least we
can say that they are not bonded to each other. At internuclear distances in the order of an atomic diameter,
attractive forces dominate. At very small distances between the two atoms, the force is repulsive and the energy of
the two atom system is very high. The attractive and repulsive forces are balanced at the minimum point in the plot
of a Morse curve.

The internuclear distance at which the energy minimum occurs defines the equilibrium bond length. This bond
length represents an ‘equilibrium’ value because thermal motion causes the two atoms to vibrate about this
distance, much like a spring vibrates back and forth around its unstretched, or equilibrium distance.

A Morse curve will have different energy minima and distance dependence for bonds formed between different pairs
of atoms. In general, the stronger the bond between two atoms, the lower the energy minimum is and the smaller
the bond length.

The bond energy is the amount of work that must be done to pull two atoms completely apart; in other words, it is
the same as the depth of the “well” in the potential energy curve.
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Bond Enthalpy

Bond enthalpy is defined as the enthalpy change when a covalent bond is cleaved by homolysis.

Learning Objectives

Describe the changes in enthalpy accompanying the breaking or formation of a bond

Key Takeaways

Key Points

Breaking a bond requires the input of energy (positive change in enthalpy ); energy is released (negative
change in enthalpy) when forming a bond.
Bond enthalpy, or dissociation energy, is defined as the standard enthalpy change when a bond is
cleaved by homolysis, with reactants and products of the homolysis reaction at 0 K (absolute zero).

Key Terms

enthalpy: A measure of the heat energy content in a thermodynamic system.
homolysis: The symmetrical breaking of a chemical bond within a molecule so that each of the resulting
fragments retains one of the originally bonded electrons.
exothermic: A chemical reaction that releases heat energy to its surroundings.
endothermic: A chemical reaction that absorbs heat energy from its surroundings.

Energy Transfer During Breaking or Formation of Bonds

Change in Enthalpy

Enthalpy is a measure of the total heat energy content in a thermodynamic system, and it is practically used to
describe energy transfer during chemical or physical processes in which the pressure remains constant.

The total enthalpy, H, of a system cannot be measured directly. Thus, the change in enthalpy, , is a more useful
quantity than its absolute value. The change ( ) is positive in endothermic reactions because the products of the
reaction have a greater enthalpy than the reactants, and heat is absorbed by the system from its surroundings. The
change in enthalpy is negative in exothermic processes, because energy is released from the system into its
surroundings.

Generally, a positive change in enthalpy is required to break a bond, while a negative change in enthalpy is
accompanied by the formation of a bond. In other words, breaking a bond is an endothermic process, while the
formation of bonds is exothermic.

Bond Enthalpy or Dissociation Energy

Bond enthalpy, also known as bond dissociation energy, is defined as the standard enthalpy change when a bond is
cleaved by homolysis, with reactants and products of the homolysis reaction at 0 K (absolute zero).

ΔH
ΔH
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Homolysis of a chemical bond: A two-electron covalent bond is equally split when bond breaking, with each resulting fragment
having one electron from the original shared pair. Notice that the products are free-radicals.

For instance, the bond enthalpy, or bond-dissociation energy, for one of the C-H bonds in ethane (C2H6) is defined
by the process:

The strength of bonds between different atoms varies across the periodic table and is well documented.

Bond dissociation energy: Bond dissociation energies for different element pairings are listed. It is evident that bond strength
varies significantly for different combinations of elements in the periodic table.

Each bond in a molecule has its own bond dissociation energy, so a molecule with four bonds will require more
energy to break the bonds than a molecule with one bond. As each successive bond is broken, the bond
dissociation energy required for the other bonds changes slightly.

Bond Lengths
Bond length between two atoms depends on factors such as the orbital hybridization and the electronic nature of the
components.

− H → ⋅ +HCH3 CH2 CH3 CH2

ΔH = 101.1 (423.0 )kcal
mol

kJ
mol

414



Learning Objectives

Compare bond lengths using knowledge of periodic trends

Key Takeaways

Key Points

Bond length is the experimentally determined average distance between two bonded atoms.
Bonded atoms vibrate due to thermal energy available in the surroundings.
Bond lengths are typically in the range of 100-200 pm (1-2 Å).
As a general trend, bond length decreases across a row in the periodic table and increases down a
group.
Atoms with multiple bonds between them have shorter bond lengths than singly bonded ones.

Key Terms

bond length: In molecular geometry, bond length or bond distance is the average distance between
nuclei of two bonded atoms in a molecule.
covalent radius: The radius of an atom when covalently bonded to other atoms.

The Distance Between Two Bonded Atoms

The distance between two atoms participating in a bond, known as the bond length, can be determined
experimentally. X-ray diffraction of molecular crystals allows for the determination of the three-dimensional structure
of molecules and the precise measurement of internuclear distances. Various spectroscopic methods also exist for
estimating the bond length between two atoms in a molecule.

Bonds Are Not Static Structures

The bond length is the average distance between the nuclei of two bonded atoms in a molecule. This is because a
chemical bond is not a static structure, but the two atoms actually vibrate due to thermal energy available in the
surroundings at any non-zero Kelvin temperature. A bond can be modeled as two balls connected by a spring:
stretching or compressing the spring initiates a back-and-forth motion with respect to the equilibrium positions of the
balls. Measured bond lengths are the distance between those unperturbed, or equilibrium, positions of the balls, or
atoms.
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Ball-and-spring model of a chemical bond: A bond between two atoms can be thought of as a spring with two balls attached to it.
Any stretch or compression of the spring will initiate oscillations of the atoms with respect to their equilibrium (unperturbed) positions.
The potential energy function for this system is also indicated. The minimum energy occurs at the equilibrium distance r0, which is
where the bond length is measured.

Bond Length Values

Bond lengths have traditionally been expressed in Ångstrom units, but picometers are sometimes preferred (1 Å =
10-10 m = 100 pm). Bonds lengths are typically in the range of 1-2 Å, or 100-200 pm. Even though the bond
vibrates, equilibrium bond lengths can be determined experimentally to within ±1 pm. The actual distance between
two atoms in a molecule depends on factors such as the orbital hybridization and the electronic nature of its
components.

Bonds involving hydrogen can be quite short; the shortest bond of all, H–H, is only 74 pm. The covalent radius of an
atom is determined by halving the bond distance between two identical atoms. Based on data for the H2 molecule,
the covalent radius of H is 37 pm. Covalent radii can be used to estimate the bond distance between two different
atoms; it is the sum of the individual covalent radii.

Periodic Trends

Generally, when we consider a bond between a given atom and a varying atomic bonding partner, the bond length
decreases across a period in the periodic table, and increases down a group. This trend is identical to that of the
atomic radius.

Atoms with multiple bonds between them have shorter bond lengths than singly bonded ones; this is a major
criterion for experimentally determining the multiplicity of a bond. For example, the bond length of  is 154 pm;
the bond length of  is 133 pm; and finally, the bond length of  is 120 pm.
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ADVANCED CONCEPTS OF CHEMICAL
BONDING

VESPR MODEL

Applying the VSEPR Model
In the VSEPR model, the number of electron pairs around a central atom dictates a molecule’s general shape.

Learning Objectives

Apply the VSEPR model to determine a molecule’s geometry.

Key Takeaways

Key Points

Electron repulsion between orbitals dictates molecular geometry.
Nonbonding electron orbitals differ from bonding orbitals because nonbonding orbitals are concentrated
closer to the central atom.
Nonbonding orbitals exert more repulsion on other orbitals; for example, although the oxygen is a
tetrahedral in H2O, the molecule ‘s shape is bent.

Key Terms

repulsion: a force that moves two bodies away from each other
coordination number: the total number of atoms that directly neighbor a central atom in a molecule or
ion

VSEPR

The valence shell electron pair repulsion (VSEPR) model predicts the shape of individual molecules based on the
extent of electron-pair electrostatic repulsion. According to VSEPR, the valence electron pairs surrounding an atom
mutually repel each other; they adopt an arrangement that minimizes this repulsion, thus determining the molecular
geometry. This means that the bonding (and non-bonding) electrons will repel each other as far away as
geometrically possible. The number of atoms bonded to a central atom combined with the number of pairs of its
nonbonding valence electrons is called its steric number.
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Water’s Lewis dot
structure: Notice the two
lone pairs of electrons on
the oxygen atom.

Linear molecule: A simple triatomic molecule of the type AX2 has its two
bonding orbitals 180° apart, producing a molecule of linear geometry.

The Lewis dot structure for
boron trifluoride: The bond
angles between the fluorine atoms
are all 120°.

Nonbonding Electrons and the Coordination Number

When calculating the coordination number around the central atom, count both the bonded atoms and the
nonbonding pairs, because the nonbonding electrons are also in orbitals that occupy space and repel the other
orbitals. For example, a water molecule (H2O) is not a linear molecule, because the Lewis electron dot formula
predicts that there will be two pairs of nonbonding electrons.

The oxygen atom will therefore be tetrahedrally coordinated, meaning that it sits at the
center of a tetrahedron. Two of the coordination positions are occupied by the shared
electron-pairs that constitute the O–H bonds, and the other two by the non-bonding pairs.
Therefore, although the oxygen atom is tetrahedrally coordinated, the bonding geometry
(shape) of the H2O molecule is described as bent.

There is an important difference between bonding and non-bonding electron orbitals.
Because a nonbonding orbital has no atomic nucleus at its far end to draw the electron
cloud toward it, the charge will be concentrated closer to the central atom; therefore,
nonbonding orbitals exert more repulsion on other orbitals than do bonding orbitals.

In H2O for example, the two nonbonding orbitals push the bonding orbitals closer together, making the H–O–H
angle 104.5° instead of the tetrahedral angle of 109.5°. Although the water molecule is electrically neutral, it is not
electrically uniform; the non-bonding electrons create a higher concentration of negative charge at the oxygen end,
making the hydrogen side relatively positive. This unbalanced charge is the root of many of water’s so-called
anomalous properties.

Linear Molecules

A triatomic molecule of the type AX2 has its two bonding orbitals 180° apart, producing a molecule of linear
geometry; examples of this include BeCl2 and CO2. In the electron dot formula for carbon dioxide, the C-O bonds
are double bonds. This makes no difference to VSEPR theory; the central carbon atom is still joined to two other
atoms, and the electron clouds that connect the two oxygen atoms are 180° apart.

Trigonal Molecules

In an AX3 molecule, such as BF3, three
regions of electron density extend out from the
central atom. The repulsion between these will
be at a minimum when the angle between any
two is 120°. This requires that all four atoms
be in the same plane; the resulting shape is
called trigonal planar, or simply trigonal.

Tetrahedrally-Coordinated Carbon Chains

In an AX4 molecule such as methane (CH4), a central atom is bonded to four other
atoms. The four equivalent bonds point in four geometrically equivalent directions
in three dimensions corresponding to the four corners of a tetrahedron; this is
called tetrahedral coordination. The angle between any two bonds will be 109.5°.
The bonding geometry will not be tetrahedral when the valence shell of the central
atom contains nonbonding electrons.

Central Atoms with Five Bonds
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Tetrahedral molecule: In a tetrahedral
molecule, four equivalent bonds point in
four geometrically equivalent directions in
three dimensions, corresponding to the
four corners of a tetrahedron centered on
the carbon atom. Each bond angle
measures 109.5 °C.

The Lewis dot structure for phosphorous pentachloride:
The equatorial atoms have bond angles of 120°. The axial
atoms are 180° away from each other. The axial atoms are
90° away from the equatorial atoms.

Compounds of the type AX5 are formed by some of the elements in Group 15
of the periodic table. Examples of these compounds include PCl5 and AsF5.

Molecules with a coordination number of 5 are in the shape of a trigonal
bipyramid; this consists of two triangular-based pyramids joined base-to-
base. For example, in a PCl5 molecule, three of the chlorine atoms are in the
central phosphorus atom’s plane (equatorial positions), while the other two
atoms are above and below this plane (axial positions).

Equatorial and axial
atoms have different
geometrical
relationships to their
neighbors, and thus
differ slightly in their
chemical behavior. In
5-coordinated
molecules containing
lone pairs, these non-
bonding orbitals will
preferentially reside
in the equatorial
plane at 90° angles,

with respect to no more than two axially-oriented bonding
orbitals. An AX4E molecule (one in which the central atom is
coordinated to four other atoms and to one nonbonding
electron pair) has a “see-saw” shape; substituting more
nonbonding pairs for bonded atoms reduces the triangular bipyramid coordination to even simpler molecular
shapes.

Octahedral Coordination

In an AX6 molecule, six electron pairs will try to point toward the corners of an octahedron (two square-based
pyramids joined base-to-base). The shaded plane shown in the figure is only one of three equivalent planes defined
by a four-fold symmetry axis. All the ligands are geometrically equivalent with bond angles of 90°; there are no
separate axial and equatorial positions.

A coordination number of 6 is one of the most commonly encountered in inorganic chemistry, specifically in
transition metal hydrates such as Fe(H2O)63+. There are well known examples of 6-coordinate central atoms with
one, two, and three lone pairs.
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Octahedral molecule: In an octahedral molecule,
six electron pairs will try to point toward the
corners of an octahedron.

http://www.youtube.com/watch?v=xwgid9YuH58&stop=864

VSEPR Theory Practice Problems – YouTube: Lots and lots of practice problems for VSEPR theory. We will look
at how to take a Lewis structure and determine what the 3D shape of the molecule will be. Here are the shapes that
we will talk about: tetrahedral, trigonal pyramidal, bent, trigonal planar, linear. We will also talk about angles in
degrees: 109.5º, 107º, 105º, 120º, 180º and 116º and amounts that are less.

VSEPR table: Use the molecule’s formula, along with the number of bonded atoms and lone pair electrons, to
determine its geometry.
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MOLECULAR GEOMETRY

Table of Geometries
The VSPER theory detremines molecular geometries (linear, trigonal, trigonal bipyramidal, tetrahedral, and
octahedral).

Learning Objectives

Apply the VSEPR model to determine the geometry of a molecule that contains no lone pairs of electrons on the
central atom.

Key Takeaways

Key Points

Fundamentally, the VSEPR model theorizes that regions of negative electric charge will repel each other,
causing them (and the chemical bonds that they form) to stay as far apart as possible.
Molecular geometries take into account the number of atoms and the number of lone pair electrons.
The main geometries without lone pair electrons are: linear, trigonal, tetrahedral, trigonal bipyramidal, and
octahedral.

Key Terms

VSEPR Theory: a chemistry model used to predict the shape of individual molecules based on electron-
pair electrostatic repulsion

VSEPR Model

The valence shell electron pair repulsion (VSEPR) model focuses on the bonding and nonbonding electron pairs
present in the outermost (valence) shell of an atom that connects with two or more other atoms.

Fundamentally, the VSEPR model theorizes that these regions of negative electric charge will repel each other,
causing them (and the chemical bonds that they form) to stay as far apart as possible. Therefore, the two electron
clouds contained in a simple triatomic molecule AX2 will extend out in opposite directions. An angular separation of
180° places the two bonding orbitals as far away from each other as possible; we therefore expect the two chemical
bonds to extend in opposite directions, producing a linear molecule.

If the central atom also contains one or more pairs of non-bonding electrons, these additional regions of negative
charge will behave much like those associated with the bonded atoms. The orbitals containing the various bonding
and non-bonding pairs in the valence shell will extend out from the central atom in directions that minimize their
mutual repulsions. If the central atom possesses partially occupied d-orbitals, it may be able to accommodate five or
six electron pairs, forming what is sometimes called an “expanded octet.”

Molecular Geometries
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Linear electron geometry: This ball-and-stick model represents
a linear compound for formula AX2. The two X atoms (in white)
are 180° away from one another.

Molecular geometries (linear, trigonal, tetrahedral,
trigonal bipyramidal, and octahedral) are determined by
the VSEPR theory. A table of geometries using the
VSEPR theory can facilitate drawing and understanding
molecules. The table of molecular geometries can be
found in the first figure. The second figure serves as a
visual aid for the table.

VSEPR geometries: A visual guide to molecular geometries using the VSEPR Theory.
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VSEPR table of molecular geometries: The bonded angles in the table are ideal angles from the simple
VSEPR theory; the actual angle for the example given is in the following column.

http://www.youtube.com/watch?v=pA9ML0HVOYE&stop=833

How to Determine Molecular Geometry – YouTube: This video describes one method for quickly finding the major
geometrical shapes for simple molecules.

Molecular Geometries

The VSEPR theory describes five main shapes of simple molecules: linear, trigonal planar, tetrahedral, trigonal
bipyramidal, and octahedral.

Learning Objectives

Apply the VSEPR model to determine the geometry of molecules where the central atom contains one or more
lone pairs of electrons.

Key Takeaways

Key Points

Linear: a simple triatomic molecule of the type AX2; its two bonding orbitals are 180° apart.
Trigonal planar: triangular and in one plane, with bond angles of 120°.
Tetrahedral: four bonds on one central atom with bond angles of 109.5°.
Trigonal bipyramidal: five atoms around the central atom; three in a plane with bond angles of 120° and
two on opposite ends of the molecule.
Octahedral: six atoms around the central atom, all with bond angles of 90°.

Key Terms

VSEPR Theory: the Valence Shell Electron Pair Repulsion (VSEPR) model is used to predict the shape
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VSEPR Theory: the Valence Shell Electron Pair Repulsion (VSEPR) model is used to predict the shape
of individual molecules based on the extent of electron-pair electrostatic repulsion

AXE Method

Another way of looking at molecular geometries is through the “AXE method” of electron counting. A in AXE
represents the central atom and always has an implied subscript one; X represents the number of sigma bonds
between the central and outside atoms (multiple covalent bonds—double, triple, etc.— count as one X); and E
represents the number of lone electron pairs surrounding the central atom. The sum of X and E, known as the steric
number, is also associated with the total number of hybridized orbitals used by valence bond theory. VSEPR uses
the steric number and distribution of X’s and E’s to predict molecular geometric shapes.

AXE method: The A represents the central atom; the X represents the number of sigma bonds between
the central atoms and outside atoms; and the E represents the number of lone electron pairs surrounding
the central atom. The sum of X and E, known as the steric number, is also associated with the total
number of hybridized orbitals used by valence bond theory.

Note that the geometries are named according to the atomic positions only, not the electron arrangement.
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Lewis dot structure of carbon dioxide:
Although the central atom (carbon) has
four bonds, only two are sigma bonds; it
is therefore is represented as AX2E0 in
the table.

AXE method: annotation and examples: AXE annotation, geometry, and examples for each shape.

Main geometries (without lone pairs of electrons):

Linear

In a linear model, atoms are connected in a straight line, and a bond angle is simply the geometric angle between
two adjacent bonds. A simple triatomic molecule of the type AX2 has its two bonding orbitals 180° apart. Examples
of triatomic molecules for which VSEPR theory predicts a linear shape include BeCl2 (which does not possess
enough electrons to conform to the octet rule) and CO2. When writing out the electron dot formula for carbon
dioxide, notice that the C-O bonds are double bonds; this makes no difference to VSEPR theory. The central carbon
atom is still joined to two other atoms. The electron clouds that connect the two oxygen atoms are 180° apart.

Trigonal planar

Molecules with the trigonal planar shape are triangular and in one plane, or
flat surface. An AX3 molecule such as BF3 has three regions of electron
density extending out from the central atom. The repulsion between these
will be at a minimum when the angle between any two is 120o.

Tetrahedral

Tetra- signifies four, and -hedral relates to a face of a solid; “tetrahedral” literally means “having four faces. ” This
shape is found when there are four bonds all on one central atom, with no lone electron pairs. In accordance with
the VSEPR theory, the bond angles between the electron bonds are 109.5o. An example of a tetrahedral molecule is
methane (CH4). The four equivalent bonds point in four geometrically equivalent directions in three dimensions,
corresponding to the four corners of a tetrahedron centered on the carbon atom.
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The lewis dot structure for
methane: The four hydrogen atoms
are equidistant from each other, with
all bond angles at 109.5°.

A trigonal bipyramidal shape forms when a central atom is surrounded by five atoms in a molecule. In the geometry,
three atoms are in the same plane with bond angles of 120°; the other two atoms are on opposite ends of the
molecule. Some elements in Group 15 of the periodic table form compounds of the type AX5; examples include
PCl5 and AsF5.

The Lewis dot structure of phosphorous
pentachloride.: The three equatorial atoms are in the
same plane, with the two axial atoms located on
opposite ends of the molecule.

Octahedral

Octa- signifies eight, and -hedral relates to a face of a solid, so “octahedral” literally means “having eight faces.” The
bond angles are all 90°, and just as four electron pairs experience minimum repulsion when they are directed
toward the corners of a tetrahedron, six electron pairs try to point toward the corners of an octahedron. An example
of an octahedral molecule (AX6) is sulfur hexafluoride (SF6).

Visit this page in your course online to use this simulation.
Interactive: Electron Geometry: Molecules assume different shapes due to patterns of shared and unshared
electrons. In these examples all electrons affecting the shape of the molecules are shared in the covalent bonds
holding the atoms together to form the molecules.

Lone Electron Pairs
Nonbonding electrons are in orbitals that occupy space, repel the other orbitals, and change a molecule’s shape.

426



Learning Objectives

Recognize the effect of lone electron pairs on molecules’ geometries.

Key Takeaways

Key Points

Orbitals containing the various bonding and nonbonding pairs in the valence shell will extend out from the
central atom in directions that minimize their repulsions.
A nonbonding orbital has no atomic nucleus at its far end to draw the electron cloud toward it; the charge
in such an orbital will therefore be concentrated closer to the central atom.
Nonbonding orbitals exert more repulsion on other orbitals than do bonding orbitals.

Key Terms

coordination number: in chemistry and crystallography, the number of a central atom’s neighbors in a
molecule or crystal
lone pair: a valence set of two electrons that exists without bonding or sharing with other atoms

Molecular Geometries with Lone Pair Electrons

So far, we have only discussed geometries without any lone pairs of electrons. As you likely noticed in the table of
geometries and the AXE method, adding lone pairs changes a molecule ‘s shape. We mentioned before that if the
central atom also contains one or more pairs of nonbonding electrons, these additional regions of negative charge
will behave much like those associated with the bonded atoms. The orbitals containing the various bonding and
nonbonding pairs in the valence shell will extend out from the central atom in directions that minimize their mutual
repulsions.
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AXE method: Lone pairs change a molecule’s shape.

Coordination Number and the Central Atom

Coordination number refers to the number of electron pairs that surround a given atom, often referred to as the
central atom. The geometries of molecules with lone pairs will differ from those without lone pairs, because the lone
pair looks like empty space in a molecule. Both classes of geometry are named after the shapes of the imaginary
geometric figures (mostly regular solid polygons) that would be centered on the central atom and have an electron
pair at each vertex.

In the water molecule (AX2E2), the central atom is O, and the Lewis electron dot formula predicts that there will be
two pairs of nonbonding electrons. The oxygen atom will therefore be tetrahedrally coordinated, meaning that it sits
at the center of the tetrahedron. Two of the coordination positions are occupied by the shared electron-pairs that
constitute the O–H bonds, and the other two by the non-bonding pairs. Therefore, although the oxygen atom is
tetrahedrally coordinated, the bonding geometry (shape) of the H2O molecule is described as bent.

The Repulsive E�ect of the Lone Pair Electrons

There is an important difference between bonding and non-bonding electron orbitals. Because a nonbonding orbital
has no atomic nucleus at its far end to draw the electron cloud toward it, the charge in such an orbital will be
concentrated closer to the central atom; as a consequence, nonbonding orbitals exert more repulsion on other
orbitals than do bonding orbitals. In H2O, the two nonbonding orbitals push the bonding orbitals closer together,
making the H–O–H angle 104.5° instead of the tetrahedral angle of 109.5°.
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The effect of the lone pair on water: Although the oxygen
atom is tetrahedrally coordinated, the bonding geometry
(shape) of the H2O molecule is described as bent.

The Lewis dot structure for ammonia,
NH3.: The lone pair attached to the central
nitrogen creates bond angles that differ
from the tetrahedral 109.5 °.

The electron-dot structure of NH3 places one pair of
nonbonding electrons in the valence shell of the nitrogen
atom. This means that there are three bonded atoms and
one lone pair for a coordination number of four around the
nitrogen, the same as occurs in H2O.

We can therefore
predict that the
three hydrogen
atoms will lie at the
corners of a
tetrahedron
centered on the
nitrogen atom. The
lone pair orbital will
point toward the
fourth corner of the
tetrahedron, but
since that position
will be vacant, the
NH3 molecule itself cannot be tetrahedral; instead, it assumes a pyramidal

shape, more specifically, that of a trigonal pyramid (a pyramid with a triangular base). The hydrogen atoms are all in
the same plane, with the nitrogen outside of the plane. The non-bonding electrons push the bonding orbitals
together slightly, making the H–N–H bond angles about 107°.

In 5-coordinated molecules containing lone pairs, these non-bonding orbitals (which are closer to the central atom
and thus more likely to be repelled by other orbitals) will preferentially reside in the equatorial plane. This will place
them at 90° angles with respect to no more than two axially-oriented bonding orbitals. We can therefore predict that
an AX4E molecule (one in which the central atom A is coordinated to four other atoms X and to one nonbonding
electron pair) such as SF4 will have a “see-saw” shape.

Example of a see-saw structure: Try to imagine this
molecule teetering on each end, and you will have a
visual representation of a see-saw.

Substituting nonbonding pairs for bonded atoms reduces the triangular bipyramid coordination to even simpler
molecular shapes.

Visit this page in your course online to use this simulation.
Interactive: Unshared Electrons and the “Bent” Shape: Use the 3D model to see how unshared electrons
repel those that are shared in the bonds between hydrogen and oxygen, causing the molecule to have a “bent”
shape.
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MOLECULAR SHAPE AND POLARITY

Dipole Moment
A dipole exists when a molecule has areas of asymmetrical positive and negative charge.

Learning Objectives

Predict which molecules will have low and high dipole moments.

Key Takeaways

Key Points

A dipole exists when a molecule has areas of asymmetrical positive and negative charge.
A molecule’s polarity (its dipole) can be experimentally determined by measuring the dielectric constant.
Molecular geometry is crucial when working with dipoles.

Key Terms

dipole: any molecule or radical that has delocalized positive and negative charges
debye: a CGS unit of an electrical dipole moment equivalent to 3.33564 x 10-30 coulomb meter; used for
measurements at the molecular scale

A dipole exists when there are areas of asymmetrical positive and negative charges in a molecule. Dipole moments
increase with ionic bond character and decrease with covalent bond character.

Bond dipole moment

The bond dipole moment uses the idea of the electric dipole moment to measure a chemical bond ‘s polarity within a
molecule. This occurs whenever there is a separation of positive and negative charges due to the unequal attraction
that the two atoms have for the bonded electrons. The atom with larger electronegativity will have more pull for the
bonded electrons than will the atom with smaller electronegativity; the greater the difference in the two
electronegativities, the larger the dipole. This is the case with polar compounds like hydrogen fluoride (HF), where
the atoms unequally share electron density.

Physical chemist Peter J. W. Debye was the first to extensively study molecular dipoles. Bond dipole moments are
commonly measured in debyes, represented by the symbol D.

Molecules with only two atoms contain only one (single or multiple) bond, so the bond dipole moment is the
molecular dipole moment. They range in value from 0 to 11 D. At one extreme, a symmetrical molecule such as
chlorine, Cl2, has 0 dipole moment. This is the case when both atoms’ electronegativity is the same. At the other
extreme, the highly ionic gas phase potassium bromide, KBr, has a dipole moment of 10.5 D.

Bond Symmetry
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The linear structure of carbon dioxide.:
The two carbon to oxygen bonds are polar,
but they are 180° apart from each other
and will cancel.

Symmetry is another factor in determining if a molecule has a dipole moment. For example, a molecule of carbon
dioxide has two carbon— oxygen bonds that are polar due to the electronegativity difference between the carbon
and oxygen atoms. However, the bonds are on exact opposite sides of the central atom, the charges cancel out. As
a result, carbon dioxide is a nonpolar molecule.

Molecular Dipole Moment

When a molecule consists of more than two atoms, more than one bond is
holding the molecule together. To calculate the dipole for the entire
molecule, add all the individual dipoles of the individual bonds as their
vector. Dipole moment values can be experimentally obtained by
measuring the dielectric constant. Some typical gas phase values in debye
units include:

carbon dioxide: 0 (despite having two polar C=O bonds, the two are pointed in geometrically opposite
directions, canceling each other out and resulting in a molecule with no net dipole moment)
carbon monoxide: 0.112 D
ozone: 0.53 D
phosgene: 1.17 D
water vapor: 1.85 D
hydrogen cyanide: 2.98 D
cyanamide: 4.27 D
potassium bromide: 10.41 D

KBr has one of the highest dipole moments because of the significant difference in electronegativity between
potassium and bromine.

Bond Polarity

Bond polarity exists when two bonded atoms unequally share electrons, resulting in a negative and a positive end.

Learning Objectives

Identify the factors that contribute to a chemical bond’s polarity.

Key Takeaways

Key Points

The unequal sharing of electrons within a bond leads to the formation of an electric dipole (a separation
of positive and negative electric charges).
To determine the electron sharing between two atoms, a table of electronegativities can determine which
atom will attract more electron density.
Bonds can fall between one of two extremes, from completely nonpolar to completely polar.

Key Terms

electronegativity: an atom or molecule’s tendency to attract electrons and thus form bonds
bond: a link or force between neighboring atoms in a molecule

In chemistry, bond polarity is the separation of electric charge along a bond, leading to a molecule or its chemical
groups having an electric dipole or dipole moment.
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The polar covalent bond, HF.: The more
electronegative (4.0 > 2.1) fluorine pulls the
electrons in the bond closer to it, forming a
partial negative charge. The resulting
hydrogen atom carries a partial positive
charge.

Electrons are not always shared equally between two bonding atoms. One atom might exert more of a force on the
electron cloud than the other; this pull is called electronegativity. Electronegativity measures a particular atom’s
attraction for electrons. The unequal sharing of electrons within a bond leads to the formation of an electric dipole (a
separation of positive and negative electric charge). Partial charges are denoted as δ+ (delta plus) and δ- (delta
minus), symbols that were introduced by Christopher Ingold and his wife Hilda Usherwood in 1926.

Atoms with high electronegativity values—such as fluorine, oxygen, and nitrogen—exert a greater pull on electrons
than do atoms with lower electronegativity values. In a bond, this can lead to unequal sharing of electrons between
atoms, as electrons will be drawn closer to the atom with higher electronegativity.

Bonds can fall between one of two extremes, from completely nonpolar
to completely polar. A completely nonpolar bond occurs when the
electronegativity values are identical and therefore have a difference of
zero. A completely polar bond, or ionic bond, occurs when the difference
between electronegativity values is large enough that one atom actually
takes an electron from the other. The terms “polar” and “nonpolar”
usually refer to covalent bonds. To determine the polarity of a covalent
bond using numerical means, find the difference between the
electronegativity of the atoms; if the result is between 0.4 and 1.7, then,
generally, the bond is polar covalent.

The hydrogen fluoride (HF) molecule is polar by virtue of polar covalent
bonds; in the covalent bond, electrons are displaced toward the more
electronegative fluorine atom.

Percent Ionic Character and Bond Angle
Chemical bonds are more varied than terminology might suggest; they

exist on a spectrum between purely ionic and purely covalent bonds.

Learning Objectives

Recognize the differences between the theoretical and observed properties of ionic bonds.

Key Takeaways

Key Points

The spectrum of bonding (ionic and covalent) depends on how evenly electrons are shared between two
atoms.
A bond ‘s percent ionic character is the amount of electron sharing between two atoms; limited electron
sharing corresponds with a high percent ionic character.
To determine a bond’s percent ionic character, the atoms’ electronegativities are used to predict the
electron sharing between the atoms.

Key Terms

covalent bond: two atoms are connected to each other by sharing of two or more electrons
ionic bond: two atoms or molecules are connected to each other by electrostatic attraction

Ionic Bonds in Reality
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Bonding in lithium fluoride: Where is the electron in lithium
fluoride? Does this make an ionic bond, a covalent bond, or
something in between?

When two elements form an ionic compound, is an electron really lost by one atom and transferred to the other? To
answer this question, consider the data on the ionic solid LiF. The average radius of the neutral Li atom is about
2.52Å. If this Li atom reacts with an F atom to form LiF, what is the average distance between the Li nucleus and the
electron it has “lost” to the fluorine atom? The answer is 1.56Å; the electron is now closer to the lithium nucleus than
it was in neutral lithium.

The answer to the above question is both yes and no: yes,
the electron that was now in the 2s orbital of Li is now
within the grasp of a fluorine 2p orbital; but no, the electron
is now even closer to the Li nucleus than before, so it is not
truly “lost.”

The electron-pair bond is clearly responsible for this
situation; this provides the covalent bond ‘s stability. What
is not as obvious—until you look at the numbers such as
are quoted for LiF above—is that the ionic bond results in
the same condition; even in the most highly ionic
compounds, both electrons are close to both nuclei, and the resulting mutual attractions bind the nuclei together.

The emerging view of ionic bonding is one in which the electron orbitals of adjacent atom pairs are simply skewed,
placing more electron density around the “negative” element than around the “positive” one. Think of this skewing’s
magnitude as the percent ionic character of a bond; to determine the percent ionic character, one must look at the
electronegativities of the atoms involved and determine how effective the electron sharing is between the species.

The ionic bonding model is useful for many purposes, however. There is nothing wrong with using the term “ionic
bond” to describe the interactions between the atoms in the very small class of “ionic solids” such as LiF and NaCl.

Bond Angle

A bond angle forms between three atoms across at least two bonds. The more covalent in nature the bond, the
more likely the atoms will situate themselves along the predetermined vectors given by the orbitals that are involved
in bonding (VSEPR theory). The more ionic character there is to a bond, the more likely that non-directional
electrostatic interactions are holding the atoms together. This means that atoms will sit in positions that minimize the
amount of space they occupy (like a salt crystal).
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VALENCE BOND THEORY

Explanation of Valence Bond Theory
Valence bond theory states that overlap between two atomic orbitals forms a covalent bond between two atoms.

Learning Objectives

Describe valence bond theory

Key Takeaways

Key Points

Valence bond and molecular orbital theories are used to explain chemical bonding.
Two atoms that have unpaired electrons in their orbitals can overlap to give rise to a chemical bond.
A sigma bond ( ) forms when two atomic orbitals overlap between the nuclei of two atoms (also known
as the internuclear axis ).
Pi bonds ( ) occur when two atomic orbitals overlap outside of the space between the nuclei (outside of
the internuclear axis).
The strongest bonds form with maximum overlap between orbitals.

Key Terms

covalent bond: a chemical bond that is formed from the sharing of two electrons between two atoms.
internuclear axis: The space between the nuclei of two atoms bonded to each other.
atomic orbitals: the physical region or space where an electron may be present or found, with a
probability calculated from the precise mathematical form of the orbital.
valence bond theory: a covalent bond forms between the two atoms by the overlap of half-filled valence
atomic orbitals from each atom.

In chemistry, valence bond (VB) theory is one of two basic theories—along with molecular orbital (MO) theory—that
use quantum mechanics to explain chemical bonding. According to VB theory, a covalent bond forms from the
physical overlap of half-filled valence orbitals in two atoms.

Mechanism of Bonding in VB Theory

The VB theory describes the formation of covalent bonds from the overlap of atomic orbitals on two different atoms.
Because of the overlap, it is highly probable that a pair of electrons are found in the physical region or space where
the orbitals overlap.

Sigma ( ) and Pi ( ) Bonds

There are two types of overlapping orbitals: sigma ( ) and pi ( ). Both bonds are formed from the overlap of two
orbitals, one on each atom.  bonds occur when orbitals overlap between the nuclei of two atoms, also known as
the internuclear axis.

σ

π

σ π

σ π
σ
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 Bond Formation: Atomic orbitals from two atoms overlap in the
region between the nuclei (internuclear axis). Therefore, the resulting
electron density of the shared electrons lies in the red region shown in
the image.

 bonds occur when two (unhybridized) p-orbitals overlap. The p-orbitals, in one  bond, are located above and
below the nuclei of the atoms. By occupying the region of space that is above, below, and on the sides of an atom’s
nuclei, two  bonds can form.

 Bond Formation: Two unhybridized p-orbitals can overlap so that the
electron density of the shared electron pair is described by the  bond
depicted on the right.

Both types of overlapping orbitals can be related to bond order. Single bonds have one sigma bond. Double bonds
consist of one  and one  bond, while triple bonds contain one  and two  bonds.

Comparing VB and MO

VB theory complements molecular orbital (MO) theory, which does not adhere to the VB concept that electron pairs
are localized between two specific atoms in a molecule. MO theory states that electrons are distributed in sets of
molecular orbitals that can extend over the entire molecule. MO theory can predict magnetic and ionization
properties in a straightforward manner. VB theory produces similar results, but is more complicated.

Bond Character

An important aspect of the VB theory is the condition of maximum overlap which leads to the formation of the
strongest possible bonds. This theory is used to explain the covalent bond formation in many molecules. In the F2
molecule, the F–F  covalent bond is formed by the overlap of pz orbitals of the two F atoms, each containing an
unpaired electron. Since the nature of the overlapping orbitals is different in H2 and F2 molecules, bond strength and
bond lengths differ between H2 and F2 molecules.

In an HF molecule, the covalent  bond forms from the overlap of the 1s orbital of H and the 2pz orbital of F, each
containing an unpaired electron. Mutual sharing of electrons between H and F results in a covalent bond in HF.
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π π
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π
π

σ π σ π

σ

σ
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Covalent bond between hydrogen atoms: Each hydrogen
atom has one electron. To complete their valence shells, they
bond and share one electron with each other. This allows
electrons to move about both atoms and gives both atoms
access to two electrons; they become a stable H2 molecule
joined by a single covalent bond.

Covalent bonding in a molecule of ammonia: Each hydrogen atom needs one more electron to complete its valence
energy shell. The nitrogen atom needs three more electrons to complete its valence energy shell. Therefore, three pairs of
electrons must be shared between the four atoms involved. The nitrogen atom will share three of its electrons so that each of
the hydrogen atoms now has a complete valence shell. Each of the hydrogen atoms will share its electron with the nitrogen
atom to complete its valence shell.

sp3 Hybridization

sp3 hybrid orbitals form when a single s and three p orbitals hybridize.

Learning Objectives

Explain the process of hybridization as it applies to the formation of sp3 hybridized atoms.

Key Takeaways

Key Points

The bonds in a methane (CH4) molecule are formed by four separate but equivalent orbitals; a single 2s
and three 2p orbitals of the carbon hybridize into four sp3 orbitals.
In the ammonia molecule (NH3), 2s and 2p orbitals create four sp3 hybrid orbitals, one of which is
occupied by a lone pair of electrons.
In a water molecule, two sp3 hybrid orbitals are occupied by the two lone pairs on the oxygen atom, while
the other two bond with hydrogen.
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Key Terms

tetravalent: having a valence of 4

In a tetravalent molecule, four outer atoms are bonded to a central atom. Perhaps the most common and important
example of this bond type is methane, CH4. In the ground state of the free carbon atom, there are two unpaired
electrons in separate 2p orbitals. To form four bonds, the atom must have four unpaired electrons; this requires that
carbon’s valence 2s and 2p orbitals each contain an electron for bonding.

The single 2s orbital is spherical, different from the dumbbell-shaped 2p orbitals. This would indicate that one of the
four bonds differs from the other three, but scientific tests have proven that all four bonds have equal length and
energy; this is due to the hybridization of carbon’s 2s and 2p valence orbitals.

Methane: The methane molecule has four equal bonds.

In hybridization, carbon’s 2s and three 2p orbitals combine into four identical orbitals, now called sp3 hybrids.

The bonds between carbon and hydrogen can form the backbone of very complicated and extensive chain
hydrocarbon molecules. The simplest of these is ethane (C2H6), in which an sp3 orbital on each of the two carbon
atoms joins (overlaps) to form a carbon-carbon bond; then, the remaining carbon sp3 orbital overlaps with six
hydrogen 1s orbitals to form the ethane molecule.

438



Ethane: Ethane can form by replacing one of the hydrogen
atoms in CH4 with another sp3 hybridized carbon fragment.

If lone electron pairs are present on the central atom, thet can occupy one or more of the sp3 orbitals. For example,
in the ammonia molecule, the fourth of the sp3 hybrid orbitals on the nitrogen contains the two remaining outer-shell
electrons, which form a non-bonding lone pair.

In the water molecule, the oxygen atom can form four sp3 orbitals. Two of these are occupied by the two lone pairs
on the oxygen atom, while the other two are used for bonding. The observed H-O-H bond angle in water (104.5°) is
less than the tetrahedral angle (109.5°); one explanation for this is that the non-bonding electrons tend to remain
closer to the central atom and thus exert greater repulsion on the other orbitals, pushing the two bonding orbitals
closer together.

sp2 Hybridization

sp2 hybridization occurs between one s-orbital and two p-orbitals.

Learning Objectives

Recognize the role of sp2 hybridized atoms in sigma and pi bonding.

Key Takeaways

Key Points

For boron to bond with three fluoride atoms in boron trifluoride (BF3), the atomic s- and p- orbitals in
boron’s outer shell mix to form three equivalent sp2 hybrid orbitals.
In an ethene molecule, a double bond between carbons forms with one sigma and one pi bond.
The sigma bond in the C=C for ethene forms between two sp2 hybrid orbitals of two carbon atoms, and a
pi bond for between two p orbitals.

Key Terms

sp2 hybridization: the 2s orbital mixes with only two of the three available 2p orbitals
hybridization: mixing atomic orbitals into new hybrid orbitals, suitable for pairing electrons to form
chemical bonds in valence bond theory
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Boron trifluoride (BF3) has a boron atom with three outer-shell electrons in its normal or ground state, as well as
three fluorine atoms, each with seven outer electrons. One of the three boron electrons is unpaired in the ground
state. In order to explain the bonding, the 2s orbital and two of the 2p orbitals (called sp2 hybrids) hybridize; one
empty p-orbital remains.

Boron configuration diagram: One of the three
boron electrons is unpaired in its ground state. The
atomic s- and p-orbitals in boron’s outer shell mix to
form three equivalent hybrid orbitals. These particular
orbitals are called sp2 hybrids, meaning that this set
of orbitals derives from one s- orbital and two p-
orbitals of the free atom.

The Lewis structure for ethene: The carbon atoms are
sp2 hybridized. Two sp2 hybrids bond with the hydrogen
atoms, and the other forms a sigma bond with the other
carbon atom. The p-orbitals that are unused by the carbon
atoms in the hybridization overlap to form the C=C.

sp2 Hybridization in Ethene and the Formation of a Double Bond

Ethene (C2H4) has a double bond between the carbons. In this case, carbon will sp2 hybridize; in sp2 hybridization,
the 2s orbital mixes with only two of the three available 2p orbitals, forming a total of three sp hybrid orbitals with
one p-orbital remaining. The three hybridized orbitals explain the three sigma bonds that each carbon forms.

sp2 hybridization in ethene: In sp^2
hybridization, the 2s orbital mixes with
only two of the three available 2p
orbitals, forming a total of three sp^2
orbitals with one p-orbital remaining.
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The two carbon atoms form a sigma bond in the molecule by overlapping two sp2 orbitals. Each carbon atom forms
two covalent bonds with hydrogen by s–sp2 overlap, all with 120° angles. The pi bond between the carbon atoms
perpendicular to the molecular plane is formed by 2p–2p overlap.

Formation of sp2 hybrid orbitals: This illustration shows how an s-orbital mixes with two p orbitals
to form a set of three sp2 hybrid orbitals. Notice again how the three atomic orbitals yield the same
number of hybrid orbitals.

sp Hybridization

sp hybrid orbitals form from one s-orbital and one p-orbital.

Learning Objectives

Describe the bonding geometry of an sp hybridized atom.

Key Takeaways

Key Points

In sp  hybridization, the s orbital overlaps with only one p orbital.
Any central atom surrounded by just two regions of valence electron density in a molecule will exhibit
sp hybridization.
sp orbitals are oriented at 180 degrees to each other.

Key Terms

hybrid orbital: formed by combining multiple atomic orbitals on the same atom
sp hybrid: an orbital formed between one s-orbital and one p-orbital

In sp hybridization, the s orbital overlaps with only one p orbital. Atoms that exhibit sp hybridization have sp orbitals
that are linearly oriented; two sp orbitals will be at 180 degrees to each other.

Any central atom surrounded by just two regions of valence electron density in a molecule will exhibit sp
hybridization. Some examples include the mercury atom in the linear HgCl2 molecule, the zinc atom in Zn(CH3)2,
which contains a linear C–Zn–C arrangement, the carbon atoms in HCCH and CO2, and the Be atom in BeCl2. This
last example will be discussed in more detail below.
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sp Hybridization in BeCl2

The beryllium atom in a gaseous BeCl2 molecule is an example of a central atom with no lone pairs of electrons in a
linear arrangement of three atoms. There are two regions of valence electron density in the BeCl2 molecule that
correspond to the two covalent Be–Cl bonds. To accommodate these two electron domains, two of the Be atom’s
four valence orbitals will mix to yield two hybrid orbitals.

When atomic orbitals hybridize, the valence electrons occupy the newly created orbitals. The Be atom had two
valence electrons, so each of the sp orbitals gets one of these electrons. Each of these electrons pairs up with the
unpaired electron on a chlorine atom when a hybrid orbital and a chlorine orbital overlap during the formation of the
Be–Cl bonds.

The hybridization process involves mixing of the valence s orbital with one of the valence p orbitals to yield two
equivalent sp hybrid orbitals that are oriented in a linear geometry.

s and p Orbitals Combining to Form Two sp Orbitals: Hybridization of an s orbital and a p orbital of the same atom
produces two sp hybrid orbitals. Each hybrid orbital is oriented primarily in just one direction. Note that each sp orbital
contains one lobe that is significantly larger than the other. The set of two sp orbitals are oriented at 180°, which is
consistent with the geometry for two domains.

The set of sp orbitals appears similar in shape to the original p orbital, but there is an important difference. The
number of atomic orbitals combined always equals the number of hybrid orbitals formed. The p orbital is one orbital
that can hold up to two electrons. The sp set is two equivalent orbitals that point 180° from each other. The two
electrons that were originally in the s orbital are now distributed to the two sp orbitals, which are half filled.

In gaseous BeCl2, these half-filled hybrid orbitals will overlap with orbitals from the chlorine atoms to form two
identical σ bonds.

Energy Level Diagrams for sp Orbitals

The electronic differences in an isolated Be atom and in the bonded Be atom can be illustrated using an orbital
energy-level diagram. These diagrams represent each orbital by a horizontal line (indicating its energy) and each
electron by an arrow. Energy increases toward the top of the diagram. We use one upward arrow to indicate one
electron in an orbital and two arrows (up and down) to indicate two electrons of opposite spin.
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Orbital Energy-Level Diagrams For Isolated and Bonded Be: The left orbital energy-level diagram
shows both electrons of Be in the 2s orbital. The right energy-level diagrams shows sp hybridized orbitals
on Be in the linear BeCl2 molecule. Each of the two sp hybrid orbitals holds one electron and is thus half
filled and available for bonding via overlap with a Cl 3p orbital.

Hybridization in Molecules Containing Double and Triple Bonds

sp2, sp hybridizations, and pi-bonding can be used to describe the chemical bonding in molecules with double and
triple bonds.

Learning Objectives

Describe the role of hybridization in the formation of double and triple bonds.

Key Takeaways

Key Points

A new hybrid orbital forms when atomic orbitals are mixed; this process is called hybridization.
The bonding in ethene (which contains a C=C) occurs due to sp2 hybridization in each of the carbon
atoms.
Molecules with triple bonds, such as acetylene, have two pi bonds and one sigma bond.

Key Terms

hybridisation: mixing atomic orbitals to form new hybrid orbitals suitable for the qualitative description of
atomic bonding properties
triple bond: a covalent bond in which three electron pairs (instead of the usual one) are shared between
two atoms; most common between carbon atoms and carbon or nitrogen atoms; symbolized in formulae
as ≡
pi bond: covalent chemical interactions where two lobes of one involved atomic (p) orbital overlap two
lobes of the other involved atomic (p) orbital
double bond: a covalent bond in which two electron pairs (instead of the usual one) are shared between
two atoms; most common between carbon atoms and carbon, oxygen, or nitrogen atoms

In chemistry, hybridization is the concept of mixing atomic orbitals to form new hybrid orbitals suitable for describing
bonding properties. Hybridized orbitals are very useful in explaining of the shape of molecular orbitals for molecules,
and are an integral part of valence bond theory.

The hybrids are named for the atomic orbitals involved in the hybridization. In methane (CH4) for example, a set of
sp3 orbitals forms by mixing one s- and three p-orbitals on the carbon atom. The orbitals are directed toward the
four hydrogen atoms, which are located at the vertices of a regular tetrahedron.
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sp2 hybridization: In ethene, carbon sp2

hybridizes, because one π (pi) bond is
required for the double bond between the
carbons, and only three σ bonds form per
carbon atom.

Ethene structure: Ethene has a double bond
between the carbons.

Ethene (C2H4) has a double bond between the carbons. For this molecule, carbon will sp2 hybridize. In sp2

hybridization, the 2s orbital mixes with only two of the three available 2p orbitals, forming a total of 3 sp2 orbitals
with one p-orbital remaining. In ethylene (ethene), the two carbon atoms form a sigma bond by overlapping two sp2

orbitals; each carbon atom forms two covalent bonds with hydrogen by s–sp2 overlapping all with 120° angles. The
pi bond between the carbon atoms forms by a 2p-2p overlap. The hydrogen-carbon bonds are all of equal strength
and length, which agrees with experimental data.

Multiple bonds can also occur between dissimilar atoms. When the two O-atoms are brought up to opposite sides of
the carbon atom in carbon dioxide, one of the p orbitals on each oxygen forms a pi bond with one of the carbon p-
orbitals. In this case, sp hybridization leads to two double bonds.

sp hybridization explains
the chemical bonding in
compounds with triple
bonds, such as alkynes; in
this model, the 2s orbital
mixes with only one of the
three p-orbitals, resulting in
two sp orbitals and two
remaining p-orbitals. The
chemical bonding in
acetylene (ethyne) (C2H2) consists of sp-sp overlap between the two
carbon atoms forming a sigma bond, as well as two additional pi
bonds formed by p-p overlap. Each carbon also bonds to hydrogen in
a sigma s-sp overlap at 180° angles.

Lewis structure of ethyne, which contains a triple bond: The sp
hybridized orbitals are used to overlap with the 1s hydrogen orbitals
and the other carbon atom. The remaining, non-hybridized p-orbitals
overlap for the double and triple pi bonds.

sp hybridisation: In this model,
the 2s orbital mixes with only one
of the three p-orbitals, resulting in
two sp-orbitals and two remaining
unchanged p-orbitals.
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MOLECULAR ORBITAL THEORY

Bonding and Antibonding Molecular Orbitals
Bonding and antibonding orbitals are illustrated in MO diagrams, and are useful for predicting the strength and
existence of chemical bonds.

Learning Objectives

Recognize the relative energies of bonding and antibonding molecular orbitals.

Key Takeaways

Key Points

The Aufbau principle states that orbitals are filled with the lowest energy first.
The Pauli exclusion principle states that the maximum number of electrons occupying an orbital is two,
with opposite spins.
Hund’s rule states that when there are several MOs with equal energy, the electrons occupy the MOs one
at a time before two occupy the same MO.

Key Terms

antibonding: an atomic or molecular orbital whose energy increases as its constituent atoms move
closer together, generating a repulsive force that hinders bonding
antibonding orbital: one that is located outside the region of two distinct nuclei

Molecular Orbital Theory

In MO theory, molecular orbitals form by the overlap of atomic orbitals. Atomic orbital energy correlates with
electronegativity, as electronegative atoms hold electrons more tightly, lowering their energies. MO modeling is only
valid when the atomic orbitals have comparable energy; when the energies differ greatly, the bonding mode
becomes ionic. A second condition for overlapping atomic orbitals is that they have identical symmetry.

Two atomic orbitals can overlap in two ways, depending on their phase relationship. An orbital’s phase is a direct
consequence of electrons’ wave-like properties. In graphical representations of orbitals, the orbital phase is depicted
either by a plus or minus sign (with no relationship to electric charge) or by shading one lobe. The sign of the phase
itself does not have physical meaning except when mixing orbitals to form molecular orbitals. Two same-sign
orbitals have a constructive overlap, forming a molecular orbital with the bulk of the electron density located
between the two nuclei. This MO is called the bonding orbital, and its energy is lower than that of the original atomic
orbitals.

Molecular Orbitals and Symmetry

A bond involving molecular orbitals that are symmetric with respect to rotation around the bond axis is called a
sigma bond (σ-bond). If the phase changes, the bond becomes a pi bond (π-bond). Symmetry labels are further
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defined by whether the orbital maintains its original character after rotating about its center: if so, it is defined
gerade, g; if the orbital does not maintain its original character, it is ungerade, u.

Hydrogen molecule: Bonding and antibonding levels in the hydrogen molecule; the two electrons
in the hydrogen atoms occupy a bonding orbital that is lower in energy than the two separate
electrons, making this an energy-favorable event.

Atomic orbitals can also interact with each other out-of-phase, leading to destructive cancellation and no electron
density between the two nuclei. In this anti-bonding MO, with energy much higher than the original AOs, any
electrons present are located in lobes pointing away from the central internuclear axis. For a corresponding σ-
bonding orbital, such an orbital would be symmetrical, but are differentiated from it by an asterisk, as in σ*. For a π-
bond, corresponding bonding and antibonding orbitals would not have such symmetry around the bond axis, and
are designated π and π* respectively.

Filling Electrons in MO Diagrams

The next step in constructing an MO diagram is filling the newly formed molecular orbitals with electrons. Three
general rules apply:

The Aufbau principle states that orbitals are filled starting with the lowest energy
The Pauli exclusion principle states that the maximum number of electrons. occupying an orbital is two, with
opposite spins.
Hund’s rule states that when there are several MOs with equal energy, and the electrons occupy the MOs
one at a time before two occupy the same MO.

The filled MO that is highest in energy is called the Highest Occupied Molecular Orbital, or HOMO; the empty MO
just above it is the Lowest Unoccupied Molecular Orbital, or LUMO. The electrons in the bonding MOs are called
bonding electrons, and any electrons in the antibonding orbital are called antibonding electrons. The reduction these
electrons’ energy is the driving force for chemical bond formation.

Whenever symmetry or energy make mixing an atomic orbital impossible, a non-bonding MO is created; often quite
similar to and with energy levels equal or close to its constituent AO, the non-bonding MO creates an unfavorable
energy event. The resulting electron configuration can be described in terms of bond type, parity, and occupancy;
one example is dihydrogen (H2): 1σg2. Sometimes, the letter n designates a non-bonding orbital. The presence of a
filled antibonding orbital, after fulfilling the conditions above, indicates that the bond in this case does not exist.

447



The bonding diagram for the hypothetical molecule He2.: Notice the two electrons occupying the
antibonding orbital, which explains why the He2 molecule does not exist.

Bond Order
Bond order is the number of chemical bonds between a pair of atoms.

Learning Objectives

Calculate a molecule’s bond order given its molecular orbital diagram.

Key Takeaways

Key Points

Bond order is defined as half the difference between the number of bonding and antibonding electrons.
Stable bonds have a positive bond order.
Bond order is an index of bond strength and is used extensively in valence bond theory.

Key Terms

acetylene: ethyne; the simplest alkyne, a hydrocarbon of formula HC≡CH; a colorless gas, with a
peculiar, unpleasant odor, formerly used as an illuminating gas but now used in welding and metallurgy
sigma bond: a covalent atomic bond that is rotationally symmetric about its axis
bond order: the number of overlapping electron pairs between a pair of atoms
antibonding: an atomic or molecular orbital whose energy increases as its constituent atoms converge,
generating a repulsive force that hinders bonding

Bond order is the number of chemical bonds between a pair of atoms; in diatomic nitrogen (N≡N) for example, the
bond order is 3, while in acetylene (H−C≡C−H), the bond order between the two carbon atoms is 3 and the C−H
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Dihydrogen with an electron in the antibonding
orbital: By adding energy to an electon and
pushing it to the antibonding orbital, this H2
molecule’s bond order is zero, effectively showing
a broken bond.

bond order is 1. Bond order indicates the stability of a bond. In a more advanced context, bond order does not need
to be an integer.

Stable dihydrogen molecule: A bond order of one
indicates a stable bond.

Bond Order in Molecular Orbital Theory

In molecular orbital theory, bond order is also defined as the difference, divided by two, between the number of
bonding and antibonding electrons; this often, but not always, yields the same result. Bond order is also an index of
bond strength, and it is used extensively in valence bond theory.

Dihydrogen (H2)

This MO diagram depicts the molecule H2, with the contributing AOs on the outside sandwiching the MO. The
bonding level (lower level) is completely occupied. A bond order of one is obtained by employing the formula above,
indicating a stable bond.

Dihydrogen (H2) with an Electron in the
Antibonding Orbital

In the second diagram, one of the bonding electrons in H2 is
“promoted” by adding energy and placing it in the antibonding level.

The above formula verifies breaking the H2 bond, which in this case
gives a bond order of zero. For a bond to be stable, the bond order
must be a positive value.

Dilithium (Li2)

The last diagram presents the molecule dilithium (Li2). The 1s electrons do not take part in the bonding, but the 2s
electrons fill the bonding orbital. The molecule Li2 is a stable molecule in the gas phase, with a bond order of one.

Dihelium (He2)

Bond Order = = 1
2(bonding electrons)−0(anti-bonding e−)

2

Bond Order = = 0
1(bonding electrons)−1(anti-bonding e−)

2

Bond Order = = 1
2(bonding electrons)−0(anti-bonding e−)

2
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The electron configuration of dihelium: If the molecule
He2 were to exist, the 4s electrons would have to fully
occupy both the bonding and antibonding levels, giving a
bond order of zero. Dihelium does not exist.

The dilithium molecule: Without the 1s electrons
participating in bonding, the p electrons completely fill the
bonding orbital; this leaves the antibonding orbital empty
and gives a bond order of one, indicating a stable
molecule (in this case, in the gas phase).

The
third
diagram

hypothesizes the molecule dihelium (He2). A bond order of
zero is obtained by placing the available electrons in the bonding and antibonding levels, indicating that dihelium
does not exist according to valence bond and bond order theory.

However, removing an electron from the antibonding level produces the molecule He2
+, which is stable in the gas

phase with a bond order of 0.5.

Linear Combination of Atomic Orbitals (LCAO)

An LCAO approximation is a quantum superposition of atomic orbitals, used to calculate molecular orbitals in
quantum chemistry.

Learning Objectives

Predict which orbitals can mix to form a molecular orbital based on orbital symmetry, and how many molecular
orbitals will be produced from the interaction of one or more atomic orbitals

Key Takeaways

Key Points

Electron configurations of atoms are described as wave functions.
Wave functions are the basic set of functions that describe a given atom’s electrons.
In chemical reactions, orbital wave functions are modified—the electron cloud shape is changed—
according to the type of atoms participating in the chemical bond.
The basis functions are one-electron functions centered on the nuclei of component atoms in a molecule.
Minimizing the total energy of the system determines an appropriate set of linear combinations’
coefficients.
The shape of the molecular orbitals and their respective energies are approximated by comparing the
energies of the individual atoms’ atomic orbitals —or molecular fragments—and applying known values
for level repulsion and other similar factors.

Bond Order = = 0
2(bonding electrons)−2(anti-bonding e−)

2

Bond Order = = 0.5
2(bonding electrons)−1(anti-bonding e−)

2
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Key Terms

wavefunction: a mathematical function describing the propagation of the quantum mechanical wave
associated with a particle (or system of particles), related to the probability of finding the particle in a
particular region of space
orbital: a specification of an electron’s energy and probability density at any point in an atom or molecule
diatomic: consisting of two atoms

An atomic orbital is a mathematical function that describes the wave-like behavior of either one electron or a pair of
electrons in an atom. This function can be used to calculate the probability of finding any electron in any specific
region around an atom’s nucleus. An orbital may also refer to the physical region where the electron can be
calculated to exist, as defined by the orbital’s particular mathematical form.

Describing Molecules

Molecules are built from two or more bound atoms. It is possible to combine the known orbitals of constituent atoms
in a molecule to describe its electron orbitals. Molecular orbitals (MOs) represent regions in a molecule where an
electron is likely to be found; they are obtained by combining atomic orbitals. An MO can specify a molecule’s
electron configuration, and most commonly, it is represented as a linear combination of atomic orbitals (the LCAO-
MO method), especially in qualitative or approximate usage. These models provide a simple model of molecule
bonding, understood through molecular orbital theory.

Molecular orbital diagram for hydrogen: For a diatomic molecule, an MO diagram
effectively shows the energetics of the bond between the two atoms, whose AO
unbonded energies are shown on the sides. The unbonded energy levels are higher
than those of the bound molecule, which is the energetically-favored configuration.

Linear Combination of Atomic Orbitals

A linear combination of atomic orbitals, or LCAO, is a quantum superposition of atomic orbitals and a technique for
calculating molecular orbitals in quantum chemistry. In quantum mechanics, electron configurations of atoms are
described as wave functions. In a mathematical sense, these wave functions are the basic functions that describe
the a given atom’s electrons. Orbital wave functions are modified in chemical reactions—the electron cloud shape
changes—according to the type of atoms participating in the chemical bond.

One of LCAO’s initial assumptions is that the number of molecular orbitals is equal to the number of atomic orbitals
included in the linear expansion. Essentially, n atomic orbitals combine to form n molecular orbitals.

Molecular orbital diagrams are diagrams of MO energy levels, shown as short horizontal lines in the center. Atomic
orbitals (AO) energy levels are shown for comparison. Lines, often dashed diagonal lines, connect MO levels with
their constituent AO levels. Levels with the same energy are commonly shown side by side. Appropriate AO and
MO levels are filled with electrons symbolized by small vertical arrows, whose directions indicate the electron spins.
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Nitrogen: A space-filling model of the
homonuclear diatomic molecule nitrogen. Note
the inevitable linear geometry.

Homonuclear Diatomic Molecules

Homonuclear diatomic molecules are composed of only one element.

Learning Objectives

Recognize the properties of homonuclear diatomic molecules.

Key Takeaways

Key Points

Diatomic molecules are always linear.
Diatomic molecules have quantized energy levels for rotation and vibration.
The halogen series contains many homonuclear diatomic molecules.
Hydrogen, nitrogen, and oxygen are stable homonuclear diatomic molecules.

Key Terms

homonuclear: having atoms of only one element, especially elements of only a single isotope
diatomic: consisting of two atoms

Diatomic molecules are composed of only two atoms, of either the same or different chemical elements. Common
diatomic molecules include hydrogen (H2), nitrogen (N2), oxygen (O2), and carbon monoxide (CO). Seven elements
exist as homonuclear diatomic molecules at room temperature: H2, N2, O2, F2, Cl2, Br2, and I2. The bond in a
homonuclear diatomic molecule is non-polar due to the electronegativity difference of zero.

Geometry

All diatomic molecules are linear, which is the simplest spatial arrangement of atoms.

Energy Levels

It is convenient and common to represent a diatomic molecule as two
point masses (the two atoms) connected by a massless spring. The
energies involved in the molecule’s various motions can then be
broken down into three categories:

Translational energies (the molecule moving from point A to
point B)
Rotational energies (the molecule spinning about its axis)
Vibrational energies (the molecules vibrating in a variety of
ways)

Heteronuclear Diatomic Molecules

Heteronuclear diatomic molecules are composed of two atoms of two different elements.

Learning Objectives
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Hydrogen fluoride: The hydrogen fluoride
molecule.

Recognize when the atomic orbitals in a heteronuclear diatomic molecule will mix.

Key Takeaways

Key Points

In heteronuclear diatomic molecules, atomic orbitals only mix when the electronegativity values are
similar.
While MOs for homonuclear diatomic molecules contain equal contributions from each interacting atomic
orbital, MOs for heteronuclear diatomics contain different atomic orbital contributions.
Orbital interactions to produce bonding or antibonding orbitals in heteronuclear diatomics occur if there is
sufficient overlap between atomic orbitals, as determined by their symmetries and similarity in orbital
energies.

Key Terms

diatomic: consisting of two atoms
heteronuclear: having different types of atoms or nuclei

In heteronuclear diatomic molecules, atomic orbitals only mix when the electronegativity values are similar. In
carbon monoxide (CO), the oxygen 2s orbital is much lower in energy than the carbon 2s orbital, so the degree of
mixing is low. The g and u subscripts no longer apply because the molecule lacks a center of symmetry.

In hydrogen fluoride (HF), the hydrogen 1s orbital can mix with the fluorine 2pz orbital to form a sigma bond because
experimentally, the energy of 1s of hydrogen is comparable with 2p of fluorine. The HF electron configuration
reflects that the other electrons remain in three lone pairs and that the bond order is one.

While MOs for homonuclear diatomic molecules contain equal contributions from each interacting atomic orbital,
MOs for heteronuclear diatomics contain different atomic orbital contributions. Orbital interactions that produce
bonding or antibonding orbitals in heteronuclear diatomics occur if there is sufficient overlap between atomic
orbitals, as determined by their symmetries and similarity in orbital energies.

Examples of Heteronuclear Diatomic Molecules

In hydrogen fluoride, HF, symmetry allows for overlap between the H 1s and F 2s orbitals, but the difference in
energy between the two atomic orbitals prevents them from interacting to create a molecular orbital. Symmetry also
allows for overlap between the H 1s and F 2pz orbitals, and these two atomic orbitals have a small energy
separation; they therefore interact, creating σ and σ* MOs and a molecule with a bond order of one.

Hydrogen chloride, HCl, is a diatomic molecule consisting of a
hydrogen atom H and a chlorine atom Cl connected by a covalent
single bond. Since the chlorine atom is much more electronegative
than the hydrogen atom, the covalent bond between the two atoms
is quite polar. Consequently, the molecule has a large dipole
moment with a negative partial charge δ- at the chlorine atom and
a positive partial charge δ+ at the hydrogen atom. In part because
of its high polarity, HCl is very soluble in water (and in other polar
solvents).

Carbon monoxide, CO, has a total of 10 valence electrons. To
satisfy the octet rule for the carbon, the two atoms form a triple
bond with six shared electrons in three bonding molecular orbitals. Since four of the shared electrons come from the
oxygen atom and only two from carbon, one of the bonding orbitals is occupied by two electrons from oxygen.

Chlorine monofluoride can convert metals and non-metals to their fluorides, releasing Cl2 in the process; it converts
tungsten to tungsten hexafluoride and selenium to selenium tetrafluoride, for example. ClF is a colorless gas at
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Hydrogen chloride: Hydrogen chloride is a
diatomic molecule.

Carbon monoxide: Carbon monoxide.

Chlorine monofluoride: The interhalogen
molecule, chlorine monofluoride.

room temperature
and is stable even
at high
temperatures.
When cooled to
−100 °C, ClF
condenses as a
pale yellow liquid.
Many of its
properties are
intermediate
between its parent
halogens, Cl2 and F2.

Heteronuclear Diatomic Molecules and Their
Dipole Moments

To determine exact polarity, dipole moment (in Debye ) can be
calculated as the product of the separated charges (Q) and distance
between them (r) in Angstroms:

Finding the value of Q can be challenging, but the value is easily
converted from the percent ionic character of a bond—simply convert
the percent to decimal by dividing by 100; r is simply the bond length.

Sample problem: What is the dipole moment of the Cl-F molecule with
a bond length of 163 picometers (163 x 10-12 m) and an 11 percent
ionic character? (1D = 3.36 x 10-30 Cm)(1e– = 1.60 x 10-19 C)

Solve for the value in Debye (this value represents the molecule with
100 percent ionic character):

For 11 percent ionic character:

D = 7.8 x.11 =.86 D

Polyatomic Molecules

A polyatomic molecule is a single entity composed of at least three covalently-bonded atoms.

Learning Objectives

Recognize the properties of a polyatomic molecule.

Key Takeaways

μ = Qr

μ = (1 × 1.60 × C) × 163 × m10−19 10−12

μ = 2.61 × Cm10−29

D = = 7.8D2.61×10−29

3.36×10−30
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Water: Another triatomic composed of two atoms,
hydrogens (white) are bound to a central oxygen
(red); note that this molecule is not linear.

Key Points

Polyatomic molecules consist of a stable system (bound state) comprising three or more atoms.
The molecular formula characterizes different molecules by reflecting their exact number of compositional
atoms.
The empirical formula is often, but not always, the same as the molecular formula.

Key Terms

empirical formula: a notation indicating the ratios of the various elements present in a compound,
without regard to the actual numbers

Polyatomic molecules are electrically neutral groups of three or more atoms held together by covalent bonds.
Molecules are distinguished from ions by their lack of electrical charge.

Molecular Chemistry and Molecular Physics

The science of molecules is called molecular chemistry or molecular physics, depending on the focus. Molecular
chemistry deals with the laws governing the interaction between molecules resulting in the formation and breakage
of chemical bonds; molecular physics deals with the laws governing their structure and properties. In molecular
sciences, a molecule consists of a stable system (bound state) comprising two or more atoms. Molecules have fixed
equilibrium geometries—bond lengths and angles—about which they continuously oscillate through vibrational and
rotational motions.

A pure substance is composed of molecules with the same average geometrical structure. A molecule’s chemical
formula and structure are the two important factors that determine its properties, particularly reactivity.

A compound ‘s empirical formula is the simplest integer ratio of its constitutional chemical elements. For example,
water is always composed of a 2:1 ratio of hydrogen to oxygen atoms.

Ethyl alcohol, or ethanol, is always composed of carbon, hydrogen,
and oxygen in a 2:6:1 ratio; this does not uniquely determine the kind
of molecule, however. Dimethyl ether, for example, has the same
ratios as ethanol. Molecules with the same atoms in different
arrangements are called isomers. For example, carbohydrates have
the same ratio (carbon: hydrogen: oxygen = 1:2:1) and thus the same
empirical formula, but have different total numbers of atoms in the
molecule.

Molecular and Empirical Formulas

The molecular formula characterizes different molecules by reflecting
their exact number of compositional atoms. Different isomers can
have the same atomic composition while being different molecules,
however. The empirical formula is often the same as the molecular
formula, but not always; for example, the molecule acetylene has
molecular formula C2H2, but the simplest integer ratio of elements is
CH.
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LIQUIDS AND SOLIDS

KINETIC MOLECULAR THEORY OF MATTER

The Kinetic Molecular Theory of Matter
The kinetic molecular theory of matter explains how matter can change among the phases of solid, liquid, and gas.

Learning Objectives

Describe the kinetic molecular theory of matter.

Key Takeaways

Key Points

All particles have energy, and the energy varies depending on the temperature the sample of matter is in,
which determines if the substance is a solid, liquid, or gas. Solid particles have the least amount of
energy, and gas particles have the greatest amount of energy.
The temperature of a substance is a measure of the average kinetic energy of the particles. A change in
phase may occur when the energy of the particles is changed.
There are spaces between particles of matter. The average amount of empty space between molecules
gets progressively larger as a sample of matter moves from the solid to the liquid and gas phases.

Key Terms

kinetic molecular theory: Theory of treating samples of matter as a large number of small particles
(atoms or molecules), all of which are in constant, random motion
kinetic: Of or relating to motion.
lattice: A regular spacing or arrangement of atoms/molecules within a crystal.
phase: A component in a material system that is distinguished by chemical composition and/or physical
state. Matter can exist in the solid, liquid, and gaseous phases.

The Kinetic Theory: A Microscopic Description of Matter

The kinetic molecular theory of matter offers a description of the microscopic properties of atoms (or molecules) and
their interactions, leading to observable macroscopic properties (such as pressure, volume, temperature). An
application of the theory is that it helps to explain why matter exists in different phases (solid, liquid, and gas) and
how matter can change from one phase to the next.
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The three phases of matter: Notice that the spacing between atoms or molecules increases as we move from a description of the
solid phase to the gaseous one.

The kinetic molecular theory of matter states that:

Matter is made up of particles that are constantly moving.
All particles have energy, but the energy varies depending on the temperature the sample of matter is in. This
in turn determines whether the substance exists in the solid, liquid, or gaseous state. Molecules in the solid
phase have the least amount of energy, while gas particles have the greatest amount of energy.
The temperature of a substance is a measure of the average kinetic energy of the particles.
A change in phase may occur when the energy of the particles is changed.
There are spaces between particles of matter. The average amount of empty space between molecules gets
progressively larger as a sample of matter moves from the solid to the liquid and gas phases.
There are attractive forces between atoms/molecules, and these become stronger as the particles move
closer together. These attractive forces are called intermolecular forces.

Visit this page in your course online to use this simulation.
Interactive: Intermolecular Attractions and States of Matter: Explore how states of matter are related to the
strength of intermolecular attractions.

Example: Water

Let’s take water as an example. We find that in its solid phase (ice), the water molecules have very little energy
and cannot move away from each other. The molecules are held closely together in a regular pattern called a
lattice. If the ice is heated, the energy of the molecules increases. This means that some of the water molecules
are able to overcome the intermolecular forces that are holding them close together, and the molecules move
further apart, forming liquid water. This is why liquid water is able to flow: the molecules have greater freedom to
move than they had in the solid lattice. If the molecules are heated further, the liquid water will become water
vapor, which is a gas. Gas particles have more energy and are on average at distances from each other which
are much larger than the size of the atoms/molecules themselves. The attractive forces between the particles
are very weak given the large distances between them.
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Changes in phase: A change in phase may occur when the energy of the particles is
changed.

Di�usion

The kinetic theory of matter is also illustrated by the process of diffusion. Diffusion is the movement of particles from
a high concentration to a low concentration. It can be seen as a spreading-out of particles resulting in their even
distribution. Placing a drop of food coloring in water provides a visual representation of this process – the color
slowly spreads out through the water. If matter were not made of particles, then we would simply see a clump of
color, since there would be no smaller units that could move about and mix in with the water.

Visit this page in your course online to use this simulation.
Interactive: Diffusion of a Drop: Click in the model to add a drop of dye. Watch how the molecules move
through the water. Trace an individual molecule to see how it moves through the liquid.
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INTERMOLECULAR FORCES

Dipole-Dipole Force
Dipole-dipole interactions are intermolecular attractions that result from two permanent dipoles interacting.

Learning Objectives

Explain the cause of a dipole-dipole force.

Key Takeaways

Key Points

Dipole -dipole interactions occur when the partial charges formed within one molecule are attracted to an
opposite partial charge in a nearby molecule.
Polar molecules align so that the positive end of one molecule interacts with the negative end of another
molecule.
Unlike covalent bonds between atoms within a molecule ( intramolecular bonding), dipole-dipole
interactions create attractions between molecules of a substance ( intermolecular attractions).

Key Terms

hydrogen bond: An intermolecular attraction between a partially positively charged hydrogen in one
molecule and a partially negatively charged oxygen, nitrogen, or fluorine in a nearby molecule.
dipole: In chemistry, a permanent dipole describes the partial charge separation that can occur within a
molecule along the bond that forms between two different atoms. Dipoles generally occur between two
nonmetals that share electrons as part of their bond. Since each atom has a different affinity for electrons,
the ‘push and pull’ of their shared electrons results in one atom maintaining most of the electron density
and a partial negative charge, leaving the other atom with a partial positive charge.
polar: In chemistry, a polar molecule is one that has uneven charge distribution. Factors that contribute to
this include intramolecular dipoles and molecular geometry.

Intermolecular forces are the forces of attraction or repulsion which act between neighboring particles (atoms,
molecules, or ions ). These forces are weak compared to the intramolecular forces, such as the covalent or ionic
bonds between atoms in a molecule. For example, the covalent bond present within a hydrogen chloride (HCl)
molecule is much stronger than any bonds it may form with neighboring molecules.

Types of Attractive Intermolecular Forces

1. Dipole-dipole forces: electrostatic interactions of permanent dipoles in molecules; includes hydrogen bonding.
2. Ion-dipole forces: electrostatic interaction involving a partially charged dipole of one molecule and a fully

charged ion.
3. Instantaneous dipole-induced dipole forces or London dispersion forces: forces caused by correlated

movements of the electrons in interacting molecules, which are the weakest of intermolecular forces and are
categorized as van der Waals forces.
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Dipole-Dipole Attractions

Dipole–dipole interactions are a type of intermolecular attraction—attractions between two molecules. Dipole-dipole
interactions are electrostatic interactions between the permanent dipoles of different molecules. These interactions
align the molecules to increase the attraction.

An electric monopole is a single charge, while a dipole is two opposite charges closely spaced to each other.
Molecules that contain dipoles are called polar molecules and are very abundant in nature. For example, a water
molecule (H2O) has a large permanent electric dipole moment. Its positive and negative charges are not centered at
the same point; it behaves like a few equal and opposite charges separated by a small distance. These dipole-
dipole attractions give water many of its properties, including its high surface tension.

Uneven Distribution of Electrons

The permanent dipole in water is caused by oxygen ‘s tendency to draw electrons to itself (i.e. oxygen is more
electronegative than hydrogen). The 10 electrons of a water molecule are found more regularly near the oxygen
atom’s nucleus, which contains 8 protons. As a result, oxygen has a slight negative charge (δ-). Because oxygen is
so electronegative, the electrons are found less regularly around the nucleus of the hydrogen atoms, which each
only have one proton. As a result, hydrogen has a slight positive charge (δ+).

Dipole-dipole attraction between water molecules: The negatively charged oxygen atom of one molecule attracts the positively
charged hydrogen of another molecule.

Examples of Dipole-Dipole Interactions

Another example of a dipole–dipole interaction can be seen in hydrogen chloride (HCl): the relatively positive end of
a polar molecule will attract the relatively negative end of another HCl molecule. The interaction between the two
dipoles is an attraction rather than full bond because no electrons are shared between the two molecules.
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Two hydrogen chloride molecules displaying dipole-dipole interaction: The relatively negative chlorine atom is attracted to the
relatively positive hydrogen atom.

Symmetrical Molecules with No Overall Dipole Moment

Molecules often contain polar bonds because of electronegativity differences but have no overall dipole moment if
they are symmetrical. For example, in the molecule tetrachloromethane (CCl4), the chlorine atoms are more
electronegative than the carbon atoms, and the electrons are drawn toward the chlorine atoms, creating dipoles.
However, these carbon-chlorine dipoles cancel each other out because the molecular is symmetrical, and CCl4 has
no overall dipole movement.

Visit this page in your course online to use this simulation.
Interactive: Polarity and Attractive Strength: Attractions between polar molecules vary. Choose a pair of
molecules from the drop-down menu and “pull” on the star to separate the molecules. Why does polarity have
an effect on the strength of attraction between molecules?

Hydrogen Bonds

Hydrogen bonds are a type of dipole-dipole interactions that occur between hydrogen and either nitrogen, fluorine,
or oxygen. Hydrogen bonds are incredibly important in biology, because hydrogen bonds keep the DNA bases
paired together, helping DNA maintain its unique structure.

http://www.youtube.com/watch?v=cERb1d6J4-M&stop=452

Dipole Forces – YouTube: In this video, Paul Andersen describes the intermolecular forces associated with
dipoles. A dipole is a molecule that has split charge. Dipoles may form associations with other dipoles, induced
dipoles or ions. An important type of dipole-dipole forces are hydrogen bonds.

Visit this page in your course online to use this simulation.
Interactive: Comparing Attractive Forces: Explore different attractive forces between various molecules.

Hydrogen Bonding

A hydrogen bond is a strong intermolecular force created by the relative positivity of hydrogen atoms.

Learning Objectives

Describe the properties of hydrogen bonding.

Key Takeaways
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Key Points

Hydrogen bonds are strong intermolecular forces created when a hydrogen atom bonded to an
electronegative atom approaches a nearby electronegative atom.
Greater electronegativity of the hydrogen bond acceptor will lead to an increase in hydrogen-bond
strength.
The hydrogen bond is one of the strongest intermolecular attractions, but weaker than a covalent or an
ionic bond.
Hydrogen bonds are responsible for holding together DNA, proteins, and other macromolecules.

Key Terms

electronegativity: The tendency of an atom or molecule to draw electrons towards itself, form dipoles,
and thus form bonds.
hydrogen bond: The attraction between a partially positively charged hydrogen atom attached to a
highly electronegative atom (such as nitrogen, oxygen, or fluorine) and another nearby electronegative
atom.
intermolecular: A type of interaction between two different molecules.

Forming a Hydrogen Bond

A hydrogen bond is the electromagnetic attraction created between a partially positively charged hydrogen atom
attached to a highly electronegative atom and another nearby electronegative atom. A hydrogen bond is a type of
dipole-dipole interaction; it is not a true chemical bond. These attractions can occur between molecules
(intermolecularly) or within different parts of a single molecule (intramolecularly).

Hydrogen bonding in water: This is a space-filling ball diagram of the interactions between separate water molecules.

Hydrogen Bond Donor
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A hydrogen atom attached to a relatively electronegative atom is a hydrogen bond donor. This electronegative atom
is usually fluorine, oxygen, or nitrogen. The electronegative atom attracts the electron cloud from around the
hydrogen nucleus and, by decentralizing the cloud, leaves the hydrogen atom with a positive partial charge.
Because of the small size of hydrogen relative to other atoms and molecules, the resulting charge, though only
partial, is stronger. In the molecule ethanol, there is one hydrogen atom bonded to an oxygen atom, which is very
electronegative. This hydrogen atom is a hydrogen bond donor.

Hydrogen Bond Acceptor

A hydrogen bond results when this strong partial positive charge attracts a lone pair of electrons on another atom,
which becomes the hydrogen bond acceptor. An electronegative atom such as fluorine, oxygen, or nitrogen is a
hydrogen bond acceptor, regardless of whether it is bonded to a hydrogen atom or not. Greater electronegativity of
the hydrogen bond acceptor will create a stronger hydrogen bond. The diethyl ether molecule contains an oxygen
atom that is not bonded to a hydrogen atom, making it a hydrogen bond acceptor.

Hydrogen bond donor and hydrogen bond acceptor: Ethanol contains a hydrogen atom that is a hydrogen bond donor because it
is bonded to an electronegative oxygen atom, which is very electronegative, so the hydrogen atom is slightly positive. Diethyl ether
contains an oxygen atom that is a hydrogen bond acceptor because it is not bonded to a hydrogen atom and so is slightly negative.

A hydrogen attached to carbon can also participate in hydrogen bonding when the carbon atom is bound to
electronegative atoms, as is the case in chloroform (CHCl3). As in a molecule where a hydrogen is attached to
nitrogen, oxygen, or fluorine, the electronegative atom attracts the electron cloud from around the hydrogen nucleus
and, by decentralizing the cloud, leaves the hydrogen atom with a positive partial charge.

Visit this page in your course online to use this simulation.
Interactive: Hydrogen Bonding: Explore hydrogen bonds forming between polar molecules, such as water.
Hydrogen bonds are shown with dotted lines. Show partial charges and run the model. Where do hydrogen
bonds form? Try changing the temperature of the model. How does the pattern of hydrogen bonding explain the
lattice that makes up ice crystals?

Applications for Hydrogen Bonds

Hydrogen bonds occur in inorganic molecules, such as water, and organic molecules, such as DNA and proteins.
The two complementary strands of DNA are held together by hydrogen bonds between complementary nucleotides
(A&T, C&G). Hydrogen bonding in water contributes to its unique properties, including its high boiling point (100 °C)
and surface tension.
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Water droplets on a leaf: The hydrogen bonds formed between water molecules in water droplets are stronger than the other
intermolecular forces between the water molecules and the leaf, contributing to high surface tension and distinct water droplets.

In biology, intramolecular hydrogen bonding is partly responsible for the secondary, tertiary, and quaternary
structures of proteins and nucleic acids. The hydrogen bonds help the proteins and nucleic acids form and maintain
specific shapes.

Ion-Dipole Force

The ion-dipole force is an intermolecular attraction between an ion and a polar molecule.

Learning Objectives

Define ion-dipole force.

Key Takeaways

Key Points

An ion – dipole interaction occurs between a fully charged ion and a partially charged dipole.
The strength of the ion-dipole force is proportionate to ion charge.

An ion-induced dipole interaction occurs between a fully charged ion and a temporarily charged dipole.
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An ion-induced dipole interaction occurs between a fully charged ion and a temporarily charged dipole.
The temporary dipole is induced by the presence of the ion.

Key Terms

ion: An atom or group of atoms bearing an electrical charge, such as sodium and chlorine in table salt.
ion-dipole forces: An electrostatic interaction involving a permanent dipole in one molecule and an ion.
ion-induced dipole force: An electrostatic interaction involving a temporary dipole in one molecule and a
permanently charged ion.

Ion-Dipole Force

Ion-dipole and ion-induced dipole forces operate much like dipole-dipole and induced dipole-dipole interactions.
However, ion-dipole forces involve ions instead of solely polar molecules. Ion-dipole forces are stronger than dipole
interactions because the charge of any ion is much greater than the charge of a dipole; the strength of the ion-dipole
force is proportionate to ion charge. Ion-dipole bonding is also stronger than hydrogen bonding. An ion-dipole force
consists of an ion and a polar molecule aligning so that the positive and negative charges are next to one another,
allowing for maximum attraction.

Ion-dipole forces are generated between polar water molecules and a sodium ion. The oxygen atom in the water
molecule has a slight negative charge and is attracted to the positive sodium ion. These intermolecular ion-dipole
forces are much weaker than covalent or ionic bonds.

Ion-Induced Dipole Force

An ion-induced dipole force occurs when an ion interacts with a non-polar molecule. Like a dipole-induced dipole
force, the charge of the ion causes a distortion of the electron cloud in the non-polar molecule, causing a temporary
partial charge. The temporary partially charged dipole and the ion are attracted to each other and form a fleeting
interaction.

Dispersion Force

Dispersion forces are weak intermolecular forces caused by temporary dipoles.

Learning Objectives

Discuss the characteristics of dispersion forces.

Key Takeaways

Key Points

London dispersion forces are weak intermolecular forces and are considered van der Waals forces.
Temporary dipoles can occur in non-polar molecules when the electrons that constantly orbit the nucleus
occupy a similar location by chance.
Temporary dipoles can induce a dipole in neighboring molecules, initiating an attraction called a London
dispersion force.

Key Terms

London dispersion forces: A weak intermolecular interaction arising from induced instantaneous

466



London dispersion forces: A weak intermolecular interaction arising from induced instantaneous
dipoles in molecules; part of the Van der Waals forces.
dipole: Any molecule that has both slight positive and negative charges on either end.
Van der Waals forces: The sum of the attractive or repulsive forces between molecules (or between
parts of the same molecule) other than those due to covalent bonds, or the electrostatic interaction of
ions with one another, with neutral molecules, or with charged molecules.

Temporary Dipoles

Temporary dipoles are created when electrons, which are in constant movement around the nucleus, spontaneously
come into close proximity. This uneven distribution of electrons can make one side of the atom more negatively
charged than the other, thus creating a temporary dipole, even on a non-polar molecule. The more electrons there
are in an atom, the further away the shells are from the nucleus; thus, the electrons can become lopsided more
easily, and these forces are stronger and more frequent. These intermolecular forces are also sometimes called
“induced dipole-induced dipole” or “momentary dipole” forces.

London Dispersion Forces

Although charges are usually distributed evenly between atoms in non-polar molecules, spontaneous dipoles can
still occur. When this occurs, non-polar molecules form weak attractions with other non-polar molecules. These
London dispersion forces are often found in the halogens (e.g., F2 and I2), the noble gases (e.g., Ne and Ar), and in
other non-polar molecules, such as carbon dioxide and methane. London dispersion forces are part of the van der
Waals forces, or weak intermolecular attractions.

Visit this page in your course online to use this simulation.
Interactive: Charged and Neural Atoms: There are two kinds of attractive forces shown in this model:
Coulomb forces (the attraction between ions) and Van der Waals forces (an additional attractive force between
all atoms). What kinds of patterns tend to form with charged and neutral atoms? How does changing the Van der
Waals attraction or charging the atoms affect the melting and boiling point of the substance?

Visit this page in your course online to use this simulation.
Interactive: Comparing Dipole-Dipole to London Dispersion: Investigate the difference in the attractive force
between polar and non-polar molecules.

Visit this page in your course online to use this simulation.
Interactive: Factors Affecting London Dispersion Attractions: Explore the role of size and shape in the
strength of London dispersion attractions.

Van der Waals forces help explain how nitrogen can be liquefied. Nitrogen gas (N2) is diatomic and non-polar
because both nitrogen atoms have the same degree of electronegativity. If there are no dipoles, what would make
the nitrogen atoms stick together to form a liquid? London dispersion forces allow otherwise non-polar molecules to
have attractive forces. However, they are by far the weakest forces that hold molecules together.
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Liquid nitrogen: Without London dispersion forces, diatomic nitrogen
would not remain liquid.
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LIQUID PROPERTIES

The Structure and Properties of Water
Water (H2O) has many interesting and unique properties.

Learning Objectives

Describe the structure and properties of water.

Key Takeaways

Key Points

Water is a liquid at standard temperature and pressure (25 degrees Celsius and 1 atm, for liquids).
Water is is tasteless and odorless.
Water is transparent in the visible part of the electromagnetic spectrum.
Water can act as either an acid or a base.
Water is a universal solvent, dissolving many substances found in nature.

Key Terms

amphoteric: A molecule that can act as either an acid or a base depending on its chemical environment.
For example, water (H2O) is amphoteric.
dipole: Any molecule or radical that has delocalized positive and negative charges.
equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are equal.
phase diagram: A graph showing the phase a sample of matter has under different conditions of
temperature and pressure.

The Properties of Water

Water is the most abundant compound on Earth’s surface. In nature, water exists in the liquid, solid, and gaseous
states. It is in dynamic equilibrium between the liquid and gas states at 0 degrees Celsius and 1 atm of pressure. At
room temperature (approximately 25 degrees Celsius), it is a tasteless, odorless, and colorless liquid. Many
substances dissolve in water, and it is commonly referred to as the universal solvent.

Properties of Water

Molecular formula H2O

Molar mass 18.01528(33) g/mol

Appearance
white solid or almost colorless,
transparent, with a hint of blue, crystalline
solid or liquid
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Properties of Water

Density 1000 kg/m3, liquid (4º C)(62.4 lb/cu. ft)

Melting point 0º C, 32º F, (273.15 K)

Acidity (pKa) 15.74 ~35–56

Basicity (pKb) 15.74

Refractive index (nD) 1.3330

Viscosity 0.001 Pas at 20º C

Structure of Water

Crystal structure Hexagonal

Molecular shape Bent

Dipole moment 1.85 D

The Phases of Water

Similar to many other substances, water can take numerous forms. Its liquid phase, the most common phase of
water on Earth, is the form that is generally meant by the word “water.”

Solid Phase (Ice)

The solid phase of water is known as ice and commonly takes the structure of hard, amalgamated crystals, such as
ice cubes, or of loosely accumulated granular crystals, such as snow. Unlike most other substances, water’s solid
form (ice) is less dense than its liquid form, as a result of the nature of its hexagonal packing within its crystalline
structure. This lattice contains more space than when the molecules are in the liquid state.
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The hexagonal structure of ice: As a naturally occurring crystalline inorganic solid with an ordered structure, ice is considered to be
a mineral. It possesses a regular crystalline structure based on the molecular structure of water, which consists of a single oxygen
atom covalently bonded to two hydrogen atoms: H-O-H.

The fact the density of ice is less than that of liquid water’s has the important consequence that ice floats.
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The density of ice and water as a function of temperature: The solid form of most substances is denser than the liquid phase;
therefore, a block of a given solid will generally sink in its corresponding liquid. However, a block of ice floats in liquid water because
ice is less dense than liquid water. The inset shows the curve in more detail in the range of 0-10 degrees Celsius. Liquid water is
most dense at 4 degrees Celsius.

Liquid Phase (Water)

Water is primarily a liquid under standard conditions (25 degrees Celsius and 1 atm of pressure). This characteristic
could not be predicted by its relationship to other, gaseous hydrides of the oxygen family in the periodic table, such
as hydrogen sulfide. The elements surrounding oxygen in the periodic table – nitrogen, fluorine, phosphorus, sulfur,
and chlorine – all combine with hydrogen to produce gases under standard conditions. Water forms a liquid instead
of a gas because oxygen is more electronegative than the surrounding elements, with the exception of fluorine.
Oxygen attracts electrons much more strongly than does hydrogen, resulting in a partial positive charge on the
hydrogen atoms and a partial negative charge on the oxygen atom. The presence of such a charge on each of
these atoms gives a water molecule a net dipole moment.

The electrical attraction between water molecules caused by this dipole pulls individual molecules closer together,
making it more difficult to separate the molecules, and therefore raising the boiling point. This type of attraction is
known as hydrogen bonding. The molecules of water are constantly moving in relation to each other, and the
hydrogen bonds are continually breaking and reforming at intervals briefer than 200 femtoseconds (200 x 10-15

seconds).
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Arrangement of water molecules in the liquid phase: Water molecules align based on their polarity, forming hydrogen bonds
(signified by “1”).

Many of the physical and chemical properties of water (including its capacity as a solvent) are partly to the acid-
base reactions it can be part of. Water can be described as an amphoteric molecule, meaning that it can react as
both a Brønsted-Lowry acid or base. This can be shown in the reaction between two water molecules that produces
the hydronium ion (H3O+) and a hydroxide ion (OH–):

Gas Phase (Water Vapor)

The gaseous phase of water is known as water vapor (or steam) and is characterized by a transparent cloud. Water
also exists in a rare fourth state called supercritical fluid, which occurs only in extremely uninhabitable conditions.
When water achieves a specific critical temperature and a specific critical pressure (647 K and 22.064 MPa), the
liquid and gas phases merge into one homogeneous fluid phase that shares properties of both gas and liquid.

Phase Diagram of Water

Water freezes to form ice, ice thaws to form liquid water, and both water and ice can transform into the vapor state.
Phase diagrams help describe how water changes states depending on the pressure and temperature.

O(l) + O(l) ⇌ (aq) + (aq)H2 H2 H3O+ OH−
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Phase diagram of water: The three phases of water – liquid, solid, and vapor – are shown in temperature-pressure space.

Note the following key points on a phase diagram:

The critical point (CP), above which only supercritical fluids exist.
The triple point (TP), a well-defined coordinate where the curves intersect, at which the three states of matter
(solid, liquid, gas) exist at equilibrium with each other.
Well-defined boundaries between solid and liquid, solid and gas, and liquid and gas. During the phase
transition between two phases (i.e, along these boundaries), the phases are in equilibrium with each other.

The Polarity of Water

The polar nature of water is a particularly important feature that contributes to the uniqueness of this substance. The
water molecule forms an angle with an oxygen atom at the vertex and hydrogen atoms at the tips. Because oxygen
has a higher electronegativity than hydrogen, the side of the molecule with the oxygen atom has a partial negative
charge. An object with such a charge difference is called a dipole (meaning “two poles”). The oxygen end is partially
negative, and the hydrogen end is partially positive; because of this, the direction of the dipole moment points from
the oxygen toward the center position between the two hydrogens. This charge difference causes water molecules
to be attracted to each other (the relatively positive areas are attracted to the relatively negative areas), as well as to
other polar molecules. This attraction contributes to hydrogen bonding and explains many of water’s properties
(including its ability to act as a solvent to many substances).
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Polarity of the water molecule: Owing to the electronegativity difference between hydrogen (H) and oxygen (O) atoms, and the
bent shape of the H2O molecule, a net dipole moment exists. The figure indicates the partial charges that the atoms possess.

A water molecule can form a maximum of four hydrogen bonds by accepting two hydrogen atoms and donating two
hydrogen atoms. Although hydrogen bonding is a relatively weak attraction compared to the covalent bonds within
the water molecule itself (intramolecular bonds), it is responsible for a number of water’s physical properties. One
such property is its relatively high melting and boiling points; more energy is required to break the hydrogen bonds
between molecules in order to change to a higher energy phase.

Surface Tension

Surface tension is a contractive tendency of the surface of a liquid that allows it to resist an external force.
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Learning Objectives

Define surface tension.

Key Takeaways

Key Points

Surface tension is a fundamental property of the surface of liquid.
Surface tension is responsible for the curvature of the surfaces of air and liquids.
Surface tension is responsible for the ability of some solid objects to “float” on the surface of a liquid.
Surface tension is responsible for the shape of the interface between two immiscible liquids.

Key Terms

curvature: The degree to which a bent shape is curved.
energy: A quantity that denotes the ability of a system to do work. It has dimensions of mass ×
distance²/time², such as 1 kg m2/sec2 = 1 Joule (J).
tension: Force transmitted through a rope, string, cable, or similar object (used with prepositions on, in,
or of to convey that the same magnitude of force applies to objects attached to both ends).

Liquids are Fluids

Liquids and solids share a common attribute: a clear and discernible phase boundary that gives the sample a simple
but definite shape. Liquids and solids share also something else: most of their molecular units are to some extent in
relatively close contact. However, liquids, like gases, are fluids, meaning that their molecular units can move more
or less independently of each other. Whereas the volume of a gas depends entirely on the pressure, the volume of a
liquid is largely independent of the atmospheric pressure. Therefore, gases are compressible while liquids are very
nearly not.

Cohesive Forces Result in Surface Tension

The molecules in a sample of a liquid that find themselves fully in the interior volume are surrounded by other
molecules and interact with them based on the attractive intermolecular forces that are present for molecules of this
type. However, the molecules at the interface with another medium (usually air) do not have other like molecules on
all of their sides (namely, on top of them), so they cohere more strongly to the molecules on the surface and
immediately below them. The result is a surface film which makes it more difficult for an object to pierce through the
surface than for it to move once submerged in the sample of liquid. Therefore, the cohesive forces result in the
phenomenon of surface tension.

The Young-Laplace Equation

Surface tension is responsible for the shape of a liquid droplet. Although easily deformed, droplets of water tend to
be pulled into a spherical shape by the cohesive forces of the surface layer. In the absence of other forces, including
gravity, drops of virtually all liquids would be perfectly spherical. If no force acts normal (perpendicular) to a
tensioned surface, the surface must remain flat. But if the pressure on one side of the surface differs from pressure
on the other side, the pressure difference times the surface area results in a normal force. In order for the surface
tension forces to cancel out this force due to pressure, the surface must be curved. When all the forces are
balanced, the curvature of the surface is a good measure of the surface tension, which is described by the Young-
Laplace equation:

( )
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Diagram of forces on molecules in a liquid: In the bulk of the
liquid, the forces are the same in all directions, while at the surface,
the net effect is “downward,” into the interior.

where  is the pressure differential across the
interface,  is the measured surface tension, and 

 are the principal radii of curvature, which
indicate the degree of curvature.

This equation describes the shape and curvature of
water bubbles and puddles, the “footprints” of water-
walking insects, and the phenomenon of a needle
floating on the surface of water. Even though the
needle is denser than water, it floats because
surface tension is a contractive tendency of the
surface of a liquid that allows it to resist an external
force. This property is caused by cohesion of similar
molecules and is responsible for many of the
behaviors of liquids.

Resolution of forces on a “floating needle”: For a needle floating on the surface of a liquid, the downward force of the needle’s
weight is balanced by the upward forces of surface tension from the liquid. Note that the forces from the surface tension are
symmetrical.

Potential Energy of Molecules in a Liquid

In imagining the shape of a liquid droplet or the curvature of the surface of a liquid, one must keep in mind that the
molecules at the surface are at a different level of potential energy than are those of the interior. That is to say, there
is an energy difference between the interior and the surface: to move a molecule from the interior to the surface
requires energy. Liquids (for instance, in the form of a droplet) are shaped in a way that minimizes the energy at the
surface. Again, since the energy at the surface is due in large part to the intermolecular attractive forces between
particles on the surface and those in the interior, the surface tension is an indicator of the extent of those forces.
Different liquids and solutions have different surface tensions.

The surface tensions of a few common liquids and solutions are as follows, in dyne/cm (note the particularly high
surface tension of water):

water, H(OH): 72.7

ΔP = γ( + )1
R1

1
R2

ΔP
γ

,R1 R2

477



water, H(OH): 72.7
benzene, C6H6: 40.0
glycerin, C3H2(OH)3: 63.0
sucrose solution (85% in water): 76.4

Units of Surface Tension

Surface tension is expressed in units of force per unit length or of energy per unit area (for instance, N/m or J/m2).
The two are equivalent, but when referring to energy per unit area, people use the term “surface energy,” which is a
more general term in the sense that it applies to solids as well as to liquids.

An example of surface tension: Water striders can “walk” on water as a result surface tension.

Viscosity

Viscosity is a measure of a fluid’s resistance to flow.

Learning Objectives

Describe viscocity.

Key Takeaways

Key Points

A fluid’s resistance to flow can be characterized by the viscosity.

Viscosity depends on the intermolecular forces present within the fluid.
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Viscosity depends on the intermolecular forces present within the fluid.
Viscosity is highly dependent on temperature.

Key Terms

viscosity: A quantity expressing a fluid’s resistance to flow. It can be interpreted as a measure of the
internal friction in a fluid.
Laminar Flow: Smooth flow of a fluid in a tube or pipe.

Laminar Flow

When fluids flow smoothly through a tube or pipe, the motion can be thought of as consisting of layers, or lamina.
This is called laminar flow (also known as streamlined flow), and the velocity of the fluid’s flow varies from close to
zero near the pipe’s boundaries to its greatest in the center.

Laminar flow: Velocity of a fluid’s layers, or lamina, during smooth flow. The velocity is greatest at the center of the tube.

If we consider one of those layers as a moving plate within the fluid, then the velocity is highest right underneath the
moving plate but gets progressively smaller as we move away from the plate in a direction perpendicular to the flow.

Moving plate in a fluid: The velocity of the liquid (in the x-direction) is highest near the moving plate and gets progressively smaller
as we move away from the plate in the perpendicular, or y-, direction. Note the magnitude of the velocity vectors for layers
increasingly away from the moving plate.

Description of Viscosity

The force required to move the plate at a constant speed is directly proportional to the area of the plate and to the
fluid’s velocity gradient as we move at a greater perpendicular distance from the plate (meaning how fast the
velocity of the layers is changing as we move away from the plate). This implies the following quantitative
relationship:

where F is the force required to move the plate (at constant speed), A is the area of the plate, is the change in
laminar velocity with respect to the perpendicular distance to the plate (y-direction). The term  is called the
viscosity, and it is a measure of a fluid’s resistance to flow. The units of viscosity in the SI system are 
(or  ).

Viscosity is highly dependent on temperature, and therefore, when the value of the quantity is reported, the
temperature at which the measurement was made must be included.

F = η ⋅ A ⋅
dvx
dy

dvx
dy

η

N ⋅ sec /m2

Pa ⋅  sec
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Viscosity dependence on temperature: The viscosity of water varies greatly over the temperature range of the liquid form.

Experimental Measurements

Viscosity can be measured by observing the time required for a given volume of liquid to flow through the narrow
part of a viscometer tube, a special instrument used for such measurements.

There are various types of viscometers and rheometers. A rheometer is used for fluids that cannot be defined by a
single value of viscosity. They require more parameters to be set and measured than is the case for a viscometer.
Close temperature control of the fluid is essential to acquire accurate measurements, particularly in materials like
lubricants, whose viscosity can double with a change of only 5 °C.

When measuring viscosity, strain is applied at a certain rate, called shear rate. The resulting stress is measured as
deformation, in the case of liquid, as the ease of flow. There are several ways in which the stress changes with the
strain. In simple linear systems, it is directly proportional and sometimes constant. In other systems, it increases or
decreases with shear rate.

Fluids that display a constant viscosity over a range of shear rates are called Newtonian, while those with a non-
constant viscosity are non-Newtonian. In the latter category, fluids that decrease in viscosity as shearing rate
increases are called shear thinning (examples include toothpaste and house paint), and those that increase in
viscosity as shearing rate increases are called shear thickening.
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Viscosity plot: This figure shows the relative relationships between shear stress and shear strain for a variety of materials.

Intermolecular Forces A�ect the Viscosity of a Substance

The viscosity of a substance is related to the strength of the intermolecular forces acting between its molecular
units. In the case of water, these forces are primarily due to hydrogen bonding. Liquids such as syrups and honey
are much more viscous because the sugars they contain are studded with hydroxyl groups (–OH). They can form
multiple hydrogen bonds with water and with each other, producing a sticky disordered network which makes flow
much more difficult (resulting in high viscosity).

In much of our daily experience, we act as viscometers, sensing the viscosity of liquids and assessing their fitness
for a particular purpose. For example, some people add cream and sugar to coffee or tea not only for the taste but
for what they term the mouth feel. In this case, we are forcing the fluid through a small gap between our tongue and
palate, sensing the thickness and smoothness. Cream and sugar add particulate solids to the watery tea and coffee,
which add to the viscosity of the solution.

In another setting, we judge the quality of a sauce by the way it flows and adheres to certain foods – salad dressing
to lettuce, jam or jelly to toast, ketchup or mayonnaise to fried foods – the flow and cohesion are related to the
viscosity. If you were to place honey or corn syrup in the refrigerator, it thickens considerably relative to its thickness
at room temperature. We can see that viscosity is highly dependent on temperature.
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In everyday terms, viscosity is described as thickness or internal friction within the substance. Therefore, we say
water is thin, having a low viscosity, while honey is thick, having a high viscosity. When a fluid is less viscous, it
flows more easily.

Visit this page in your course online to use this simulation.
Interactive: Molecular View of a Liquid: Explore the structure of a liquid at the molecular level.

Capillary Action
Capillary action is the ability of a liquid to flow in narrow spaces without the assistance of, and in opposition to,
external forces.

Learning Objectives

Distinguish capillary action from other forces

Key Takeaways

Key Points

The rise or fall of a fluid in a capillary tube is governed by the balance of cohesive and adhesive forces.
Inermolecular forces are responsible for cohesion and adhesion.
The narrower the bore of a glass tube, the greater the extent of raising or lowering of the liquid.

Key Terms

capillary: Pertaining to a narrow tube.
cohesion: Various intermolecular forces that hold solids and liquids together.
adhesion: The ability of a substance to stick to an unlike substance.
meniscus: The curved surface of liquids in tubes, whether concave or convex, caused by the surface
tension of the liquid.

Cohesion and Adhesion

The molecules in any sample of matter experience intermolecular forces, which are attractive or repulsive forces
between atoms or molecules within the sample. Such forces are responsible for many observable behaviors of
substances, such as the phase they are in under certain conditions of temperature and pressure. When attractive
forces occur between like molecules, they are referred to as cohesive forces, or resulting in cohesion, because they
hold the molecules of sample close together. These cohesive forces are especially strong at the surface of a liquid,
resulting in the phenomenon of surface tension. For example, the hydrogen bonds between water molecules are
responsible for the cohesion observed in water droplets.

On the other hand, when intermolecular forces occur between different types of molecules (especially when they are
part of different phases of matter), they are referred to as adhesive forces, or resulting in adhesion. The molecules
in a sample of water in contact with a glass surface experience attractive forces toward the glass molecules. Water
has a tendency to adhere to such surfaces because of those interactions.

Capillary Action
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Capillary action is the ability of a liquid to flow in narrow spaces without the assistance of, and in opposition to,
external forces such as gravity. This effect can be seen in the drawing-up of liquids between the hairs of a
paintbrush, in a thin tube, in porous materials such as paper, in some non-porous materials (such as liquified carbon
fiber), or in a cell. It occurs when the intermolecular attractive forces between the liquid and the solid surrounding
surfaces (adhesive forces) are stronger than the cohesive forces within the liquid. If the diameter of the tube is
sufficiently small, then the combination of surface tension (which is caused by cohesion within the liquid) and
adhesive forces between the liquid and container act together to lift the liquid. The height (h) of a liquid column is
given by:

where T is the surface tension,  is the density of liquid, g is the acceleration due to gravity, and r is radius of the
tube. Notice that the height to which the liquid is lifted is inversely proportional to the radius of the tube, which
explains why the phenomenon is more pronounced for smaller tubes.

Consider a water-filled glass tube with a radius of 2 cm (0.02 m) in air at standard laboratory conditions, T = 0.0728
N/m at 20 °C,  is 1000 kg/m3, and g = 9.81 m/s2. For these values, the height of the water column is 0.74 mm. By
comparison, for a 4 m diameter glass tube in the lab conditions given above (radius 2 m, or 6.6 ft), the water would
rise an unnoticeable 0.007 mm (0.00028 in). For a 0.4-mm (0.016-in) diameter tube (radius 0.2 mm, or 0.0079 in),
the water would rise 70 mm (2.8 in).

A common apparatus used to demonstrate capillary action is the capillary tube. When the lower end of a vertical
glass tube is placed in a liquid, a concave meniscus forms. Adhesion forces between the fluid and the solid inner
wall pull the liquid column up until there is a sufficient mass of liquid for gravitational forces to counteract these
forces.

Capillary action in glass tubes: The rise or fall of liquids in a capillary tube depends upon the interactions between the tube and
the liquid.

The meniscus is the curve caused by surface tension in the upper surface of a liquid. It can be either convex or
concave. A convex meniscus occurs when the molecules have a stronger attraction to each other (cohesion) than to
the material of the container (adhesion), causing the surface of the liquid to cave downward. This may be seen
between mercury and glass in barometers and thermometers. Conversely, a concave meniscus occurs when the
molecules of the liquid are attracted to those of the container, causing the surface of the liquid to cave upwards. This
can be seen in a glass of water.

h = 2T
ρrg

ρ

ρ
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The meniscus curve on a column of fluid in a capillary tube: The curvature of the surface at the top of a column of fluid in a
narrow tube is caused by the relative strength of the forces responsible for the surface tension of the fluid (cohesive forces) and the
adhesive forces to the walls of the container.

Capillary action acts on concave menisci to pull the liquid up, increasing the favorable contact area between liquid
and container, and on convex menisci to pull the liquid down, reducing the amount of contact area.

When considering how liquids will behave on surfaces, if the liquid molecules are strongly attracted to the solid
molecules then the liquid drop will completely spread out on the solid surface. This is often the case for water on
bare metallic or ceramic surfaces.

The phenomenon of capillary action is important in the transport of water and nutrients in plants through the process
of transpiration.
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SOLID PROPERTIES

Crystal Structure: Packing Spheres
Consider the arrangement of spheres within a lattice to form a view of the structure and complexity of crystalline
materials.

Learning Objectives

Illustrate how atoms or molecules pack in crystalline materials.

Key Takeaways

Key Points

The coordination number of a given atom in a crystalline substance identifies the number of atoms that
directly neighbor the given atom.
The atomic spheres of crystalline substances pack into unit cells, which are the fundamental building
blocks of crystal lattices.
An understanding of how spheres are packed within a given crystalline material contributes to
researchers’ understanding of the properties of the given material.

Key Terms

unit cell: In a crystal, the smallest repeating structure (parallelepiped) of atoms from which the structure
of the complete crystal can be inferred.
coordination number: The total number of atoms that directly neighbor a central atom in a molecule or
ion.
crystal structure: The unique three-dimensional arrangement of atoms or molecules in a crystalline
solid.

Three-Dimensional Lattice

The unique arrangement of atoms or molecules within a crystalline solid is referred to as the crystal structure of that
material. A crystal structure reflects the periodic pattern of the atoms which compose a crystalline substance.
Crystalline materials are so highly ordered that a crystal lattice arises from repetitions along all three spatial
dimensions of the same pattern. The crystal lattice represents the three-dimensional structure of the crystal’s
atomic/molecular components.

The Unit Cell

The structure seen within the crystalline lattice of a material can be described in a number of ways. The most
common way to describe a crystal structure is to refer to the size and shape of the material’s characteristic unit cell,
which is the simplest repeating unit within the crystal. In principle, one can reconstruct the structure of an entire
crystal by repeating the unit cell so as to create a three-dimensional lattice.
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Unit Cell of Fluorite: This shows the simplest repeating unit within a crystal of the molecule
fluorite, or calcium fluoride (CaF2). Notice that this unit cell contains several atoms. Calcium
ions are depicted as gray spheres, and fluorine ions are yellow.

Packing of Atoms Within a Unit Cell

Within a crystalline material, each atom can be thought of as a sphere. These spheres are packed into unit cells.
Each sphere that participates in a crystal structure has a coordination number, which corresponds to the number of
spheres within the crystalline structure that touch the sphere that is being evaluated. For a sphere in the interior of a
crystal lattice, the number of spheres contacting the sphere that is being evaluated is known as the bulk
coordination number. For a sphere at the surface of a crystal, the number of spheres contacting the sphere being
evaluated is known as the surface coordination number.
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Crystalline Lattice: Sodium chloride crystal lattice

By considering how atomic spheres are arranged relative to one another, their coordination numbers, and the
dimensions of the unit cell, it is possible to form a general view of the structure and complexity of particular crystal
structures.

Crystal Structure: Closest Packing

Closest packing refers to the most efficient way to arrange atoms in a crystalline unit cells.

Learning Objectives

Discuss the two ways in which atoms/molecules pack in the most efficient way in crystals.

Key Takeaways

Key Points

The most efficient conformation atomic spheres can take within a unit cell is known as the closest packing
configuration.
Densely packed atomic spheres exist in two modes: hexagonal closest packing (HCP) and cubic closest
packing (CCP).
The packing conformation of spheres into a unit cell can effect the physical, chemical, electrical, and
mechanical properties of a given crystalline material.
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Key Terms

closest packing: A phenomenon resulting in the crystal structure of atoms/molecules having their
component parts as near to each other as possible.
lattice: A regular spacing or arrangement of geometric points.

A crystalline material’s structure is typically visualized as being composed of unit cells. These cells are periodically
arranged to give rise to a crystal’s lattice structure. This section considers how the packing of atoms within unit cells
contributes to a crystalline solid ‘s lattice structure.

Visit this page in your course online to use this simulation.
Interactive: Molecular View of a Solid: Explore the structure of a solid at the molecular level.

Two Types of Atom Packing in a Crystal

The three dimensional structure of a solid crystalline material is established through the periodic patterning of the
atoms that make up the crystal. The most efficient conformation of atomic spheres within a unit cell is known as the
closest packing formation. In a three dimensional representation of this hypothetical unit cell—with the spheres
packed as efficiently as possible—there are two methods to densely pack the cell.

Imagine a single layer of spheres packed into the bottom of a unit cell.

1. In the first method, each successive layer of spheres covers gaps in the previous layer. Three neighboring
spheres in the first layer will form a hollow space where they meet. Spheres in one layer align to fit in the
hollows formed in the previous layer. The third layer aligns directly above the first layer. Because the third
layer is aligned the same way as the first, this configuration is referred to as “ABA” and results in hexagonal
closest packing (HCP).

2. Alternatively, the gaps in the first layer are covered by the second layer. But the third layer is offset relative to
the intersphere gaps of the first layer. The third layer of spheres does not align with the first layer. This
configuration is referred to as “ABC” and results in cubic closest packing (CCP).
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Two ways to stack closest packed spheres: Two methods of packing spheres into a unit cell yield the most
common closest packing conformations: CCP and HCP.

A CCP arrangement has a total of 4 spheres per unit cell and an HCP arrangement has 8 spheres per unit cell.
However, both configurations have a coordination number of 12.

The packing efficiency is the fraction of volume in a crystal structure that is occupied by constituent particles, rather
than empty space. In order to find this, the volume of the spheres needs to be divided by the total volume (including
empty spaces) occupied by the packed spheres. For both HCP and CCP, the packing efficiency is 74.05 %.

The Importance of Packing

The arrangement of the atoms in a crystalline solid affects atomic coordination numbers, interatomic distances, and
the types and strengths of bonding that occur within the solid. An understanding of atomic packing in a unit cell and
crystal lattice can give insight to the physical, chemical, electrical, and mechanical properties of a given crystalline
material.

Determining Atomic Structures by X-Ray Crystallography
X-ray crystallography is a method of determining the arrangement of atoms within molecules.

Learning Objectives

Describe the method of x-ray crystallography as it is used for determining the structure of molecules.

Key Takeaways

489



Key Points

To obtain an x-ray diffraction measurement, three components are necessary: a crystal sample, a source
of x-ray beams, and a detector.
Data from an X-ray crystallography experiment is used to generate a three-dimensional model of the
molecules comprising the crystal. Scientists’ knowledge of molecular shapes, bond angles and lengths,
are all based on results from such experiments.
X-ray crystallography is a powerful tool that has broad applications in the determination of the structures
of both organic and inorganic compounds.

Key Terms

reflections: Diffraction of X-rays by the layers of atoms within a crystal produces spots, or reflections
recorded by a detector. The presence and intensity of reflections is the raw data of an X-ray
crystallographic experiment.
x-ray crystallography: X-ray crystallography is a method of determining the three-dimensional
arrangement of atoms within a molecule.

X-ray Crystallography

X-ray crystallography is a method for determining the arrangement of atoms within a crystal structure. Substances
including inorganic salts and minerals, semiconductors, and organic and biological compounds can form crystals
under suitable and specific conditions. The method is useful in determining the structure of molecules, which allows
researchers to characterize and understand their behavior and function. This method of structure determination has
provided the most reliable evidence scientists have about the way molecules are shaped and what their bonds
angles and lengths are.

The Di�raction Experiment

To obtain x-ray diffraction measurements, three components are necessary:

a crystal sample
a source of x-ray beams
a detector

The best x-ray crystallographic structures are derived from the purest crystal samples, meaning samples that
contain only molecules of one type and as few impurities as possible. Crystal samples contaminated with impurities,
samples that are too small, and samples that are not uniform may result in the formation of imperfect crystals,
whose defects affect the quality of the data that can be obtained. Once a crystal has been deemed of sufficient
quality, it is generally mounted on special instruments and “shot” with an intense beam of X-rays.
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X-Ray Crystallography: When bombarded with x-ray radiation, crystals exhibit a characteristic diffraction
pattern.

This process reveals the geometry of the atoms within the molecules. The x-ray beams are diffracted in a
characteristic pattern that gives rise to reflections, dark spots on the detector which represent places where
constructive interference of the diffracted light has occurred. The detector records the reflections on a two-
dimensional surface. The crystal is typically rotated with respect to different axes and shot again with X-rays, so that
diffraction patterns from all angles of the X-rays hitting the crystal are recorded.
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X-Ray Diffraction Pattern of a Protein: An X-ray diffraction pattern of a crystallized protein
molecule. The two dimensional reflection pattern can be used to determine the atomic structure of
the protein.

Then mathematical algorithms are applied in order to decode the information contained within the recorded
reflections. A map is constructed to describe the electron density of the molecules in the crystal. Atomic models of
the molecules are also created; these can explain the experimentally observed electron density.
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Workflow for Solving a Molecular Structure Using X-ray Crystallography: The steps to the process of
determining the three dimensional structure of a molecule are outlined in this figure.
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The final result is the three-dimensional structure of the molecules in the crystal. This is the most direct method that
exists for “seeing” what molecules look like. Details such as atomic radii, bond angles and lengths, and molecular
geometry are revealed through this method.

Historical Signi�cance

X-ray crystallography is a powerful tool that has broad applications in the determination of the structures of both
organic and inorganic compounds. Throughout the history of chemistry and biochemistry, x-ray crystallography has
been one of the most important methods in helping scientists understand the atomic structure and bonding. X-ray
diffraction data have proven useful in identifying the structures of protein parts of viruses, such as HIV, which was
instrumental in the design of drugs that can specifically target the virus’ needed machinery for its life cycle.
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TYPES OF CRYSTALS

Ionic Crystals
Ions in ionic crystals are bound together by electrostatic attraction.

Learning Objectives

Describe how ions form ionic crystals.

Key Takeaways

Key Points

Ions bound together by electrostatic attraction form ionic crystals. Their arrangement varies depending on
the ions’ sizes or the radius ratio (the ratio of the radii of the positive to the negative ion). A simple cubic
crystal lattice has ions equally spaced in 3D at 90° angles.
Stability of ionic solids depends on lattice energy, which is released in the form of heat when two ions are
brought together to form a solid. Lattice energy is the sum of all the interactions within the crystal.
The properties of ionic crystals reflect the strong interactions that exist between the ions. They are very
poor conductors of electricity, have strong absorption of infrared radiation, and are easily cleaved. These
solids tend to be quite hard and have high melting points.

Key Terms

lattice energy: The energy required to separate the ions of an ionic solid (especially a crystal) to an
infinite distance apart.
crystal lattice: A regular three-dimensional geometric arrangement of atoms, molecules, or ions in a
crystal.
ionic crystal: A class of crystal consisting of a lattice of ions held together by electrostatic interactions;
they exhibit strong absorption of infrared radiation and have planes along which they cleave easily.

The Crystalline Form of Ionic Compounds

An ionic crystal consists of ions bound together by electrostatic attraction. The arrangement of ions in a regular,
geometric structure is called a crystal lattice. Examples of such crystals are the alkali halides, which include:

potassium fluoride (KF)
potassium chloride (KCl)
potassium bromide (KBr)
potassium iodide (KI)
sodium fluoride (NaF)
other combinations of sodium, cesium, rubidium, or lithium ions with fluoride, bromide, chloride or iodide ions

These solids tend to be quite hard and have high melting points, reflecting the strong forces between oppositely-
charged ions. The exact arrangement of ions in a lattice varies according to the size of the ions in the crystal.
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A Case Study: NaCl

The properties of NaCl reflect the strong interactions that exist between the ions. It is a good conductor of electricity
when molten (melted state), but very poor in the solid state. When melted, the mobile ions carry charge through the
liquid. NaCl crystals are characterized by strong absorption of infrared (IR) radiation, and have planes along which
they cleave easily. Structurally, each ion in sodium chloride is surrounded by six neighboring ions of opposite
charge. The resulting crystal lattice is of a type known as “simple cubic,” meaning that the lattice points are equally
spaced in all three dimensions and all cell angles are 90°.

NaCl crystal structure: Spheres represent the Na+ and Cl- ions. Each ion is surrounded by six other ions of
opposite charge, therefore NaCl is described as having (6,6) coordination.

How can one sodium ion surrounded by six chloride ions (or vice versa) be consistent with the simplest (empirical)
formula NaCl? The answer is that each of those six chloride ions sits at the center of its own octahedron, whose
vertices are defined by six neighboring sodium ions. This might seem to correspond to Na6Cl6, but note that the
central sodium ion shown in the diagram can claim only a one-sixth share of each of its chloride ion neighbors.
Therefore, the formula NaCl is not just the simplest formula, but correctly reflects the 1:1 stoichiometry of the
compound. As in all ionic structures, there are no distinguishable “molecular” units that correspond to the NaCl
simplest formula. Sodium chloride, like virtually all salts, is a more energetically favored configuration of sodium and
chlorine than the elements individually.
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Halite: Halite, or rock salt, is the mineral form of sodium chloride. Halite forms cubic crystals. It occurs in evaporite
minerals that result from the drying up of enclosed lakes and seas. This picture was taken in Wieliczka, Poland,
one of the world’s oldest salt mines.

Energy of Formation of Ionic Salts

Since ionic salts have a lower energetic configuration than their individual elements, reactions forming ionic solids
tend to release energy. For example, when sodium and chlorine react to form sodium chloride:

Na(s) + ½Cl2(g) → NaCl(s) + 404 kJ

The release of 404 kJ of energy shows that the formation of solid sodium chloride is exothermic. Due to the Second
Law of Thermodynamics, the released energy spreads out into the environment and is therefore unavailable to drive
the reverse reaction. This irreversibility is the main reason that sodium chloride is more stable than its component
elements.

Lattice Energy

When sodium and chloride ions react to form NaCl, 787 kJ/mol of energy is released:

Na+(g) +Cl–(g) → NaCl(s) + 787 kJ

This large magnitude arises from the strength of the coulombic force between ions of opposite charge. This energy
is one definition of lattice energy: the energy released when an ionic solid is formed from gaseous ions binding
together. Note that the actual value of enthalpy change (ΔHo) is negative (- 787 kJ/mol).

The exothermicity of such reactions results in the stability of ionic solids. That is, energy is needed to break apart
the ionic solid into its constituent elements. (This is not to be confused with dissociation of a compound’s ions in
solution. That is a different process.) This endothermic reaction gives rise to the other definition of lattice energy: the
energy that must be expended to break up an ionic solid into gaseous ions.
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Lattice energy, while due mainly to coulombic attraction between each ion and its nearest neighbors (six in the case
of NaCl) is really the sum of all the interactions within the crystal. Lattice energies cannot be measured directly, but
they can be estimated from the energies of other processes.

Close-packed Structures

The most energetically stable arrangement of solids made up of identical molecular units are generally those in
which there is a minimum of empty space. These are known as close-packed structures, and there are several kinds
of them.

In ionic solids of even the simplest 1:1 stoichiometry, the positive and negative ions usually differ so much in size
that packing is often much less efficient. This may cause the solid to assume lattice geometries that differ from the
one illustrated above for NaCl.

Consider the structure of cesium chloride, CsCl. The radius of the Cs+ ion is 168 pm (compared to 98 pm for Na+),
and cannot possibly fit into the octahedral hole of a simple cubic lattice of chloride ions (181 pm ionic radius). The
CsCl lattice therefore assumes a different arrangement.

CsCl structure: In CsCl, metal ions are shifted into the center of each cubic element of the Cl–-ion lattice. Each
cesium ion has eight nearest-neighbor chloride ions, while each chloride ion is also surrounded by eight cesium
ions in (8,8) coordination.

The two kinds of lattice arrangements exemplified by NaCl and CsCl are found in a large number of other 1:1 ionic
solids, and these names are used generically to describe the structures of these other compounds. There are many
other fundamental lattice arrangements (not all cubic), but the two described here are sufficient to illustrate the point
that the radius ratio (the ratio of the radii of the positive to the negative ion) plays an important role in the structures
of simple ionic solids.

Covalent Crystals
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Atoms in covalent solids are covalently bonded with their neighbors, creating, in effect, one giant molecule.

Learning Objectives

Discuss the properties of covalent crystals or network solids

Key Takeaways

Key Points

Covalent (or network) solids are extended- lattice compounds, in which each atom is covalently bonded
to its nearest neighbors. Because there are no delocalized electrons, covalent solids do not conduct
electricity.
The rearranging or breaking of covalent bonds requires large amounts of energy; therefore, covalent
solids have high melting points.
Covalent bonds are extremely strong, so covalent solids are very hard. Generally, covalent solids are
insoluble due to the difficulty of solvating very large molecules.
Diamond is the hardest material known, while cubic boron nitride (BN) is the second-hardest. Silicon
carbide (SiC) is very structurally complex and has at least 70 crystalline forms.

Key Terms

covalent network solid: A solid formed when the atoms are bonded covalently in a continuous,
extended network.
covalent bond: A type of chemical bond where two atoms are connected to each other by the sharing of
two or more electrons.
diamond: a glimmering glass-like mineral that is an allotrope of carbon, in which each carbon atom is
bonded to four others with a tetrahedral geometry.
carbide: A compound composed of carbon and a less electronegative element.
allotrope: A different form of an element in its natural state. For instance, oxygen is found predominantly
in two forms: O2 and O3 (ozone).

Covalent Network Solids

A covalent bond is a chemical bond that involves the sharing of pairs of electrons between atoms. This sharing
results in a stable balance of attractive and repulsive forces between those atoms. Covalent solids are a class of
extended-lattice compounds in which each atom is covalently bonded to its nearest neighbors. This means that the
entire crystal is, in effect, one giant molecule. The extraordinarily strong binding forces that join all adjacent atoms
account for the extreme hardness of these solids. They cannot be broken or abraded without breaking a large
number of covalent chemical bonds. Similarly, a covalent solid cannot “melt” in the usual sense, since the entire
crystal is one giant molecule. When heated to very high temperatures, these solids usually decompose into their
elements.

Another property of covalent network solids is poor electrical conductivity, since there are no delocalized electrons.
When molten, unlike ionic compounds, the substance is still unable to conduct electricity, since the macromolecule
consists of uncharged atoms rather than ions. (This is also contrary to most forms of metallic bonds. )

A Case Study: Allotropes of Carbon

Graphite is an allotrope of carbon. In this allotrope, each atom of carbon forms three covalent bonds, leaving one
electron in each outer orbital delocalized, creating multiple “free electrons” within each plane of carbon. This grants
graphite electrical conductivity. Its melting point is high, due to the large amount of energy required to rearrange the
covalent bonds. It is also quite hard because of the strong covalent bonding throughout the lattice. However,
because of the planar bonding arrangements between the carbon atoms, the layers in graphite can be easily
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displaced, so the substance is malleable. This explains the use of graphite in pencils, where the layers of carbon are
“shedded” on paper (pencil “lead” is typically a mixture of graphite and clay, and was invented for this use in 1795).
Graphite is generally insoluble in any solvent due to the difficulty of solvating a very large molecule.

Diamond and Graphite: Two Allotropes of Carbon: These two allotropes of carbon are covalent network solids which differ
in the bonding geometry of the carbon atoms. In diamond, the bonding occurs in the tetrahedral geometry, while in graphite
the carbons bond with each other in the trigonal planar arrangement. This difference accounts for the drastically different
appearance and properties of these two forms of carbon.

Diamond is also an allotrope of carbon. Diamond is the hardest material known, defining the upper end of the 1-10
scale known as Moh’s hardness scale. Diamond cannot be melted; above 1700 °C it is converted to graphite, the
more stable form of carbon. The diamond unit cell is face-centered cubic and contains eight carbon atoms.

Other Examples

Boron nitride (BN) is similar to carbon because it exists as a diamond-like cubic polymorph as well as in a
hexagonal form similar to graphite.
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Hexagonal boron nitride: Hexagonal boron nitride, a two-dimensional material, is similar in structure to graphite.

Cubic boron nitride is the second-hardest material after diamond, and it is used in industrial abrasives and cutting
tools.
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Cubic boron nitride: Cubic boron nitride adopts a crystal structure, which can be constructed by replacing every two
carbon atoms in diamond with one boron atom and one nitrogen atom. Cubic boron nitride is the second-hardest material,
after diamond.

Recent interest in boron nitride has centered on its carbon-like ability to form nanotubes and related nanostructures.

Silicon carbide (SiC) is also known as carborundum. Its structure is very much like that of diamond, with every other
carbon replaced by silicon. Silicon carbide exists in about 250 crystalline forms. It is used mostly in its synthetic form
because it is extremely rare in nature. It is found in a certain type of meteorite that is thought to originate outside of
our solar system. The first light-emitting diodes (LEDs) used in high-efficiency lighting were based on SiC.

When heated at atmospheric pressure, it decomposes at 2700 °C, but it has never been observed to melt.
Structurally, silicon carbide is very complex; at least 70 crystalline forms have been identified. Its extreme hardness
and ease of synthesis have led to a diversity of applications — in cutting tools and abrasives, high-temperature
semiconductors and other high-temperature applications, the manufacturing of specialty steels and jewelry, and
many more. Tungsten carbide (WC) is probably the most widely encountered covalent solid, owing to its use in
carbide cutting tools and as the material used to make the rotating balls in ball-point pens. It has a high melting point
(2870 °C) and a structure similar to that of diamond, although it is slightly less hard. In many of its applications, it is
embedded in a softer matrix of cobalt or coated with titanium compounds.
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Silicon Carbide: Silicon carbide is an extremely rare mineral, and in nature is is mostly found in a certain type of
meteorite.

Molecular Crystals
Molecules held together by van der Waals forces form molecular solids.

Learning Objectives

Discuss the properties of molecular crystals.

Key Takeaways

Key Points

A molecular solid is composed of molecules held together by van der Waals forces. Its properties are
dictated by the weak nature of these intermolecular forces. Molecular solids are soft, often volatile, have
low melting temperatures, and are electrical insulators.
Classes of molecular solids include organic compounds composed of carbon and hydrogen, fullerenes,
halogens (F, Cl, etc.), chalcogens (O, S, etc.), and pnictogens (N, P, etc.).
Larger molecules are less volatile and have higher melting points because their dispersion forces
increase with the larger number of atoms. Decrease in binding of outer electrons to the nucleus also
increases van der Waals-type interactions of the atom due to its increased polarisability.
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Key Terms

intermolecular force: Any of the attractive interactions that occur between atoms or molecules in a
sample of a substance.
Van der Waals force: Attractive forces between molecules (or between parts of the same molecule).
These include interactions between partial charges (hydrogen bonds and dipole-dipole interactions), and
weaker London dispersion forces.
molecular solid: A solid composed of molecules held together by van der Waals intermolecular forces.
doping: Intentionally introducing impurities into a sample of a substance in order to change its electrical
properties.

The Nature of Intermolecular Forces

Recall that a molecule is defined as a discrete aggregate of atoms bound together sufficiently tightly by directed
covalent forces to allow it to retain its individuality when the substance is dissolved, melted, or vaporized. The two
words italicized in the preceding sentence are important. Covalent bonding implies that the forces acting between
atoms within the molecule (intramolecular) are much stronger than those acting between molecules (intermolecular),
The directional property of covalent bonding gives each molecule a distinctive shape which affects a number of its
properties.

Liquids and solids composed of molecules are held together by van der Waals (or intermolecular) forces, and many
of their properties reflect this weak binding. Molecular solids tend to be soft or deformable, have low melting points,
and are often sufficiently volatile to evaporate directly into the gas phase. This latter property often gives such solids
a distinctive odor. Whereas the characteristic melting point of metals and ionic solids is ~1000 °C, most molecular
solids melt well below ~300 °C. Thus, many corresponding substances are either liquid (water) or gaseous (oxygen)
at room temperature.

Molecular solids also have relatively low density and hardness. The elements involved are light, and the
intermolecular bonds are relatively long and are therefore weak. Because of the charge neutrality of the constituent
molecules, and because of the long distance between them, molecular solids are electrical insulators.

Because dispersion forces and the other van der Waals forces increase with the number of atoms, large molecules
are generally less volatile, and have higher melting points than smaller ones. Also, as one moves down a column in
the periodic table, the outer electrons are more loosely bound to the nucleus, increasing the polarisability of the
atom, and thus its propensity to van der Waals-type interactions. This effect is particularly apparent in the increase
in boiling points of the successively heavier noble gas elements.

Visit this page in your course online to use this simulation.
Interactive: Charged and Neutral Atoms: There are two kinds of attractive forces shown in this model:
Coulomb forces (the attraction between ions) and Van der Waals forces (an additional attractive force between
all atoms). What kinds of patterns tend to form with charged and neutral atoms? How does changing the Van der
Waals attraction or charging the atoms affect the melting and boiling point of the substance?

Case Study: Phosphorus

The term “molecular solid” may refer not to a certain chemical composition, but to a specific form of a material. For
example, solid phosphorus can crystallize in different allotropes called “white”, “red” and “black” phosphorus.

White phosphorus forms molecular crystals composed of tetrahedral P4 molecules. A molecular solid, white
phosphorus has a relatively low density of 1.82 g/cm3 and melting point of 44.1 °C; it is a soft material which
can be cut with a knife.
Heating at ambient pressure to 250 °C or exposing to sunlight converts white phosphorus to red phosphorus,
in which the P4 tetrahedra are no longer isolated, but are connected by covalent bonds into polymer-like
chains.
Heating white phosphorus under high (GPa) pressures converts it to black phosphorus, which has a layered,
graphite-like structure.
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When white phosphorus is converted to the covalent red phosphorus, the density increases to 2.2–2.4 g/cm3 and
melting point to 590 °C; when white phosphorus is transformed into the (also covalent) black phosphorus, the
density becomes 2.69–3.8 g/cm3 with a melting temperature ~200 °C.

Both red and black phosphorus forms are significantly harder than white phosphorus. Although white phosphorus is
an insulator, the black allotrope, which consists of layers extending over the whole crystal, does conduct electricity.
The structural transitions in phosphorus are reversible: upon releasing high pressure, black phosphorus gradually
converts into the red allotrope, and by vaporizing red phosphorus at 490 °C in an inert atmosphere and condensing
the vapor, covalent red phosphorus can be transformed back into the white molecular solid.

Similarly, yellow arsenic is a molecular solid composed of As4 units; it is metastable and gradually transforms into
gray arsenic upon heating or illumination. Certain forms of sulfur and selenium are each composed of S8 or Se8
units, and are molecular solids at ambient conditions. However, they can convert into covalent allotropes having
atomic chains extending all through the crystal.

Classes of Molecular Solids

The vast majority of molecular solids can be attributed to organic compounds containing carbon and hydrogen, such
as hydrocarbons (CnHm). Spherical molecules consisting of different number of carbon atoms, called fullerenes, are
another important class. Less numerous, yet distinctive molecular solids are halogens (e.g., Cl2) and their
compounds with hydrogen (e.g., HCl), as well as light chalcogens (e.g., O2) and pnictogens (e.g., N2).

Conductivity of molecular solids can be induced by “doping” fullerenes (e.g., C60). Its solid form is an insulator
because all valence electrons of carbon atoms are involved into the covalent bonds within the individual carbon
molecules. However, inserting (intercalating) alkali metal atoms between the fullerene molecules provides extra
electrons, which can be easily ionized from the metal atoms and make the material conductive, and even
superconductive.
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Fullerene Crystals: Fullerene solid is an insulator, but it can become a superconductor when intercalating metal
ions are inserted between the fullerene molecules (C60).

Metallic Crystals
Metallic crystals are held together by metallic bonds, electrostatic interactions between cations and delocalized
electrons.

Learning Objectives

Describe metallic crystals.

Key Takeaways

Key Points

Atoms in metals lose electrons to form cations. Delocalized electrons surround the ions. Metallic bonds
(electrostatic interactions between the ions and the electron cloud) hold the metallic solid together. Atoms
are arranged like closely packed spheres.

506



are arranged like closely packed spheres.
Because outer electrons of metal atoms are delocalized and highly mobile, metals have electrical and
thermal conductivity. The free electron model can be used to calculate electrical conductivity as well as
the electrons’ contribution to the heat capacity and heat conductivity of metals.
Metals are ductile, or capable of plastic deformation. Hooke’s law describes reversible elastic deformation
in metals, in which the stress is linearly proportional to the strain. Forces larger than the elastic limit, or
heat, may cause an irreversible deformation of the object.
In general, metals are denser than nonmetals. This is due to the tightly packed crystal lattice of the
metallic structure. The larger the amounts of delocalized electrons, the stronger the metallic bonds are.

Key Terms

metallic bond: A chemical bond in which mobile electrons are shared over many nuclei; this leads to
electrical conduction.
metal: Any of a number of chemical elements in the periodic table that form a metallic bond with other
metal atoms. It is generally shiny, malleable, and a conductor of heat and electricity.

Metallic Properties

In a metal, atoms readily lose electrons to form positive ions (cations). These ions are surrounded by delocalized
electrons, which are responsible for conductivity. The solid produced is held together by electrostatic interactions
between the ions and the electron cloud. These interactions are called metallic bonds. Metallic bonding accounts for
many physical properties of metals, such as strength, malleability, ductility, thermal and electrical conductivity,
opacity, and luster.

Metallic Bonding: Loosely bound and mobile electrons surround the positive nuclei of metal
atoms.

Understood as the sharing of “free” electrons among a lattice of positively charged ions (cations), metallic bonding is
sometimes compared to the bonding of molten salts; however, this simplistic view holds true for very few metals. In
a quantum-mechanical view, the conducting electrons spread their density equally over all atoms that function as
neutral (non-charged) entities.
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Atoms in metals are arranged like closely-packed spheres, and two packing patterns are particularly common: body-
centered cubic, wherein each metal is surrounded by eight equivalent metals, and face-centered cubic, in which the
metals are surrounded by six neighboring atoms. Several metals adopt both structures, depending on the
temperature.

Metals in general have high electrical conductivity, high thermal conductivity, and high density. They typically are
deformable (malleable) under stress, without cleaving. Some metals (the alkali and alkaline earth metals) have low
density, low hardness, and low melting points. In terms of optical properties, metals are opaque, shiny, and lustrous.

Melting Point and Strength

The strength of a metal derives from the electrostatic attraction between the lattice of positive ions and the “sea” of
valence electrons in which they are immersed. The larger the nuclear charge (atomic number) of the atomic
nucleus, and the smaller the atom’s size, the greater this attraction. In general, the transition metals with their
valence-level d electrons are stronger and have higher melting points:

Fe, 1539°C
Re, 3180 °C
Os, 2727 °C
W, 3380°C.

The majority of metals have higher densities than the majority of nonmetals. Nonetheless, there is wide variation in
the densities of metals. Lithium (Li) is the least dense solid element, and osmium (Os) is the densest. The metals of
groups IA and IIA are referred to as the light metals because they are exceptions to this generalization. The high
density of most metals is due to the tightly packed crystal lattice of the metallic structure.

Electrical Conductivity: Why Are Metals Good Conductors?

In order for a substance to conduct electricity, it must contain charged particles (charge carriers) that are sufficiently
mobile to move in response to an applied electric field. In the case of ionic compounds in water solutions, the ions
themselves serve this function. The same thing holds true of ionic compounds when melted. Ionic solids contain the
same charge carriers, but because they are fixed in place, these solids are insulators.

In metals, the charge carriers are the electrons, and because they move freely through the lattice, metals are highly
conductive. The very low mass and inertia of the electrons allows them to conduct high-frequency alternating
currents, something that electrolytic solutions cannot do.

Electrical conductivity, as well as the electrons’ contribution to the heat capacity and heat conductivity of metals, can
be calculated from the free electron model, which does not take the detailed structure of the ion lattice into account.

Mechanical properties

Mechanical properties of metals include malleability and ductility, meaning the capacity for plastic deformation.
Reversible elastic deformation in metals can be described by Hooke’s Law for restoring forces, in which the stress is
linearly proportional to the strain. Applied heat, or forces larger than the elastic limit, may cause an irreversible
deformation of the object, known as plastic deformation or plasticity.

Metallic solids are known and valued for these qualities, which derive from the non-directional nature of the
attractions between the atomic nuclei and the sea of electrons. The bonding within ionic or covalent solids may be
stronger, but it is also directional, making these solids brittle and subject to fracture when struck with a hammer, for
example. A metal, by contrast, is more likely to be simply deformed or dented.

Although metals are black due to their ability to absorb all wavelengths equally, gold (Au) has a distinctive color.
According to the theory of special relativity, increased mass of inner-shell electrons that have very high momentum
causes orbitals to contract. Because outer electrons are less affected, blue-light absorption is increased, resulting in
enhanced reflection of yellow and red light.
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Gold: Gold is a noble metal; it is resistant to corrosion and oxidation.
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CRYSTALS AND BAND THEORY

Bonding in Metals: The Electron Sea Model
Metallic bonding may be described as the sharing of free electrons among a lattice of positively charged metal ions.

Learning Objectives

Describe the electron sea model of metallic bonding.

Key Takeaways

Key Points

Many of the unique properties of metals can be explained by metallic bonds.
Metallic bonds can occur between different elements to form an alloy.
In contrast to electrons that participate in both ionic and covalent bonds, electrons that participate in
metallic bonds delocalize, forming a sea of electrons around the positive nuclei of metals. The availability
of “free” electrons contributes to metals being excellent conductors.

Key Terms

metallic bond: A chemical bond in which mobile electrons are shared over many nuclei; this leads to
electrical conduction.
electron sea: The body of delocalized electrons that surrounds positive metal ions in metallic bonds.

Metallic Bonding

Metallic bonding may be described as the sharing of free electrons among a lattice of positively charged metal ions.
The structure of metallic bonds is very different from that of covalent and ionic bonds. While ionic bonds join metals
to nonmetals, and covalent bonds join nonmetals to nonmetals, metallic bonds are responsible for the bonding
between metal atoms.

In metallic bonds, the valence electrons from the s and p orbitals of the interacting metal atoms delocalize. That is to
say, instead of orbiting their respective metal atoms, they form a “sea” of electrons that surrounds the positively
charged atomic nuclei of the interacting metal ions. The electrons then move freely throughout the space between
the atomic nuclei.
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Metallic Bonding: The Electron Sea Model: Positive atomic nuclei surrounded by a sea of delocalized electrons (the blue
dots).

The characteristics of metallic bonds explain a number of the unique properties of metals:

Metals are good conductors of electricity because the electrons in the electron sea are free to flow and carry
electric current.
Metals are ductile and malleable because local bonds can be easily broken and reformed.
Metals are shiny. Light cannot penetrate their surface; the photons simply reflect off the metal surface.
However, there is an upper limit to the frequency of light at which the photons are reflected.

Metallic bonds can occur between different elements, forming an alloy. Aluminum foil and copper wire are examples
of metallic bonding in action.
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Aluminum foil: A sheet of aluminum foil is made up of metallic bonds.

Metallic bonds are mediated by strong attractive forces. This property contributes to the low volatility, high melting
and boiling points, and high density of most metals. The group-XII metals zinc, cadmium, and mercury are
exceptions to this rule.

Doping: Connectivity of Semiconductors

The process of adding substances to a pure semiconductor for the purposes of modulating its electrical properties is
known as doping.

Learning Objectives

Examine the method of doping a pure semiconductor in order to increase its electrical conductivity.

Key Takeaways

Key Points

Semiconductors are doped to generate either a surplus or a deficiency in valence electrons.
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Semiconductors are doped to generate either a surplus or a deficiency in valence electrons.
Doping allows researchers to exploit the properties of sets of elements, referred to as dopants, in order to
modulate the conductivity of a semiconductor.
There are two types of dopants, n-type dopants and p-type dopants; n-type dopants act as electron
donors, and p-type dopants act as electron acceptors.
Combining n-type and p-type semiconductors creates systems which have useful applications in modern
electronics.

Key Terms

doping: The addition of small quantities of an element (an impurity) to a pure semiconductor to change
its electrical conductivity characteristics.
p-type semiconductor: A doped semiconductor in which conduction is due to the movement of
positively-charged holes.
n-type semiconductor: A doped semiconductor in which conduction is due to the movement of
additional electrons.

Electrical Conduction in Solids

There are two general categories of semiconductors: intrinsic semiconductors, which are composed of only one
material, and extrinsic semiconductors, which have had other substances added to them to alter their properties. In
semiconductor production, the process of creating extrinsic semiconductors by adding substances to a pure
semiconductor for the purposes of modulating its electrical properties is known as doping. Semiconductors are
doped to generate either a surplus or a deficiency in valence electrons.

Energy Bands in Solids

Electrons in free atoms have discrete energy values. In contrast, the energy states available to the free electrons in
a metal sample form a continuum of “energy bands.” In the atomic lattice of a substance, there is a set of filled
atomic energy “bands” with a full complement of electrons, and a set of higher energy unfilled “bands” which have
no electrons. The highest energy band contains valence electrons available for chemical reactions. The conduction
band is the band above the valence band. Electrons in the conduction band are free to move about in the lattice and
can conduct current. In order for a substance to conduct electricity, its valence electrons must cross the band gap,
which is the energy gap between the valence band and conduction band.

Band Structure: The gap between the valence and conduction bands determines whether a substance
will conduct electricity.

513



If the gap between the valence and conduction bands is large, then the substance does not conduct electricity easily
(it is an insulator). On the other hand, these bands overlap in metallic samples, which make these samples excellent
conductors of electricity. In the case of semiconductors, the gap is small enough for electrons to jump to the
conduction band due to thermal or some other excitation.

Energy Bands in Solids: The overlap or size of the gap between the valence and conduction bands
determines the electrical conductivity of a substance.

Because the band gap is so small for semiconductors, doping with small amounts of impurities can dramatically
increase the conductivity of the material. Doping, therefore, allows scientists to exploit the properties of sets of
elements referred to as “dopants” in order to modulate the conductivity of a semiconductor.

Semiconductor Doping

There are two types of dopants, n-type (“n” for negative), and p-type (“p” for positive) dopants. n-type dopants act as
electron donors and have extra valence electrons with energies very close to the conduction band. When
incorporated into the atomic lattice of a semiconductor, the valence electrons of n-type dopants can be easily
excited to the conduction band. p-type dopants assist in conduction by accepting electrons. When a p-type dopant is
incorporated into the atomic lattice of a semiconductor, it is able to host electrons from the conduction band,
allowing the easy formation of positive holes.

Generating an n-Type Semiconductor

When doping a semiconductor, such as the group IV element silicon (Si), with arsenic (As), a pentavalent n-type
dopant from group V in the periodic table (which has one more valence electron than the semiconductor), the
dopant behaves as an electron donor. When this occurs, an atom of dopant replaces an atom of silicon in the lattice,
and therefore an extra valence electron is introduced into the structure. The fifth valence electron of As creates a
surplus of electrons. When just a few atoms of the dopant replace silicon atoms in the lattice, an n-type
semiconductor is created. The newly created semiconductor is better able to conduct current than the pure
semiconductor.

Generating a p-Type Semiconductor

When a group IV semiconductor is doped with a p-type trivalent group III dopant (such as boron, B), which has one
less valence electron than the semiconductor, the dopant acts as an electron acceptor. When a few atoms of
trivalent dopant replace silicon atoms in the lattice, a vacant state (or electron “hole”) is created and can act as
electron carrier through the structure, which creates a p-type semiconductor. p-type semiconductors are
characterized by a deficit of electrons and positive holes, which have the same effect as a surplus of positive
charge. These positive holes accept electrons, rendering the semiconductor more effective at conducting current.
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Doping a Silicon Crystal with the n-Type
Dopant Arsenic: Doping a pure silicon
semiconductor with the group V dopant arsenic
creates a surplus of conductive electrons.

Doping a Silicon Crystal with the p-Type
Dopant Boron: Doping a pure silicon
semiconductor with the group III dopant boron
results in a deficit of conductive electrons and
creates a positive hole.

The p-n Junction

When we place p-type and
n-type semiconductors in
contact with one another, a
p-n junction is formed. p-n
junctions are basic
components of most
common electrical devices.
While semiconductors
doped with either n-type
dopants or p-type dopants
are better conductors than
intrinsic semiconductors,
interesting properties
emerge when p- and n-type
semiconductors are
combined to form a p-n
junction.

P-n junction diffusion and drift: Diagram of the diffusion across a p-n
junction, with the resultant uncovered space charges, the electric field and
the drift currents.
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Reverse-biased p-n junction bands: Diagram of a p-n junction under reverse
bias, showing conduction and valence bands, the depletion zone, the potential
barrier, the resultant electric field, , and the types of semiconductor.
The p-n junction forms between juxtaposed p- and n-type semiconductors. The
free electrons from the n-type semiconductor combine with the holes in the p-
type semiconductor near the junction. There is a small potential difference
across the junction. The area near the junction is called the depletion band
because there are few positive holes and few free electrons in this region.

If no electricity is being passed through the system, then no current passes through the junction between n- and p-
type semiconductors. In this scenario, the surplus of electrons from the n-type semiconductor and the deficiency in
electrons from the p-type semiconductor combine to create a depletion region. In this state, the system is said to be
at equilibrium. However, if the cathode of a battery is connected to the p-type semiconductor, and the anode is
connected to the n-type semiconductor, the system is said to be “forward biased.” In this scenario, electrons flow
from the anode toward the cathode pole and charge flows across the junction. If the connectivity is reversed, with
the battery anode connected to the p-type semiconductor and the cathode connected to the n-type semiconductor,
the system is said to be “reverse biased” and negligible charge flows across the junction. Combining n-type and p-
type semiconductors creates a system which has useful applications in modern electronics.

Forward Biased p-n Junction: If the cathode of a battery is connected to the
p-type semiconductor while the anode is connected to the n-type
semiconductor, the system is said to be forward biased and current flows
through the junction.

+E0 Eext
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Reverse Biased p-n Junction: If the battery anode is connected to the p-type
semiconductor and the cathode connected to the n-type semiconductor, the
system is said to be reverse biased and negligible current passes.

Electronic devices and instruments, such as digital alarm clocks, mp3 players, computer processors, and the
electronics in cell phones, all take advantage of semiconductor technology. Doping provides a way to modulate the
properties of semiconductors that have broad applications in daily life.
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AMORPHOUS SOLIDS

Amorphous Solids
Amorphous solids lack a crystalline or long-range order to their atomic structure.

Learning Objectives

Discuss the characteristics of amorphous solids.

Key Takeaways

Key Points

Solids can be classified into two types: crystalline and amorphous.
Crystalline solids are the most common type of solid. They are characterized by a regular crystalline
organization of atoms that confer a long-range order.
Amorphous, or non-crystalline, solids lack this long-range order. Accordingly, they lack the elasticity,
distinct melting points, and other properties of crystalline solids.

Key Terms

amorphous: A solid that lacks the long-range order characteristics of a crystalline solid.
crystalline: Having a regular three-dimensional molecular lattice structure.

Solids can be divided into two classes: crystalline and amorphous. The first and most common type, known as
crystalline or morphous, has regular crystal lattices, or long-range order. These solids are stabilized by the regular
pattern of their atoms. Their characteristic properties include distinct melting and boiling points, regular geometric
shapes, and flat faces when cleaved or sheared. Some examples include sodium chloride, ice, metals, and
diamonds.

Amorphous solids, on the other hand, are rigid, but they lack repeated periodicity or long-range order in their
structure. These substances do not show a sharp distinction between the solid and liquid states. Amorphous solids
lack a characteristic geometry, have identical properties along all axes, have wide ranges over which they melt, and
break to form curved or irregular shapes.

It is important to note that these terms mark two extremes on a continuum. Most amorphous solids have some
short-range order. At an atomic scale, it is difficult to distinguish between the two different types, even using
advanced analytical techniques such as x-ray diffraction and transmission electron microscopy.

Amorphous solids include both natural and man-made materials. The most frequently cited example of an
amorphous solid is glass. However, amorphous solids are common to all subsets of solids. Additional examples
include thin film lubricants, metallic glasses, polymers, and gels. Samples of amorphous metallic glass are shown
below.
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Amorphous Solids: Amorphous metals have high strength.

Most classes of solid can be found in an amorphous form. Amorphous solids can be prepared in a variety of ways,
such as rapidly cooling from the molten state or seeding the solid with an additive that disrupts long-range order.
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PHASE CHANGES

Liquid to Gas Phase Transition
Vaporization of a sample of liquid is a phase transition from the liquid phase to the gas phase.

Learning Objectives

Describe the process of vaporization.

Key Takeaways

Key Points

Evaporation is a phase transition from the liquid phase to the gas phase that occurs at temperatures
below the boiling point at a given pressure.
For molecules of a liquid to evaporate, they must be located near the surface, be moving in the proper
direction, and have sufficient kinetic energy to overcome liquid-phase intermolecular forces.
Boiling is a phase transition from the liquid phase to the gas phase that occurs at or above the boiling
temperature.
Boiling is the rapid vaporization of a liquid and occurs when a liquid is heated to its boiling point. A liquid’s
boiling point is the temperature at which the vapor pressure of the liquid is equal to the pressure exerted
on the liquid by the surrounding environment (air).

Key Terms

Vaporization: Vaporization is a phase transition from the liquid phase to the gas phase.
manometer: An instrument to measure pressure in a fluid, especially a double-legged liquid column
gauge used to measure the difference in the pressures of two fluids.
Boiling: Boiling is the rapid vaporization of a liquid and occurs when a liquid is heated to its boiling point,
or the temperature at which the vapor pressure of the liquid is equal to the pressure exerted on the
surface of the liquid by the surrounding atmospheric gas (air).
Evaporation: A type of vaporization of a liquid that only occurs on the liquid’s surface.

Phase Transition: Liquid to Gas

Vaporization of a sample of liquid is a phase transition from the liquid phase to the gas phase. There are two types
of vaporization: evaporation and boiling.

Evaporation occurs at temperatures below the boiling point, and occurs on the liquid’s surface. For molecules
of a liquid to evaporate, they must be located near the surface, be moving in the proper direction, and have
sufficient kinetic energy to overcome intermolecular forces present in the liquid phase.
Boiling, by contrast, is a rapid vaporization that occurs at or above the boiling temperature and at or below
the liquid’s surface.

Vapor Pressure
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In much the same way that tea spreads out from a tea bag once the bag is immersed in water, molecules that are
confined within a phase will tend to spread themselves (and the thermal energy they carry with them) as widely as
possible. This fundamental law of nature is manifested in what is called the “escaping tendency” of the molecules
from the phase. The escaping tendency is of fundamental importance in understanding all chemical equilibria and
transformations.

It is possible to observe the tendency of molecules to escape into the gas phase from a solid or liquid by placing the
substance in a closed, evacuated container connected to a manometer for measuring gas pressure.

http://www.youtube.com/watch?v=7E7lvcuC9eQ

Vapor pressure: The vapor pressure is a direct measure of the escaping tendency of molecules from a condensed
state of matter.

If this is done with water, the partial pressure of water Pw in the space above the liquid will initially be zero (step 1).
Gradually, Pw will rise as molecules escape from the liquid phase and enter the vapor phase. At the same time,
some of the vapor molecules will condense back into the liquid phase (step 2). Because this latter process is less
favorable (at the particular temperature represented here), Pw continues to rise as more water vapor forms.
Eventually a balance is reached between the two processes (step 3), and Pw stabilizes at a fixed, or equilibrium,
value Pvap, which depends on the substance and temperature. Pvap is known as the “equilibrium vapor pressure”, or
simply as the “vapor pressure” of the liquid. The vapor pressure is a direct measure of the escaping tendency of
molecules from a condensed state of matter.

Boiling

The boiling point is the temperature at which the vapor pressure of the liquid is equal to the pressure exerted on the
liquid by the surrounding environment (air). The escaping tendency of molecules from a phase always increases
with temperature; therefore, the vapor pressure of a liquid will be greater at higher temperatures. The variation of
vapor pressure with temperature is not linear. Because the typical pressure at the earth’s surface is 1 atm (760 torr),
this is the vapor pressure that a liquid must equal in order for it to be at its normal boiling point.
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Vapor pressure and temperature: The variation of vapor pressure with temperature is not linear. The intercepts of each
curve with the horizontal line at 1 atm (i.e. 760 torr) indicate the normal boiling point of each liquid, ranging from -25 °C
for methyl chloride to over 80 °C for fluorobenzene and 2-heptene.

The curve suggests that when the atmospheric pressure is lower than 1 atm (for instance, at higher altitudes), then
the boiling point will occur at lower temperatures. This is because the liquid can be heated less in order for its vapor
pressure to equal the atmospheric pressure. This has indeed been observed to be true.

Related Phenomena Involving The Liquid Boundary Curvature

The vapor pressure of a liquid is determined by the attractive forces that act on the molecules at the surface of a
liquid. In a very small drop, the liquid surface is curved in such a way that each molecule experiences fewer nearest-
neighbor attractions than is the case for the bulk liquid. The outermost molecules of the liquid are bound to the
droplet less tightly, and the drop has a larger vapor pressure than does the bulk liquid. If the vapor pressure of the
drop is greater than the partial pressure of vapor in the gas phase, the drop will evaporate.

Visit this page in your course online to use this simulation.
Interactive: Boiling Point: Non-polar molecules (gray) evaporate or boil more quickly than polar molecules
(blue and red). Attractions between molecules are shown with dotted lines. Run the model, then heat the liquids.
What does boiling look like at the molecular level?

A bubble is a hole in a liquid; molecules at the liquid boundary are curved inward, so they experience stronger
nearest-neighbor attractions. As a consequence, the vapor pressure Pw of the liquid facing into a bubble is always
less than that of the bulk liquid Pw at the same temperature. When the bulk liquid is at its normal boiling point (that
is, when its vapor pressure is 1 atm), the pressure of the vapor within the bubble will be less than 1 atm, so the
bubble will tend to collapse. Also, since the bubble is formed within the liquid, the hydrostatic pressure of the
overlaying liquid will add to this effect. For both of these reasons, a liquid will not boil until the temperature is raised
slightly above the boiling point, a phenomenon known as superheating. Once the boiling begins, it will continue to
do so at the liquid’s proper boiling point.

http://www.youtube.com/watch?v=K1E7LFUf5zs&stop=432

How does a liquid become a gas? – YouTube: This video looks at how vaporization and evaporation happens,
and it addresses a big mistake that many people make when they deal with the liquid gas phase transition.

Supercritical Fluids

A supercritical fluid is a substance at a temperature and pressure above its critical point, where distinct liquid and
gas phases do not exist.

Learning Objectives

Discuss the properties of supercritical fluids.

Key Takeaways

Key Points

Supercritical fluids have properties between those of a gas and a liquid.
A supercritical fluid can effuse through solids like a gas and dissolve materials like a liquid.
All supercritical fluids are completely miscible with each other, so for a mixture a single phase can be
guaranteed, if the critical point of the mixture is exceeded.
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Key Terms

supercritical fluid: Any substance at a temperature and pressure above its critical point, where distinct
liquid and gas phases do not exist.
critical temperature: The temperature beyond which no phase boundaries exist for a given substance.
critical point: Also known as a critical state, this point occurs under conditions (such as specific values of
temperature, pressure, or composition) at which no phase boundaries exist.
critical pressure: The pressure beyond which no phase boundaries exist for a given substance.

Properties of Supercritical Fluids

A supercritical fluid is any substance at a temperature and pressure above its critical point, where distinct liquid and
gas phases do not exist. This can be rationalized by thinking that at high enough temperatures (above the critical
temperature ) the kinetic energy of the molecules is high enough to overcome any intermolecular forces that would
condense the sample into the liquid phase. On the other hand, high enough pressures (above the critical pressure )
would not allow a sample to stay in the pure gaseous state. Therefore, a balance between these two tendencies is
achieved and the substance exists in a state between a gas and a liquid.

Phase Diagram for a Substance: The figure highlights the critical point, above which (in either
temperature or pressure) the substance does not exist in either the liquid or gas phase. Under those
conditions it is called a “supercritical fluid,” and has properties between those of a liquid and a gas.

It can effuse through solids (like a gas), and dissolve materials (like a liquid). In addition, close to the critical point,
small changes in pressure or temperature result in large changes in density, allowing many properties of a
supercritical fluid to be “fine-tuned. ” Supercritical fluids are suitable as a substitute for organic solvents in a range of
industrial and laboratory processes. Carbon dioxide and water are the most commonly used supercritical fluids, as
they are used for decaffeination and power generation, respectively.

In general terms, supercritical fluids have properties between those of a gas and a liquid. The critical properties of
some substances used as solvents and as supercritical fluids are shown in Table 1. Table 2 shows density,
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diffusivity, and viscosity for typical liquids, gases, and supercritical fluids.

Critical Properties of Various Solvents: Supercritical fluids have properties between those of a gas and a liquid.

In addition, there is no surface tension in a supercritical fluid, as there is no liquid to gas phase boundary. By
changing the pressure and temperature of the fluid, the properties can be “tuned” to be more liquid- or gas-like. One
of the most important properties of supercritical fluids is their ability to act as solvents. Solubility in a supercritical
fluid tends to increase with the density of the fluid (at constant temperature). Since density increases with pressure,
solubility tends to increase with pressure.

The relationship with temperature is a little more complicated. At constant density, solubility will increase with
temperature. However, close to the critical point, the density can drop sharply with a slight increase in temperature.
Therefore, close to the critical temperature, solubility often drops with increasing temperature, then rises again.

All supercritical fluids are completely miscible with each other; therefore a single phase for a mixture can be
guaranteed if the critical point is exceeded. The critical point of a binary mixture can be estimated as the arithmetic
mean of the critical temperatures and pressures of the two components,

Tc(mix) = (mole fraction of A) x Tc(A) + (mole fraction of B) x Tc(B)

For greater accuracy, the critical point can be calculated using equations of state, such as the Peng Robinson or
group contribution methods. Other properties, such as density, can also be calculated using equations of state.

Case Study: Carbon Dioxide

In the pressure-temperature phase diagram of CO2, the boiling separates the gas and liquid region and ends in the
critical point, where the liquid and gas phases disappear to become a single supercritical phase. At well below the
critical temperature, (e.g., 280 K), as the pressure increases, the gas compresses and eventually (at just over 40
bar) condenses into a much denser liquid, resulting in the discontinuity in the line (vertical dotted line). The system
consists of 2 phases in equilibrium, a dense liquid and a low density gas.
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Phase Diagram for Carbon Dioxide: This diagram indicates the supercritical fluid
region of CO2.

As the critical temperature is approached (300 K), the density of the gas at equilibrium becomes denser, and that of
the liquid becomes lower. At the critical point, (304.1 K and 7.38 MPa) there is no difference in density, and the two
phases become one fluid phase. Thus, above the critical temperature a gas cannot be liquified by pressure. At
slightly above the critical temperature (310 K), in the vicinity of the critical pressure, the line is almost vertical. A
small increase in pressure causes a large increase in the density of the supercritical phase. Many other physical
properties also show large gradients with pressure near the critical point, such as viscosity, the relative permittivity,
and the solvent strength, which are all closely related to the density.

http://www.youtube.com/watch?v=-gCTKteN5Y4&stop=245

A close look at supercritical carbon dioxide: A pressure vessel made of aluminum and acrylic is filled with pieces
of dry ice. The dry ice melts under high pressure, and forms a liquid and gas phase. When the vessel is heated, the
CO2 becomes supercritical — meaning the liquid and gas phases merge together into a new phase that has
properties of a gas, but the density of a liquid. Supercritical CO2 is a good solvent, and is used for decaffeinating
coffee, dry cleaning clothes, and other situations where avoiding a hydrocarbon solvent is desirable for
environmental or health reasons.

Liquid to Solid Phase Transition
Freezing is a phase transition in which a liquid turns into a solid when its temperature is lowered to its freezing point.

Learning Objectives

Discuss the process of freezing.

Key Takeaways
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Key Points

For most substances, the melting and freezing points are the same temperature; however, certain
substances possess different solid – liquid transition temperatures.
Most liquids freeze by crystallization, the formation of a crystalline solid from the uniform liquid.
Freezing is almost always an exothermic process, meaning that as liquid changes into solid, heat is
released.
The energy released upon freezing, known as the enthalpy of fusion, is a latent heat, and is exactly the
same as the energy required to melt the same amount of the solid.

Key Terms

Freezing: Freezing or solidification is a phase transition in which a liquid turns into a solid when its
temperature is lowered to its freezing point.
Nucleation: In the context of freezing, nucleation is the localized budding of a crystalline solid structure.

Freezing, or solidification, is a phase transition in which a liquid turns into a solid when its temperature is lowered to
or below its freezing point. All known liquids, except helium, freeze when the temperature is low enough. (Liquid
helium remains a liquid at atmospheric pressure even at absolute zero, and can be solidified only under higher
pressure.)

For most substances, the melting and freezing points are the same temperature; however, certain substances
possess different solid-liquid transition temperatures. For example, agar displays a hysteresis in its melting and
freezing temperatures: it melts at 85 °C (185 °F) and solidifies between 31 °C and 40 °C (89.6 °F to 104 °F).

Most liquids freeze by crystallization, the formation of a crystalline solid from the uniform liquid.

Crystalline Solid: Model of closely packed atoms within a crystalline solid.

Nucleation
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This is a first-order thermodynamic phase transition, which means that as long as solid and liquid coexist, the
equilibrium temperature of the system remains constant and equal to the melting point. Crystallization consists of
two major events: nucleation and crystal growth. Nucleation is the step in which the molecules start to gather into
clusters (on the scale of nanometers), arranging themselves in the periodic pattern that defines the crystal structure.
The crystal growth is the subsequent growth of the nuclei that succeed in achieving and surpassing the critical
cluster size.

Nucleation Leads to Crystal Formation: When sugar is
supersaturated in water, nucleation will occur, allowing
sugar molecules to stick together and form large crystal
structures.

Crystallization of pure liquids usually begins at a lower temperature than the melting point, due to the high activation
energy of homogeneous nucleation. The creation of a nucleus implies the formation of an interface at the
boundaries of the new phase. Some energy is expended to form this interface, based on the surface energy of each
phase. If a hypothetical nucleus is too small, the energy that would be released by forming its volume is not enough
to create its surface, and nucleation does not proceed. Freezing does not start until the temperature is low enough
to provide enough energy to form stable nuclei.

In the presence of irregularities on the surface of the containing vessel, solid or gaseous impurities, pre-formed solid
crystals, or other nucleators, heterogeneous nucleation may occur. Heterogeneous nucleation is when nucleation
occurs on a surface that the substance is in contact with.

The melting point of water at one atmosphere of pressure is very close to 0 °C (32 °F, 273.15 K), and in the
presence of nucleating substances the freezing point of water is close to the melting point. However, in the absence
of nucleators water can supercool to -40 °C (-40 °F, 233 K) before freezing. Under high pressure (2,000
atmospheres), water will supercool to as low as -70 °C (-94 °F, 203 K) before freezing.

Freezing is Accompanied by Release of Heat
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Freezing is almost always an exothermic process, meaning that as liquid changes into solid, heat is released. This
may seem counterintuitive, since the temperature of the material does not rise during freezing (except if the liquid is
supercooled). But heat must be continually removed from the freezing liquid, or the freezing process will stop. The
energy released upon freezing, known as the enthalpy of fusion, is a latent heat and is exactly the same as the
energy required to melt the same amount of the solid.

Visit this page in your course online to use this simulation.
Interactive: Phase Change: Matter exists as solids, liquids and gases, and can change state between these.
The model shows a liquid material on the left (small atoms). The amount of heat energy is shown by kinetic
energy (KE) shading, with deeper shades of red representing more energetic atoms. On the right side of the
barrier is a solid material (large atoms). Run the model. How much energy is able to penetrate the barrier?
Remove the barrier. How quickly do the more energetic atoms melt the solid?

Solid to Gas Phase Transition
Sublimation is the phase transition from the solid to the gaseous phase, without passing through an intermediate
liquid phase.

Learning Objectives

Discuss the process of sublimation.

Key Takeaways

Key Points

Sublimation is an endothermic phase transition in which a solid evaporates to a gas.
Solids that sublimate have such high vapor pressures that heating leads to a substantial vaporization
even before the melting point is reached.
The enthalpy of sublimation (also called heat of sublimation) can be calculated as the sum of the enthalpy
of fusion and the enthalpy of vaporization.

Key Terms

sublimation: The process of transformation directly from the solid to the gaseous phase, without passing
through an intermediate liquid phase.
Triple point: In thermodynamics, the triple point of a substance is the temperature and pressure at which
the three phases (gas, liquid, and solid) coexist in thermodynamic equilibrium.
deposition: A phase transition in which a gas is converted to solid, without passing though an
intermediate liquid phase. It is the reverse process of sublimation.

Phase Transition: Solid to Gas

Sublimation is the process of transformation directly from the solid phase to the gaseous phase, without passing
through an intermediate liquid phase. It is an endothermic phase transition that occurs at temperatures and
pressures below a substance ‘s triple point (the temperature and pressure at which all three phases coexist) in its
phase diagram.

At a given temperature, most chemical compounds and elements can possess one of the three different states of
matter at different pressures. In these cases, the transition from the solid to the gaseous state requires an
intermediate liquid state. But at temperatures below that of the triple point, a decrease in pressure will result in a
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phase transition directly from the solid to the gaseous. Also, at pressures below the triple point pressure, an
increase in temperature will result in a solid being converted to gas without passing through the liquid region.

Phase Diagram of a Pure Substance: Notice the triple point of the substance. At temperatures and pressures
below those of the triple point, a phase change between the solid and gas phases can take place.

For some substances, such as carbon and arsenic, sublimation is much easier than evaporation. This is because
the pressure of their triple point is very high and it is difficult to obtain them as liquids. The solid has such high vapor
pressures that heating leads to a substantial amount of direct vaporization even before the melting point is reached.

The process of sublimation requires additional energy and is therefore an endothermic change. The enthalpy of
sublimation (also called heat of sublimation) can be calculated as the sum of the enthalpy of fusion and the enthalpy
of vaporization.

The reverse process of sublimation is deposition (i.e., gas to solid). For example, solid iodine, I2, is easily sublimed
at temperatures around 100°C. Even ice has a measurable vapor pressure near its freezing point, as evidenced by
the tendency of snow to evaporate in cold dry weather. There are other solids whose vapor pressure overtakes that
of the liquid before melting can occur. Such substances sublime; a common example is solid carbon dioxide (dry
ice) at 1 atm of atmospheric pressure.
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Dry Ice: Solid carbon dioxide (known as “dry ice”) sublimes into the air.

Heating Curve for Water
Water transitions from ice to liquid to water vapor as heat is added to it.

Learning Objectives

Discuss the heating curve for water.

Key Takeaways

Key Points

A heating curve graphically represents the phase transitions that a substance undergoes as heat is
added to it.
The plateaus on the curve mark the phase changes. The temperature remains constant during these
phase transitions.
Water has a high boiling point because of the strong hydrogen bonds between the water molecules; it is
both a strong hydrogen bond donor and acceptor.

The first change of phase is melting, during which the temperature stays the same while water melts. The
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The first change of phase is melting, during which the temperature stays the same while water melts. The
second change of phase is boiling, as the temperature stays the same during the transition to gas.

Key Terms

hydrogen bond: A strong intermolecular bond in which a hydrogen atom in one molecule is attracted to a
highly electronegative atom (usually nitrogen or oxygen) in a different molecule.
specific heat capacity: The amount of heat needed to raise the temperature of 1 g of a substance by 1
degree Celsius.

Like many substances, water can exist in different phases of matter: liquid, solid, and gas. A heating curve shows
how the temperature changes as a substance is heated up at a constant rate.

Drawing a Heating Curve

Temperature is plotted on the y-axis, while the x-axis represents the heat that has been added. A constant rate of
heating is assumed, so that one can also think of the x-axis as the amount of time that goes by as a substance is
heated. There are two main observations on the measured curve:

regions where the temperature increases as heat is added
plateaus where the temperature stays constant.

It is at those plateaus that a phase change occurs.

Heating Curve of Water: The phase transitions of water.

Analysis of a Heating Curve

Looking from left to right on the graph, there are five distinct parts to the heating curve:

1. Solid ice is heated and the temperature increases until the normal freezing/melting point of zero degrees
Celsius is reached. The amount of heat added, q, can be computed by: , where m is the
mass of the sample of water, C is the specific heat capacity of solid water, or ice, and  is the change in
temperature during the process.

2. The first phase change is melting; as a substance melts, the temperature stays the same. For water, this
occurs at 0o C. The above equation (described in part 1 of the curve) cannot be used for this part of the curve
because the change in temperature is zero! Instead, use the heat of fusion (  ) to calculate how much

q = m ⋅ ⋅ ΔTC O(s)H2

ΔT

ΔH
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because the change in temperature is zero! Instead, use the heat of fusion (  ) to calculate how much
heat was involved in that process: , where m is the mass of the sample of water.

3. After all of the solid substance has melted into liquid, the temperature of the liquid begins to increase as heat
is absorbed. It is then possible to calculate the heat absorbed by: . Note that the specific
heat capacity of liquid water is different than that of ice.

4. The liquid will begin to boil when enough heat has been absorbed by the solution that the temperature
reaches the boiling point, where again, the temperature remains constant until all of the liquid has become
gaseous water. At the atmospheric pressure of 1 atm, this phase transition occurs at 100o C (the normal
boiling point of water). Liquid water becomes water vapor or steam when it enters the gaseous phase. Use
the heat of vaporization (  ) to calculate how much heat was absorbed in this process: 

, where m is the mass of the sample of water.
5. After all of the liquid has been converted to gas, the temperature will continue to increase as heat as added.

Again, the heat added that results in a certain change temperature is given by: . Note
that the specific heat capacity of gaseous water is different than that of ice or liquid water.

6. Water has a high boiling point because of the presence of extensive hydrogen bonding interactions between
the water molecules in the liquid phase (water is both a strong hydrogen bond donor and acceptor). When
heat is first applied to water, it must break the intermolecular hydrogen bonds within the sample. After
breaking the bonds, heat is then absorbed and converted to increased kinetic energy of the molecules in
order to vaporize them.
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q = m ⋅ ΔHfusion

q = m ⋅ ⋅ ΔTC O(l)H2

ΔHvap

q = m ⋅ ⋅ ΔTC O(g)H2

q = m ⋅ ⋅ ΔTC O(g)H2
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PHASE DIAGRAMS

Major Features of a Phase Diagram
Phase diagrams are useful because they allow us to understand in what state matter exists under certain
conditions.

Learning Objectives

Describe the major features of a phase diagram.

Key Takeaways

Key Points

The major features of a phase diagram are phase boundaries and the triple point.
Phase diagrams demonstrate the effects of changes in pressure and temperature on the state of matter.
At phase boundaries, two phases of matter coexist (which two depends on the phase transition taking
place).
The triple point is the point on the phase diagram at which three distinct phases of matter coexist in
equilibrium.

Key Terms

Triple point: The unique temperature and pressure at which the solid, liquid, and gas phases of a
substance are all in equilibrium with each other.
phase boundary: The line in a phase diagram that indicates the conditions under which two
(transitioning) states of matter exist at equilibrium.

A phase diagram is a graph which shows under what conditions of temperature and pressure distinct phases of
matter occur. The simplest phase diagrams are of pure substances. These diagrams plot pressure on the y-axis and
temperature on the x-axis.

Although phases are conceptually simple, they are difficult to define precisely. The phase of a system is generally
defined as the region in the parameter space of the system’s thermodynamic variables (for immediate purposes, in
the pressure-temperature parameter space) in which the system’s free energy is analytic (meaning it can be
calculated exactly from known parameters of the system).

The major features of a phase diagram are phase boundaries and the triple point.

Phase boundaries, or lines of equilibrium, are boundaries that indicate the conditions under which two
phases of matter can coexist at equilibrium.
The triple point is the point on the phase diagram where the lines of equilibrium intersect — the point at which
all three distinct phases of matter ( solid, liquid, gas) coexist.
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Phase Diagram: In this phase diagram, which is typical of most substances, the
solid lines represent the phase boundaries. The green line marks the freezing
point (or transition from liquid to solid), the blue line marks the boiling point (or
transition from liquid to gas), and the red line shows the conditions under which a
solid can be converted directly to a gas (and vice-versa). The dotted green line is
meant to replace the solid green line in the corresponding phase diagram of water.
It illustrates water’s anomalous behavior.

The phase diagram for water is useful for learning how to analyze these diagrams. Along the blue phase boundary,
water exists as both a vapor and a liquid. Along the dotted green phase boundary, we see the anomalous behavior
of water: it exists as a solid at low-enough temperatures and high-enough pressures. At the triple point, water in the
solid, liquid, and gaseous states coexist.

Interpreting Phase Diagrams

Phase diagrams illustrate the effects selected variables of a system have on the state of matter.

Learning Objectives

Interpret a phase diagram and explain its purpose

Key Takeaways

Key Points

Phase diagrams can be used to understand the range of thermodynamic variables over which a pure
sample of matter exists as a particular state/phase.
Phase diagrams are divided into three single phase regions that cover the pressure – temperature space
over which the matter being evaluated exists: liquid, gaseous, and solid states.
Phase diagrams can be used to understand under which conditions a pure sample of matter exists in two
or three state equilibrium, by examining the phase boundaries and the triple point.
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Key Terms

critical point: The temperature and pressure at which the vapour density of the gas and liquid phases of
a fluid are equal, at which point there is no difference between gas and liquid.
supercritical fluid: A substance at a temperature and pressure above its own thermodynamic critical
point that can diffuse through solids like a gas and dissolve materials like a liquid.

Phase diagrams illustrate the effects selected variables of a system have on the state of matter. Phase diagrams
are divided into three single phase regions that cover the pressure-temperature space over which the matter being
evaluated exists: liquid, gaseous, and solid states. The lines that separate these single phase regions are known as
phase boundaries. Along the phase boundaries, the matter being evaluated exists simultaneously in equilibrium
between the two states that border the phase boundary.

By focusing attention on distinct single phase regions, phase diagrams help us to understand the range over which
a particular pure sample of matter exists as a particular phase. By examining the phase boundaries and the triple
point, researchers can use phase diagrams to understand under which conditions a pure sample of matter exists in
two or three state equilibrium. Phase diagrams can also be used to explain the behavior of a pure sample of matter
at the critical point.

A Typical Phase Diagram: A typical phase diagram illustrating the major components of a phase
diagram as well as the critical point. The dotted green line refers to the solid-liquid phase boundary for
water.

General observations from the diagram reveal that certain conditions of temperature and pressure favor certain
phases of matter. Typically:

Low temperature/high pressure conditions favor the solid state.
Moderate temperature/moderate pressure conditions favor the liquid state.
High temperature/low pressure conditions favor the gaseous state.

The critical point, which occurs at critical pressure (Pcr) and critical temperature (Tcr), is a feature that indicates the
point in thermodynamic parameter space at which the liquid and gaseous states of the substance being evaluated
are indistinguishable. At this point and beyond it, the substance being evaluated exists as a “supercritical fluid”. At
temperatures above the critical temperature, the kinetic energy of the molecules is high enough so that even at high
pressures the sample cannot condense into the liquid phase.

When evaluating the phase diagram, it is worth noting that the solid-liquid phase boundary in the phase diagram of
most substances has a positive slope. This is due to the solid phase having a higher density than the liquid, so that
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increasing the pressure increases the melting temperature. However, the solid-liquid phase boundary for water is
anomalous, in that it has a negative slope. This reflects the fact that ice is lower in density than liquid water (a well-
known fact: ice floats), unlike most other substances which typically have denser solid phases.

Mothballs – Phase Transitions Applied: The thermodynamic properties of mothballs, made of 1,4-Dichlorobenzene, are used to
repel insects. 1,4- Dichlorobenzene sublimates (transitions from solid to gas) at room temperature. The gas released is toxic to
insects.

With a knowledge of the major components of phase diagrams and the features of phase plots, a phase diagram
can be used to understand how altering thermodynamic parameters influences the states/phases of matter a
sample of a substance is in.
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SOLUTIONS

PROPERTIES OF SOLUTIONS

Intermolecular Forces and Solutions
To form a solution, molecules of solute and solvent must be more attracted to each other than themselves.

Learning Objectives

Recall the two conceptual steps necessary to dissolve a solute and form a solution

Key Takeaways

Key Points

There are two conceptual steps to form a solution, each corresponding to one of the two opposing forces
that dictate solubility.
The first conceptual step is dissolution, which corresponds to the force of the solvent -solvent and solute -
solute intermolecular attractions that needs to be broken down.
The second conceptual step is solvation, which corresponds to the force of the solute-solvent
intermolecular attraction that needs to be formed in order to form a solution.
Many intermolecular forces can contribute to solvation, including hydrogen bonding, dipole -dipole forces,
Van Der Waals forces, and ion -dipole interactions.

Key Terms

intermolecular forces: attractive and repulsive forces between molecules

The strength of the intermolecular forces between solutes and solvents determines the solubility of a given solute in
a given solvent. In order to form a solution, the solute must be surrounded, or solvated, by the solvent. Solutes
successfully dissolve into solvents when solute-solvent bonds are stronger than either solute-solute bonds or
solvent-solvent bonds.

Qualitatively, one can determine the solubility of a solute in a solvent by using the rule “like dissolves like”. In
general, solutes whose polarity matches that of the solvent will generally be soluble. For example, table salt (NaCl)
dissolves easily into water (H2O) because both molecules are polar.

Intermolecular Forces and Their Importance in Solution Formation
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Step 1 of dissolution: Molecules going from an ordered state, such as a
solid, to a disordered state require an input of energy.The nature of the solute
(X) and solvent (Y) determines whether dissolution is energetically favorable
or unfavorable. If the solute binds to other solute (X-X bond) more strongly
than the solute binds to the solvent (X-Y bond), then the dissolution is not
energetically favorable.

There are two conceptual steps to form a solution, each corresponding to one of the two opposing forces that
dictate solubility. If the solute is a solid or liquid, it must first be dispersed — that is, its molecular units must be
pulled apart. This requires energy, and so this step always works against solution formation (always endothermic, or
requires that energy be put into the system).

Step 1: Dissolving Solutes

The nature of the solute (X) and solvent (Y)
determines whether dissolution is
energetically favorable or unfavorable. If the
solute binds to other solute (X-X bond) more
strongly than the solute binds to the solvent
(X-Y bond), then the dissolution is not
energetically favorable.

On the other hand, dissolution is favorable
when solute-solvent bonds (X-Y) are stronger
than X-X or Y-Y bonds. In this case, the
potential energy is lower when the solute and
solvent can form bonds. If the X-Y attractions
are stronger than the X-X or Y-Y attractions,
the dissolution reaction is exothermic and
releases energy when the solute and solvent
are combined.

Since the dissolution of the solvent (X-X) and
solute (Y-Y) is always positive, the
determining factor for solution formation is the value of X-Y. Remember that the interactions between X and Y,
represented above as X-Y, are classified as intermolecular forces, which are not covalent (bonding) interactions.

Step 2: Forming a Solution

After dissolution occurs, solvation follows. If solvation releases more energy than is consumed during dissolute, then
solution formation is favored and the solute is soluble in the solvent. Many intermolecular forces can contribute to
solvation, including hydrogen bonding, dipole-dipole forces, and Van Der Waals forces.

Ion-Dipole Interactions

Another common example of these forces at work is an ion-dipole interaction, which arises when water solvates
ions in solution. This interaction arises most prevalently when strong or weak electrolytes are place in water.
Consider the dissolution of table salt (sodium chloride) in water:

The water molecules form a solvent cage around each Na+ or Cl– ion, as implied by the aqueous state symbol (aq)
following each of the products. The positive ion, Na+, is surrounded by water molecules that have the negative
dipoles of the water, or the oxygen, pointing towards the cation.

NaCl(s) → (aq) + (aq)Na+ Cl−
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Solvation of a cation by water.: Water
molecules (gray/green is hydrogen, orange is
oxygen) surround a sodium cation in a
solution. Notice the negative dipole or the
oxygen molecules are ‘facing’ the Na+.

In this case, the anion Cl– is solvated by the positive dipoles of water, which are represented by hyrogen atoms. In
general, when ions are present in water, each cation and anion is surrounded by a ‘cage’ of partial negative or
partial positive charge, respectively. These interactions explain why most ionic compounds are considered soluble in
water, unless specifically labeled otherwise.

Solutions and Entropy Changes

An increase in entropy occurs when a solution is formed, providing one of the many driving forces for this process.

Learning Objectives

Recall that entropy favors dissolution because the potential for randomness is increased

Key Takeaways

Key Points

Entropy can be thought of as the randomness or spread-outedness of a group of molecules. Increasing
randomness is favorable.
There is an entropy change associated with the formation of a solution, an increase in entropy
(randomness) that thermodynamically favors the solution over the two original states.
If the other energetics of dissolution are favorable, this increase in entropy means that the conditions for
solubility will always be met. Even if the energetics are slightly endothermic the entropy effect can still
allow the solution to form.

Key Terms

entropy: A thermodynamic property that is the measure of a system’s thermal energy per unit
temperature that is unavailable for doing useful work.

Entropy
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Order and disorder: This image shows a series of blue and green squares going from
a state of disorder (randomness) to a state of order (a clear repeating pattern). In this
example, that is to say, entropy decreases and opposes the transition.

As anyone who has shuffled a deck of cards knows, disordered arrangements of objects are statistically more
favored, simply because there are more ways in which they can be realized. The more the number of objects
increases, the more statistics governs their most likely arrangements. Chemistry deals with a huge number of
objects (molecules), and their tendency to become as spread out and disordered as possible can become
overwhelming. However, when they become spread out and disordered, the thermal energy they carry with them is
also dispersed; the availability of this energy as measured by the temperature is also of importance. Chemists use
the term “entropy” to denote this aspect of molecular randomness. Entropy is indeed a fascinating, but somewhat
confusing, topic. In fact, it is so important that the topic of entropy deals with two of the three laws of
thermodynamics.

Entropy in Solution
Formation

For now, entropy can be thought of
as molecular “disorder” or in terms of
the energy of molecules and how
spread out they are. This term
increases with increasing
temperature. As a molecule changes
state, the general states of matter
can be ordered as follows in terms of
entropy: gases > liquids > solids.

In a similar manner entropy plays an important role in solution formation. Entropy commonly increases especially for
ions as they transition from molecule to ions. This is because we are essentially increasing the number of particles
from one compound to two or more depending upon the composition. Consider, the dissolution of sodium sulfate,

Na2SO4(s) –> 2 Na+ (aq) + SO4
2-(aq)

The entropy is increasing for two reasons here:

1. A solid is formed into aqueous media.
2. One molecule is transformed into three ions.

All these factors increase the entropy of the solute. Also keep in mind that there is a loss of entropy associated with
the water moleclues organizing their ‘ solvent cages’ around the ions themselves. This factor can sometimes lead to
only a small increase in entropy although a large increase is expected. Thus, in the very common case in which a
small quantity of solid or liquid dissolves in a much larger volume of solvent, the solute becomes more spread out in
space, and the number of equivalent ways in which the solute can be distributed within this volume is greatly
increased. This is the same as saying that the entropy of the solute increases.

Think of entropy in solution formation by picturing the addition of food coloring to pure water. Upon first addition of
the food coloring, the dye molecules are concentrated near their contact point. As time proceeds, these molecules
of dye are dispersed more uniformly throughout the solution even without mixing. Since the Hsolution for this process
is approximately zero (an ideal solution), the only thermodynamic factor driving the mixing is the entropy term.

http://www.youtube.com/watch?v=Bz02z4GSS0k&stop=178

Diffusion: Water & Food Dye – Diffusion Project: When food dye is added to water, a solution is formed. This
formation of solution increases entropy as the molecules become more evenly distributed and ordered through the
process of diffusion.

If the energetics of dissolution are favorable, this increase in entropy means that the conditions for solubility will
always be met. Even if the energetics are slightly endothermic, the entropy effect can still allow the solution to form,
although they may perhaps limit the maximum concentration that can be achieved.

Solutions and Heats of Hydration
When ions dissolve in water, the stabilizing interactions that result release energy called the “heat of hydration.”
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Learning Objectives

Predict whether a given ionic solid will dissolve in water given the lattice energy and heat of hydration

Key Takeaways

Key Points

In order to dissolve an ionic solid, water molecules must break up the interactions between all of the ions
in the solid. To do this, they orient themselves such that they effectively reduce the localized charge on
the ions. This is called hydration.
Hydration of ions is a thermodynamically favorable process, and as such can release heat. This is why it
is called the ” heat of hydration.”
The heat of hydration (Hhydration) offsets the lattice energy (Hlattice energy) of an ionic solid to allow for
solution formation to occur typically when Hhydration > Hlattice energy.

Key Terms

thermodynamics: The science of the conversions between heat and other forms of energy.
ion: An atom or group of atoms bearing an electrical charge, such as the sodium and chlorine atoms in a
salt solution.
heat of hydration: The heat that is released by hydration of one mole of ions at a constant pressure. The
more the ion is hydrated, the more heat is released.

The Energetics of Solution Formation

Solubility depends on dissolution of the solute into the solvent and, like all chemical reactions, is governed by the
laws of thermodynamics. This particular process is a change of state from the solute’s starting state, either solid,
liquid or gas, to a dissolved state (termed aqueous when the solvent is water), which is a distinct physical state and
thus is considered a chemical reaction. In order for any chemical reaction to proceed, it must be thermodynamically
favorable. Many factors influence how thermodynamically favorable a given reaction is, including the heat of
hydration, or hydration energy released when water solvates, or surrounds, an ion, and the amount of energy
required to overcome the attractive forces between solute molecules, known as lattice energy.

Solvent-Solute Interactions

Since the coulombic forces that bind ions and highly polar molecules into solids are quite strong, we might expect
these solids to be insoluble in most solvents. The attractive interactions between ionic molecules are called the
lattice energy, and they must be overcome for a solution to form. Ionic solids are insoluble in the majority of non-
aqueous solvents, but they tend to have high solubility specifically in water.

The key factor that determines solubility is the interaction of the ions with the solvent. The electrically-charged ions
undergo ion- dipole interactions with water to overcome strong coulombic attraction, and this produces an aqueous
solution. The water molecule is polar; it has a partial positive charge on the hydrogens while oxygen bears a partial
negative charge. This dipole arises from the disparity in electronegativity present in the O-H bonds within the water
molecule. Furthermore, the two lone pairs on the oxygen in water also contribute to the stabilization of any positively
charged ions in solution.
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Hydrated Na+H2O cation: Water molecules surround and stabilize a cation via interaction with the
partial negative charge on the oxygen ends.

As a consequence, ions in aqueous solutions are always hydrated; that is, they are quite tightly bound to water
molecules through ion-dipole interactions. The number of water molecules contained in the primary hydration shell,
which completely encompasses the ion, varies with the radius and charge of the ion.

Lattice Energy

The dissolution of an ionic solid MX in water can be thought of as a sequence of two processes:

 [lattice energy]

 [heat of hydration]

The first reaction (ionization) is always endothermic; it takes a lot of work to break up an ionic crystal lattice into its
component ions. Lattice energy is defined as the energy that is released when one mole of ionic solid is formed from
gaseous ions, and it increases with increasing atomic charge and decreasing atomic size (radii). The greater the
value of a compound ‘s lattice energy, the greater the force required to overcome coulombic attraction. In fact, some
compounds are strictly insoluble due to their high lattice energies that cannot be overcome to form a solution.

Heat of Hydration (Hhydration) vs Lattice Energy

The hydration step in the second reaction is always exothermic (Hhydration < 0) as H2O molecules are attracted into
the electrostatic field of the ion. The heat ( enthalpy ) of solution (Hsolution) is the sum of the lattice and hydration

1) < br > MX(s) → (g) + (g)M+ X−

2.) (g) + (g) → (aq) + (aq)M+ X− M+ X−
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energies ( Hsolution = Hhydration + Hlattice energy). From this relationship, we can clearly see that the processes of
overcoming the lattice energy and hydrating the ions are in competition with one another.

The value of Hsolution is dependent upon the magnitudes of Hhydration and Hlattice energy of the solute. Favorable
conditions for solution formation typically involve a negative value of Hsolution; this arises because the hydration
process exceeds the lattice energy in the solute. As often happens for a quantity that is the sum of two large terms
having opposite signs, the overall dissolution process can be either endothermic or exothermic. Hsolution is just one
of the factors determining solution formation, but it is typically the major consideration in solution formation because
of the role that enthalpy plays in most thermodynamic considerations.

The average time an ion spends in a hydration shell is about two to four nanoseconds, which is about two orders of
magnitude longer than the lifetime of an individual H2O–H2O hydrogen bond. The relative strengths of these two
intermolecular forces is apparent: ion-dipole interactions are stronger than hydrogen bond interactions.

In case you were wondering where we got the term “heat of hydration,” it has to do with the fact that some solutions
are highly exothermic when formed. A hot solution results when the heat of hydration is much greater than the
lattice energy of the solute.

Enthalpy diagram for the dissolution process: The enthalpy diagram
showing exothermic solution formation. Notice that Hsolution is lower in energy
than the starting solute/solvent enthalpies. An endothermic process, on the
other hand, would show Hsolution as positive, and it would be higher in energy
than the starting solute/solvent enthalpies.
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CONCENTRATION UNITS

Molarity
Molarity is defined as the moles of a solute per volume of total solution.

Learning Objectives

Calculating solution concentrations using Molarity.

Key Takeaways

Key Points

Molarity (M) indicates the number of moles of solute per liter of solution (moles/Liter) and is one of the
most common units used to measure the concentration of a solution.
Molarity can be used to calculate the volume of solvent or the amount of solute.
The relationship between two solutions with the same amount of moles of solute can be represented by
the formula c1V1 = c2V2, where c is concentration and V is volume.

Key Terms

dilution: The process by which a solution is made less concentrated via addition of more solvent.
SI unit: The modern form of the metric system used extensively in the sciences (abbreviated SI from
French: Système International d’Unités).
molarity: The concentration of a substance in solution, expressed as the number moles of solute per liter
of solution.
concentration: The relative amount of solute in a solution.

In chemistry, concentration of a solution is often measured in molarity (M), which is the number of moles of solute
per liter of solution. This molar concentration (ci) is calculated by dividing the moles of solute (ni ) by the total volume
(V) of the:

The SI unit for molar concentration is mol/m3. However, mol/L is a more common unit for molarity. A solution that
contains 1 mole of solute per 1 liter of solution (1 mol/L) is called “one Molar” or 1 M. The unit mol/L can be
converted to mol/m3 using the following equation:

1 mol/L = 1 mol/dm3 = 1 mol dm−3 = 1 M = 1000 mol/m3

Calculating Molarity

To calculate the molarity of a solution, the number of moles of solute must be divided by the total liters of solution
produced. If the amount of solute is given in grams, we must first calculate the number of moles of solute using the
solute’s molar mass, then calculate the molarity using the number of moles and total volume.

=ci
ni

V
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Calculating Molarity Given Moles and Volume

If there are 10.0 grams of NaCl (the solute) dissolved in water (the solvent) to produce 2.0 L of solution, what is the
molarity of this solution?

First, we must convert the mass of NaCl in grams into moles. We do this by dividing by the molecular weight of NaCl
(58.4 g/mole).

Then, we divide the number of moles by the total solution volume to get concentration.

The NaCl solution is a 0.1 M solution.

Calculating Moles Given Molarity

To calculate the number of moles in a solution given the molarity, we multiply the molarity by total volume of the
solution in liters.

How many moles of potassium chloride (KCl) are in 4.0 L of a 0.65 M solution?

There are 2.6 moles of KCl in a 0.65 M solution that occupies 4.0 L.

Calculating Volume Given Molarity and Moles

We can also calculate the volume required to meet a specific mass in grams given the molarity of the solution. This
is useful with particular solutes that cannot be easily massed with a balance. For example, diborane (B2H6) is a
useful reactant in organic synthesis, but is also highly toxic and flammable. Diborane is safer to use and transport if
dissolved in tetrahydrofuran (THF).

How many milliliters of a 3.0 M solution of BH3-THF are required to receive 4.0 g of BH3?

First we must convert grams of BH3 to moles by dividing the mass by the molecular weight.

Once we know we need to achieve 0.29 moles of BH3, we can use this and the given molarity (3.0 M) to calculate
the volume needed to reach 4.0 g.

10.0 grams NaCl × = 0.17 moles NaCl1 mole
58.4g/mole

=ci
ni

V

=ci
0.17 moles NaCl
2 liters solution

= 0.1 Mci

=ci
ni

V

0.65 M =
ni

4.0 L

= (0.65 M)(4.0 L) = 2.6 moles KClni

= 0.29 moles 
4.0 g BH3

13.84g/mole BH3
BH3

=ci
ni

V

3.0 M =
0.29moles BH3

V

V = 0.1L
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Now that we know that there are 4.0 g of BH3 present in 0.1 L, we know that we need 100 mL of solution to obtain
4.0 g of BH3.

Dilution

Dilution is the process of reducing the concentration of a solute in a solution, usually by adding more solvent. This
relationship is represented by the equation c1V1 = c2V2, where c1 and c2 are the initial and final concentrations, and
V1 and V2 are the initial and final volumes of the solution.

Example 1

A scientist has a 5.0 M solution of hydrochloric acid (HCl) and his new experiment requires 150.0 mL of 2.0 M HCl.
How much water and how much 5.0 M HCl should the scientist use to make 150.0 mL of 2.0 M HCl?

c1V1 = c2V2

c1 and V1 are the concentration and the volume of the starting solution, which is the 5.0 M HCl. c2 and V2 are the
concentration and the volume of the desired solution, or 150.0 mL of the 2.0 M HCl solution. The volume does not
need to be converted to liters yet because both sides of the equation use mL. Therefore:

V1 = 60.0 mL of 5.0 M HCl

If 60.0 mL of 5.0 M HCl is used to make the desired solution, the amount of water needed to properly dilute the
solution to the correct molarity and volume can be calculated:

150.0 mL – 60.0 mL = 90.0 mL

In order for the scientist to make 150.0 mL of 2.0 M HCl, he will need 60.0 mL of 5.0 M HCl and 90.0 mL of water.

Example 2

Water was added to 25 mL of a stock solution of 5.0 M HBr until the total volume of the solution was 2.5 L. What is
the molarity of the new solution?

We are given the following: c1= 5.o M, V1= 0.025 L, V2= 2.50 L. We are asked to find c2, which is the molarity of the
diluted solution.

(5.0 M)(0.025 L) = c2 (2.50 L)

Notice that all of the units for volume have been converted to liters. We calculate that we will have a 0.05 M solution,
which is consistent with our expectations considering we diluted 25 mL of a concentrated solution to 2500 mL.

Molality

Molality is a property of a solution that indicates the moles of solute per kilogram of solvent.

Learning Objectives

Calculate the molality of a solution and explain how it is a colligative property

(5.0 M HCl)( ) = (2.0 M HCl)(150.0 mL)V1

= = 0.05Mc2
(5.0M)(0.025L)

2.50L
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Key Takeaways

Key Points

Molality is a property of a solution and is defined as the number of moles of solute per kilogram of
solvent.
The SI unit for molality is mol/kg. A solution with a molality of 3 mol/kg is often described as “3 molal” or
“3 m.” However, following the SI system of units, mol/kg or a related SI unit is now preferred.
Since the volume of a solution is dependent on ambient temperature and pressure, mass can be more
relevant for measuring solutions. In these cases, molality (not molarity ) is the appropriate measurement.

Key Terms

molality: The concentration of a substance in solution, expressed as the number of moles of solute per
kilogram of solvent.
colligative property: A property of solutions that depends on the ratio of the number of solute particles to
the number of solvent molecules in a solution, and not on the type of chemical species present.
intensive property: A property of matter that does not depend on the amount of matter.

Measurements of Mass (Molality) vs. Volume (Molarity)

Molality is an intensive property of solutions, and it is calculated as the moles of a solute divided by the kilograms of
the solvent. Unlike molarity, which depends on the volume of the solution, molality depends only on the mass of the
solvent. Since volume is subject to variation due to temperature and pressure, molarity also varies by temperature
and pressure. In some cases, using weight is an advantage because mass does not vary with ambient conditions.
For example, molality is used when working with a range of temperatures.

De�ning Molality

The molality, b (or m), of a solution is defined as the amount of substance of solute in moles, nsolute, divided by the
mass in kg of the solvent,msolvent:

Molality is based on mass, so it can easily be converted into a mass ratio, denoted by w:

Compared to molar concentration or mass concentration, the preparation of a solution of a given molality is easy
because it requires only a good scale; both solvent and solute are massed, rather than measured by volume. In
many weak aqueous solutions, the molarity and molality are similar because one kilogram of water (the solvent)
occupies one liter of volume at room temperature, and the small amount of solute has little effect on the volume of
the solvent.

Units

The SI unit for molality is mol/kg, or moles solute per kg of solvent. A solution with a molality of 1 mol/kg is often
described as “1 molal” or “1 m.” However, following the SI system of units, the National Institute of Standards and
Technology, which is the United States’ authority on measurement, considers the term “molal” and the unit symbol
“m” to be obsolete, and suggests using mol/kg or another related SI unit instead.

Calculating Molality

=bMsolute
nsolute

msolvent

= =bMsolute
nsolute

msolvent

wsolute

wsolvent
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A salt water solution: Table salt readily dissolves in water to
form a solution. If the masses of the salt and of the water are
known, the molality can be determined.

It is easy to calculate molality if we know the mass of solute
and solvent in a solution. Molality is an intensive property,
and is therefore independent of the amount being
measured. This is true for all homogeneous solution
concentrations, regardless of if we examine a 1.0 L or 10.0
L sample of the same solution. The concentration, or
molality, remains constant.

Calculating Molality Given Mass

If we mass 5.36 g of KCl and dissolve this solid in 56 mL of
water, what is the molality of the solution? Remember that
molality is moles of solute/kg per solvent. KCl is our solute,
while water is our solvent. We will first need to calculate the
amount of moles present in 5.36 g of KCl:

We also need to convert the the 56.0 mL of water to its
equivalent mass in grams by using the known density of
water (1.0 g/mL):

56.0 g of water is equivalent to 0.056 kg of water. With this
information, we can divide the moles of solute by the kg of
solvent to find the molality of the solution:

The molality of our KCl and water solution is 1.3 m. Since
the solution is very dilute, the molality is almost identical to
the molarity of the solution, which is 1.3 M.

Calculating Mass Given Molality

We can also use molality to find the amount of a substance
in a solution. For example, how much acetic acid, in mL, is
needed to make a 3.0 m solution containing 25.0 g of
KCN?

First, we must convert the sample of KCN from grams to moles:

The moles of KCN can then be used to find the kg of acetic acid. We multiply the moles by the reciprocal of the
given molality (3.0 moles/kg) so that our units appropriately cancel. The result is the desired mass of acetic acid that
we need to make our 3 m solution:

Once we have the mass of acetic acid in kg, we convert from kg to grams: 0.12 kg is equal to 120 g. Next, we use
the density of acetic acid (1.05 g/mL at 20 oC) to convert to the requested volume in mL. We must multiply by the
reciprocal of the density to accomplish this:

Therefore, we require 114 mL of acetic acid to make a 3.0 m solution that contains 25.0 g of KCN.

 moles KCl = 5.36g × ( ) = 0.0719 moles KCl1 moles
74.5g

56.0 mL × ( ) = 56.0 g
1.0g

mL

 molality = ( ) = ( ) = 1.3 m moles
kg solvent

0.0719 moles KCl
0.056 kg water

 moles KCN = 25.0g × ( ) = 0.38 moles1 moles
65.1g

0.38 moles KCl × ( ) = 0.12 kg acetic acid
 kg acetic acid

3.0 moles KCl

120.0 g acetic acid × ( ) = 114.0 mL acetic acidmL
1.05g
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http://www.youtube.com/watch?v=4VltXjR64SU&stop=482

Molarity vs. molality: In this lesson, you will learn how molarity and molality differ.

Mole Fraction and Mole Percent

Mole fraction is the number of molecules of a given component in a mixture divided by the total number of moles in
the mixture.

Learning Objectives

Calculate the mole fraction and mole percent for a given concentration of mixture

Key Takeaways

Key Points

Mole fraction describes the number of molecules (or moles) of one component divided by total the
number of molecules (or moles) in the mixture.
Mole fraction is useful when two reactive components are mixed together, as the ratio of the two
components is known if the mole fraction of each is known.
Multiplying mole fraction by 100 gives mole percent, which describes the same thing as mole fraction, just
in a different form. Mole fractions can be generated from various concentrations including molality,
molarity and mass percent compositions.

Key Terms

mole: The SI base unit for the amount of a substance; the amount of substance that contains as many
elementary entities as there are atoms in 0.012 kg of carbon-12.
mole fraction: The ratio of the number of moles of one component in a mixture to the total number of
moles.

Mole Fraction

In chemistry, the mole fraction, xi, is defined as the amount of moles of a constituent, ni, divided by the total amount
of moles of all constituents in a mixture, ntot:

Mole fractions are dimensionless, and the sum of all mole fractions in a given mixture is always equal to 1.

Properties of the Mole Fraction

The mole fraction is used very frequently in the construction of phase diagrams. It has a number of advantages:

It is not temperature dependent, as opposed to molar concentration, and does not require knowledge of the
densities of the phase(s) involved.
A mixture of known mole fractions can be prepared by weighing the appropriate masses of the constituents.
The measure is symmetric; in the mole fractions x=0.1 and x=0.9, the roles of ‘ solvent ‘ and ‘ solute ‘ are
reversible.
In a mixture of ideal gases, the mole fraction can be expressed as the ratio of partial pressure to total
pressure of the mixture.

=xi
ni

ntot
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Mole fraction in a sodium chloride solution: Mole fraction increases proportionally to mass fraction in a
solution of sodium chloride.

Mole Percent

Multiplying the mole fraction by 100 gives the mole percentage, also referred as amount/amount percent
(abbreviated as n/n%). For general chemistry, all the mole percents of a mixture add up to 100 mole percent. We
can easily convert mole percent back to mole fraction by dividing by 100. So, a mole fraction of 0.60 is equal to a
mole percent of 60.0%.

Calculations with Mole fraction and Mole Percent

Mole Fraction in Mixtures

A mixture of gases was formed by combining 6.3 moles of O2 and 5.6 moles of N2. What is the mole fraction of
nitrogen in the mixture?

First, we must find the total number of moles with ntotal = nN2 + nO2.

.

Next we must divide the moles of N2 by the total number of moles:

The mole fraction of nitrogen in the mixture is 0.47.

Mole Fraction in Solutions

= 6.3 moles + 5.6 moles = 11.9 molesntotal

x(mole fraction) = ( ) = ( ) = 0.47
 moles N2

 moles  + moles N2 O2

5.6 moles
11.9 moles
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Mole fraction can also be applied in the case of solutions. For example, 0.100 moles of NaCl are dissolved in 100.0
mL of water. What is the mole fraction of NaCl?

We are given the number of moles of NaCl, but the volume of water. First, we convert this volume to a mass by
using the density of water (1.00 g/mL), and then we convert this mass to moles of water:

With this information we can find the total number of moles present: 5.55 + 0.100 = 5.65 moles. If we divide the
moles of NaCl by the total number of moles, we find the mole fraction of this component:

We find that the mole fraction of NaCl is 0.0176.

Mole Fraction with Multi-Component Mixtures

Mole fractions can also be found for mixtures that are formed from multiple components. These are treated no
differently than before; again, the total mole fraction of the mixture must be equal to 1.

For example, a solution is formed by mixing 10.0 g of pentane (C5H12), 10.0 g of hexane (C6H14) and 10.0 g of
benzene (C6H6). What is the mole fraction of hexane in this mixture?

We must first find the number of moles present in 10.0 g of each component, given their chemical formulas and
molecular weights. The number of moles for each is found by dividing its mass by its respective molecular weight.
We find that there are 0.138 moles of pentane, 0.116 moles of hexane, and 0.128 moles of benzene.

We can find the total number of moles by taking the sum of all the moles: 0.138+0.116+0.128 = 0.382 total moles. If
we divide moles of hexane by the total moles, we calculate the mole fraction:

The mole fraction for hexane is 0.303.

Mole Fraction from Molality

Mole fraction can also be calculated from molality. If we have a 1.62 m solution of table sugar (C6H12O6) in water,
what is the mole fraction of the table sugar?

Since we are given molality, we can convert it to the equivalent mole fraction, which is already a mass ratio;
remember that molality = moles solute/kg solvent. Given the definition of molality, we know that we have a solution
with 1.62 moles of sugar and 1.00 kg (1000 g) of water. Since we know the number of moles of sugar, we need to
find the moles of water using its molecular weight:

The total number of moles is the sum of the moles of water and sugar, or 57.1 moles total of solution. We can now
find the mole fraction of the sugar:

With the mole fraction of 0.0284, we see that we have a 2.84% solution of sugar in water.

Mole Fraction from Mass Percent

The mole fraction can also be calculated from a mass percent. What is the mole fraction of cinnamic acid that has a
mass percent of 50.00% urea in cinnamic acid? The molecular weight of urea is 60.16 g/mol and the molecular
weight of cinnamic acid is 148.16 g/mol.

100 mL  O × ( ) = 100.0 g  O × ( ) = 5.55 moles  OH2
1.0g

1mL
H2

1 moles
18.0g

H2

x = ( ) = 0.01760.100moles
5.65moles

x = ( ) = 0.3030.116 moles
0.382 moles

1000 g  O × ( ) = 55.5 moles  OH2
1 mole
18.0 g

H2

x = ( ) = 0.0284
1.62 moles sugar

57.1 moles solution
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First, we assume a total mass of 100.0 g, although any mass could be assumed. This means that we have 50.0 g of
urea and 50.0 g of cinnamic acid. We can then calculate the moles present by dividing each by its molecular weight.
We have 0.833 moles urea and 0.388 moles cinnamic acid, so we have 1.22 moles total.

To find the mole fraction, we divide the moles of cinnamic acid by total number of moles:

The mole fraction for cinnamic acid is 0.318.
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FACTORS AFFECTING SOLUBILITY

Solid Solubility and Temperature
Solubility often depends on temperature; the solubility of many substances increases with increasing temperature.

Learning Objectives

Recall the relationship between solubility and temperature

Key Takeaways

Key Points

For many solids dissolved in liquid water, the solubility increases with temperature.
The increase in kinetic energy that comes with higher temperatures allows the solvent molecules to more
effectively break apart the solute molecules that are held together by intermolecular attractions.
The increased vibration (kinetic energy) of the solute molecules causes them to dissolve more readily
because they are less able to hold together.

Key Terms

solubility: The amount of a substance that will dissolve in a given amount of a solvent to give a saturated
solution under specified conditions.
kinetic energy: The energy possessed by an object because of its motion, equal to one half the mass of
the body times the square of its velocity.

Solid Solubility and Temperature

The solubility of a given solute in a given solvent typically depends on temperature. Many salts show a large
increase in solubility with temperature. Some solutes exhibit solubility that is fairly independent of temperature. A
few, such as cerium(III) sulfate, become less soluble in water as temperature increases. This temperature
dependence is sometimes referred to as retrograde or inverse solubility, and exists when a salt’s dissolution is
exothermic; this can be explained because, according to Le Chatelier’s principle, extra heat will cause the
equilibrium for an exothermic process to shift towards the reactants.
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Solubility Versus Temperature: This chart shows the solubility of various substances in water
at a variety of temperatures (in degrees Celsius). Notice how NaCl’s solubility is relatively
constant regardless of temperature, whereas Na2SO4’s solubility increases exponentially over
0–35 degrees Celsius and then abruptly begins to decrease.

Theoretical Perspective

As the temperature of a solution is increased, the average kinetic energy of the molecules that make up the solution
also increases. This increase in kinetic energy allows the solvent molecules to more effectively break apart the
solute molecules that are held together by intermolecular attractions.

The average kinetic energy of the solute molecules also increases with temperature, and it destabilizes the solid
state. The increased vibration (kinetic energy) of the solute molecules causes them to be less able to hold together,
and thus they dissolve more readily.

Application in Recrystallization

A useful application of solubility is recrystallizaton. During recrystallization, an impure substance is taken up in a
volume of solvent at a temperature at which it is insoluble, which is then heated until it becomes soluble. The
impurities dissolve as well, but when the solution is cooled, it is often possible to selectively crystallize, or
precipitate, the desired substance in a purer form.

Gas Solubility and Temperature
Solubility of a gas in water tends to decrease with increasing temperature, and solubility of a gas in an organic
solvent tends to increase with increasing temperature.

Learning Objectives

Recall the relationship between gas solubility and temperature
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Key Takeaways

Key Points

Gases dissolved in water become less soluble with increasing temperature.
Gases dissolved in organic solvents become more soluble with increasing temperature.
Dissolved oxygen in water is important to the survival of fish, so increasing temperature (and therefore
less dissolved oxygen in water) can cause problems for fish.

Key Terms

solubility: The amount of a substance that will dissolve in a given amount of a solvent to give a saturated
solution under specified conditions.

Several factors affect the solubility of gases: one of these factors is temperature. In general, solubility of a gas in
water will decrease with increasing temperature: colder water will be able to have more gas dissolved in it.
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Solubilities of Gases in Water: Methane, oxygen, carbon monoxide, nitrogen, and helium all have different
solubilities in water, but all of them become less soluble with increasing temperature.

Consequences of Gas Solubility Temperature Dependence

When the temperature of a river, lake, or stream is raised abnormally high, usually due to the discharge of hot water
from some industrial process, the solubility of oxygen in the water is decreased.

Because fish and other organisms that live in natural bodies of water can be sensitive to the concentration of
oxygen in water, decreased levels of dissolved oxygen may have serious consequences for the health of the water’s
ecosystems. In severe cases, temperature changes can result in large-scale fish kills.

Gas Solubility In Organic Solvents

The trend that gas solubility decreases with increasing temperature does not hold in all cases. While it is in general
true for gases dissolved in water, gases dissolved in organic solvents tend to become more soluble with increasing
temperature.

There are several molecular reasons for the change in solubility of gases with increasing temperature, which is why
there is no one trend independent of gas and solvent for whether gases will become more or less soluble with
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increasing temperature.

Solubility and Pressure
Increasing pressure will increase the solubility of a gas in a solvent.

Learning Objectives

Recognize the relationship between pressure and the solubility of a gas

Key Takeaways

Key Points

For condensed phases ( solids and liquids ), the pressure dependence of solubility is typically weak and
is usually neglected in practice.
William Henry, an English chemist, showed that the solubility of a gas increased with increasing pressure.
The increase in solubility based on pressure will depend on which gas is being dissolved and must be
determined experimentally for each gas.

Key Terms

solubility: The amount of a substance that will dissolve in a given amount of a solvent to give a saturated
solution under specified conditions.
equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are the same.
Henry’s law: States that the solubility of a gas in a liquid is directly proportional to the partial pressure of
the gas above the liquid.

The E�ect of Pressure on Solubility

For solids and liquids, known as condensed phases, the pressure dependence of solubility is typically weak and is
usually neglected in practice. However, the solubility of gases shows significant variability based on pressure.
Typically, a gas will increase in solubility with an increase in pressure. This effect can be mathematically described
using an equation called Henry’s law.

Henry’s Law

When a gas is dissolved in a liquid, pressure has an important effect on the solubility. William Henry, an English
chemist, showed that the solubility of a gas increased with increasing pressure. He discovered the following
relationship:

In this equation, C is the concentration of the gas in solution, which is a measure of its solubility, k is a
proportionality constant that has been experimentally determined, and Pgas is the partial pressure of the gas above
the solution. The proportionality constant needs to be experimentally determined because the increase in solubility
will depend on which kind of gas is being dissolved.

There are some things to remember when working with this law:

Henry’s law only works if the molecules are at equilibrium and if the same molecules are present throughout
the solution.
Henry’s law does not apply to gases at extremely high pressures.
Henry’s law does not apply if there is a chemical reaction between

C = k ∗ Pgas
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William Henry: The discoverer of Henry’s
law, which states that the solubility of a gas
in a solvent is directly proportional to the
pressure of the gas.

Henry’s law does not apply if there is a chemical reaction between
the solute and the solvent. For example, HCl (g) reacts with water
in the dissociation reaction and affects solubility, so Henry’s law
cannot be used in this instance.
If Henry’s law is used to denote how the concentration will change
with pressure, the following equation is used: 

Example

If 2.5 atm of pressure is applied to a carbonated beverage, what is the
concentration of the dissolved CO2, given k = 29.76  for CO2?

Solving for C, we find that the concentration of the dissolved CO2 is 0.088
M.

Applications of Gas Solubility

In order for deep-sea divers to breathe underwater, they must inhale highly compressed air in deep water, resulting
in more nitrogen dissolving in their blood, tissues, and joints. If a diver returns to the surface too rapidly, the nitrogen
gas diffuses out of the blood too quickly, causing pain and possibly death. This condition is known as “the bends.”

To prevent the bends, a diver must return to the surface slowly, so that the gases will adjust to the partial decrease
in pressure and diffuse more slowly. A diver can also breathe a mixture of compressed helium and oxygen gas,
since helium is only one-fifth as soluble in blood as nitrogen.

Underwater, our bodies are similar to a soda bottle under pressure. Imagine dropping the bottle and trying to open it.
In order to prevent the soda from fizzing out, you open the cap slowly to let the pressure decrease. On land, we
breathe about 78 percent nitrogen and 21 percent oxygen, but our bodies use mostly the oxygen. When we’re
underwater, however, the high pressure of water surrounding our bodies causes nitrogen to build up in our blood
and tissues. Like in the case of the bottle of soda, if we move around or come up from the water too quickly, the
nitrogen will be released from our bodies too quickly, creating bubbles in our blood and causing “the bends.”

=
P1

C1

P2

C2

atm
M

P = k × C

2.5atm = 29.76 × Catm
M
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Scuba diver: Solubility and pressure are very relevant to scuba divers, who are susceptible to
“the bends.” As divers swim deeper, the pressure increases the amount of nitrogen dissolved in
their blood. Unless they ascend slowly, the nitrogen can diffuse out of their blood too quickly,
causing pain and even death.
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COLLIGATIVE PROPERTIES OF NONELECTROLYTE
SOLUTIONS

Vapor Pressure of Nonelectrolyte Solutions
The vapor pressure of a solution is directly influenced by the number of solute molecules present in a given amount
of solvent.

Learning Objectives

Calculate the vapor pressure of a nonelectrolyte solution using Raoult’s law

Key Takeaways

Key Points

The vapor pressure of a system is a measure of the molecules ‘ tendency to escape into the gas phase.
Vapor pressure is a colligative property, meaning that the amount it is increased or decreased is directly
related to the amount of solute present in the system.
Raoult’s law states that the partial vapor pressure of each component of an ideal mixture of liquids is
equal to the vapor pressure of the pure component multiplied by its mole fraction in the mixture

Key Terms

Raoult’s law:
raoult’s law: States that the partial vapor pressure of each component of an ideal mixture of liquids is
equal to the vapor pressure of the pure component multiplied by its mole fraction in the mixture
colligative property: A property of solutions that is directed by the ratio of solute to solvent, regardless of
the identity of the solute.
vapor pressure: The pressure that a vapor exerts, or its partial pressure if it is mixed with other gases.

Colligative Properties: Vapor Pressure

Vapor pressure is a measure of the tendency of a material to escape into the environment via gas. A substance that
evaporates quickly has high vapor pressure and is referred to as a volatile substance. When a solute is added to a
solvent, the vapor pressure decreases.
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Vapor pressure: Vapor pressure measures the particle transition from
the liquid phase to the gas phase and vice versa.

Lowering Vapor Pressure

The vapor pressure of a solvent is lowered by the addition of a non-volatile solute to form a solution. By definition, a
non-volatile substance does not evaporate. This decrease in vapor pressure can be explained by using the entropy
differences of the liquid and gas phases along with the position of dissolved particles after the addition of the solute.

Entropy

When molecules transition from the liquid phase to the gas phase, entropy of the system increases. Entropy of the
gaseous state is greater than the entropy of the liquid state because the gaseous molecules occupy a larger
volume.

If the liquid solvent becomes “diluted” with solute, the entropy of the liquid state increases. Therefore, even though
the gaseous state has a higher entropy, the difference in entropy between the two systems decreases. The
decrease in entropy difference lowers the vapor pressure.

Solute Particle Location

In a pure solvent, all of the liquid molecules on the surface can evaporate and transition to the gaseous phase. In a
solution, some spots on the surface are occupied by solute molecules, so there is less space occupied by solvent
molecules. Overall, less solvent will transition to the gaseous phase, resulting in a decrease in vapor pressure.
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Equilibrium Vapor Pressure Given by Raoult’s Law

Raoult’s law states that the vapor pressure of an ideal solution is dependent on the vapor pressure of the pure
solvent and the mole fraction of the component present in the solution. For an ideal solution, equilibrium vapor
pressure is given by Raoult’s law:

In this equation,  is the vapor pressure of the pure solvent and  is the mole fraction of the solvent. This law
allows us to calculate the vapor pressure of a given solution, and shows the influence of all of the molecules in the
solution.

Example

Calculate the vapor pressure of a solution consisting of 3 moles of a nonvolatile solute and 15 moles of water at
25 oC, given that the vapor pressure of pure water at 25 oC is 23.8 torr.
First, calculate the mole fraction of the solvent:

Second, substitute into Raoult’s law and solve:

Freezing Point Depression

Freezing point depression is a colligative property observed in solutions, brought on by the introduction of solute
molecules to a solvent.

Learning Objectives

Discuss the effects of a solute on the freezing point of a solvent

Key Takeaways

Key Points

The freezing point depression can be calculated using the pure solvent freezing point and the molality of
the solution.
At the freezing point, the vapor pressure of both the solid and liquid form of a compound must be equal.
The freezing point of a substance is the temperature at which the solid and liquid forms are in equilibrium.
To reattain equilibrium, the freezing point of the solute and solvent mixture is lowered relative to the
original pure solvent.

Key Terms

freezing point depression: Adding a solute to a solvent decreases the temperature at which the liquid
solvent becomes a solid.
vapor pressure: The pressure that a vapor exerts, or the partial pressure if it is mixed with other gases.
van ‘t Hoff factor: A measure of the effect of a solute on colligative properties.

p = p⋆
AxA

p⋆
A xA

=xA
moles solvent

total moles

= = 0.83xA
15
18

p = p⋆
AxA

p = 23.8 torr × 0.83

p = 19.8 torr

563



van ‘t Hoff factor: A measure of the effect of a solute on colligative properties.
freezing point: The temperature at which a liquid freezes, and the solid and liquid phases are in
equilibrium; normally the same as the melting point.

Freezing point depression is the phenomena that describes why adding a solute to a solvent results in the lowering
of the freezing point of the solvent. When a substance starts to freeze, the molecules slow down due to the
decreases in temperature, and the intermolecular forces start to take over. The molecules will then arrange
themselves in a pattern, and thus turn into a solid. For example, as water is cooled to the freezing point, its
molecules become slower and hydrogen bonds begin to “stick” more, eventually creating a solid. If salt is added to
the water, the Na+ and Cl– ions attract to the water molecules and interfere with the formation of the large network
solid known as ice. In order to achieve a solid, the solution must be cooled to an even lower temperature.

The freezing point depression can also be explained in terms of vapor pressure. Adding solute to a solvent will
essentially dilute the solvent molecules, and according to Raoult’s law, this leads to a decrease in vapor pressure.
Considering the fact that the vapor pressure of the solid and liquid forms must be the same at freezing point,
because otherwise the system would not be at equilibrium, the lowering of the vapor pressure leads to the lowering
of the temperature at which the vapor pressures of the liquid and frozen forms of the solution will be equal.

Effect of solutes on physical properties: A triple phase diagram which
shows the pressure and temperature of the normal boiling and freezing
points of a solvent (green lines) and the boiling and freezing points of a
solution (purple lines). Notice that at 1 atm of pressure, the freezing point
has been lowered (represented by numbers 2 and 4).

The freezing point depression can be calculated by the formula:

In this equation,  is the freezing point depression, Kf is the freezing point depression constant, and i is the van ‘t
Hoff factor. The freezing point depression constant changes depending on the solvent, and the van ‘t Hoff factor
accounts for the number of particles that a dissolving solute creates in solution.

Example

What is the freezing point of an aqueous solution when enough NaCl has been added to create a 0.25 m
solution? The Kf value for water is 1.858 oC/m.

To solve this, you must remember that NaCl breaks into two ions, Na+ and Cl–, when it dissolves in water. In
simplest terms, this means it has an “i” factor of 2.

Δ = i × × molalityTf Kf

ΔTf

Δ = i × × molalityTf Kf

Δ = 2 × 1.86 × 0.25 mTf
oC

m

Δ =Tf 0.93oC
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This might seem like the end of the problem, but it is not. The value of 0.93 oC is the change in the freezing
point. The new freezing point of water, which is normally 0 oC, is equal to: 0 – 0.93 = -0.93 oC.

Boiling Point Elevation

The boiling point of a solvent is elevated in the presence of solutes.

Learning Objectives

Discuss the effects of a solute on the boiling point of a solvent

Key Takeaways

Key Points

One of the colligative properties of a solution is boiling point elevation.
The amount that the boiling point increases in the presence of solute can be calculated by using the
boiling point elevation constant and the molality of the solution.
The addition of solute dilutes the solvent molecules and makes it harder for them to escape into the
gaseous phase.

Key Terms

boiling point: The temperature at which a liquid boils, with the vapor pressure equal to the given external
pressure.
boiling point elevation: The temperature at which a substance’s vapor pressure equals the external
pressure increases when another compound is added.
colligative property: A property of solutions that is directed by the ratio of solute to solvent, regardless of
the identity of the solute.

Colligative Properties and Boiling Point Elevation

There is one category of properties that can only be applied to solutions; these are known as colligative properties.
Properties can be considered colligative only if they are dependent on the amount of solute present in the solution,
disregarding the identity of the solute itself.

The boiling point of a solvent will increase when a solute is dissolved in it. This is referred to as boiling point
elevation. The elevation of the boiling point is directly dependent on the amount of solute present in the solution, but
it is not based on the identity of the solute, so it is considered a colligative property.

The Relationship Between Boiling Point Elevation and Vapor Pressure

Boiling point elevation can be explained in terms of vapor pressure. Vapor pressure is defined as the pressure
exerted by a vapor in thermodynamic equilibrium with its condensed phases at a given temperature. In layman’s
terms, it is simply a measure of the tendency of the solution molecules to escape by entering the gas phase. A liquid
boils when its vapor pressure is equal to the air pressure.

Δ =f
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Boiling point: The boiling point of a pure liquid. When the vapor pressure of the liquid matches the
atmospheric pressure, the liquid will boil.

Boiling Point Elevation

A solvent’s vapor pressure will lower when a solute is added. This happens because of the displacement of solvent
molecules by the solute. This means that some of the of solvent molecules at the surface of the liquid are replaced
by the solute; it can occur in both electrolytic and non-electrolytic solutions. The lower number of solvent molecules
at the surface means that fewer will evaporate, and thus the vapor pressure is lowered. For the vapor pressure to
equal the atmospheric pressure, a higher temperature is required, and a higher boiling point is observed.

Calculating Boiling Point Elevation

The extent of the boiling point elevation can be calculated. It is directly proportional to the molal concentration of the
solution. The amount the boiling point is elevated is determined using the equation:

In this equation,  is the boiling point elevation,  is the boiling point elevation constant, and m is the molality
of the solution. The “i” factor of the equation also factors in any dissociation that the solute may undergo; since
boiling point elevation is a colligative property, the number of ions present in an electrolyte affects the elevation.

Example

Calculate the boiling point of an aqueous solution where enough NaCl is added to make a 0.37 molal solution.
The Kb for water is 0.512 .

Δ = i × × mTb Kb

ΔTb Kb

oC

m

Δ = i × × mTb Kb

Δ = 2 × 0.512 × 0.37 mTb
oC

m

Δ = oC
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Water normally boils at 100 oC, so the new boiling point of the solution would be 100.38 oC.

Osmotic Pressure

Osmotic pressure is the pressure needed to nullify the effects of osmosis and is directly influenced by the amount of
solute in the system.

Learning Objectives

Discuss the effects of a solute on the osmotic pressure of a solution

Key Takeaways

Key Points

Osmosis is defined as the flow of water/ solvent molecules through a semipermeable membrane from a
region of low to high solute concentration, until equilibrium is established.
To counter osmotic flow, some pressure must be applied to the solution in order to prevent pure solvent
from going through the semipermeable membrane separating the two liquids; this is known as the
osmotic pressure.
The osmotic pressure is the pressure required to counter, not sustain, osmosis.
The osmotic pressure can be approximated by using the following formula: .

Key Terms

osmotic pressure: The hydrostatic pressure exerted by a solution across a semipermeable membrane
from a pure solvent; the pressure needed to counteract osmosis.
semipermeable membrane: One that will allow certain molecules or ions to pass through it by diffusion.
osmosis: The net movement of solvent molecules from a region of high solvent potential to a region of
lower solvent potential through a partially permeable membrane.
ideal solution: A solution with thermodynamic properties analogous to those of a mixture of ideal gases.

A solution is defined as a homogeneous mixture of both a solute and solvent. Solutions generally have different
properties than the solvent and solute molecules that compose them. Some special properties of solutions are
dependent solely on the amount of dissolved solute molecules, regardless of what that solute is; these properties
are known as colligative properties.

Osmosis is defined as the net flow or movement of solvent molecules through a semipermeable membrane through
which solute molecules cannot pass. If a solution consisting of both solute and solvent molecules is placed on one
side of a membrane and pure solvent is placed on the other side, there is a net flow of solvent into the solution side
of the membrane.

Imagine osmosis taking place in an upright U-tube. The height of the solution will continue to increase due to a net
flow of solvent until the added pressure of the height will cause the flow of solution to stop. The height difference
between the two sides can be be converted into pressure to find the osmotic pressure exerted on the solution by the
pure solvent.

Δ =Tb 0.38oC

Π = iMRT
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U-Tube showing osmotic pressure: On the left side of the U-tube is an aqueous solution, and on the
right side is pure water. The pure water is trying to dilute the solution by travelling through the
semipermeable membrane. Eventually the added weight of the extra water on the left causes enough
pressure to stop osmosis.

Osmotic pressure is the pressure that needs to be applied to a solution to prevent the inward flow of water across a
semipermeable membrane. Osmotic pressure can also be explained as the pressure necessary to nullify osmosis.
One way to stop osmosis is to increase the hydrostatic pressure on the solution side of the membrane; this
ultimately squeezes the solvent molecules closer together, increasing their “escaping tendency.” The escaping
tendency of the solution can be raised until it eventually equals that of the molecules in the pure solvent; at this
point, osmosis will cease. The osmotic pressure is the pressure required to achieve osmotic equilibrium.

Osmotic pressure: Osmotic pressure is the pressure required to stop osmosis.

The osmotic pressure (II) of an ideal solution can be approximated by the Morse equation:

Here, i is the van ‘t Hoff factor, M is the molarity of the solution, R is the gas constant, and T is the absolute
temperature in Kelvin. We can see from this equation that the amount of solute present in the solution will directly
affect the osmotic pressure of the system.

Example

Π = iMRT
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What is the osmotic pressure of a 1.35 M solution of NaCl at 25 oC?
First, fill in all of the necessary information, and then solve:
i = 2 (NaCl breaks into two particles)
M = 1.35 

R = 0.0821 

T = 25 oC + 273 = 298 K
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Π = 2 × 1.35 × 0.0821 × 298

Π = 66.1 atm
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COLLIGATIVE PROPERTIES OF ELECTROLYTE
SOLUTIONS

Vapor Pressure of Electrolyte Solutions
The vapor pressure of an electrolytic solution is dependent on the ratio of solute to solvent molecules in a solution.

Learning Objectives

Compare the relative vapor pressures of a pure solvent and an electrolyte solution composed of the same
solvent

Key Takeaways

Key Points

Vapor pressure is a colligative property, so the vapor pressure of solutions is directly proportional to the
amount of solute present in a solution.
When a solute is present in a solvent, the vapor pressure is lowered because fewer solvent molecules
are present at the top of the solution.
Raoult’s law details the calculations for acquiring the vapor pressure of an ideal solution.

Key Terms

partial pressure: The pressure that one component of a mixture of gases contributes to the total
pressure.
ideal solution: A solution with thermodynamic properties analogous to those of a mixture of ideal gases.
electrolyte: A substance that, when in solution or when molten, ionizes and conducts electricity.

Electrolyte Solutions

A simple example of an electrolyte solution is sodium chloride in water. In the presence of water, solid sodium
chloride dissociates as it is dissolved, forming an electrolyte solution:

Nonelectrolyte solutions are those in which the solute does not dissociate into ions when dissolved; sugar does not
dissociate, for example. The number of moles of dissolved particles is greater for electrolyte solutions, so there will
be a greater impact on colligative properties.

Vapor Pressure

Vapor pressure is the pressure exerted by a vapor in equilibrium with its condensed phase, either liquid or solid, at a
particular temperature. Basically, it is a measure of how much the solvent molecules tend to escape from a liquid or

→ +NaCl(s) Na+
(aq) Cl−

(aq)
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solid phase into the atmosphere. Vapor pressure of a liquid is a colligative property.

Vapor pressure: The picture shows the transition, as a result of the vapor
pressure, from particles in liquid phase to gas phase and vice-versa.

To better visualize the effect of solute on the vapor pressure of a solution, consider a pure solvent. This pure solvent
has a certain vapor pressure associated with it. Subjected to temperatures below the solvent’s boiling point, the
molecules going into the gaseous phase are mostly situated on the top layer of the solution. Now consider a solution
composed of both solvent and solute. Some solute molecules will occupy space near the surface of the liquid,
decreasing the number of solvent molecules that can be there. Therefore, fewer molecules are changing from the
liquid phase into the gas phase, and the vapor pressure of the solvent decreases.

In an electrolyte solution, the number of dissolved particles is larger because the solute breaks apart into ions. The
greater the number of ions, the larger the impact on colligative properties will be.

Example

Which would have the lowest vapor pressure at 25 oC?
a) 0.1 M solution of NaCl
b) 0.1 M solution of C6H12O6 (glucose)
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c) 0.1 M solution of Al(NO3)3
The correct answer is c. All of the solutions have the same concentration, but when NaCl dissolves, it breaks
into 2 particles. Glucose is a non-electrolyte and does not break apart. When Al(NO3)3 dissolves, it produces 4
particles in solution (1 Al3+ and 3 NO3

–), and will have the greatest impact on the vapor pressure.

Medical Solutions: Colligative Properties
Medical solutions must be tailored to restore and maintain a proper homeostatic environment.

Learning Objectives

Discuss the importance of colloidal properties in the use of medical solutions

Key Takeaways

Key Points

A saline solution ‘s main use is to rehydrate and carry ions needed for cellular activity into the body.
Often used intravenously, saline solutions deliver ions and water into the body when a patient is
dehydrated or unable to maintain a proper internal electrolytic environment.
Delivery of the solution at proper concentration levels is vital to ensure that the cells do not burst from too
much water intake or shrivel from excess water loss.
Plasma osmolality is a measure of the electrolyte -water balance.

Key Terms

hypertonic: Having a greater osmotic pressure than another.
osmolality: The molality of an ideal solution that would exert the same osmotic pressure as the solution
being considered.
hypotonic: Having a lower osmotic pressure than another.

The Human Solution

At normal physiological conditions, organisms regulate their internal environments and maintain stable, constant
conditions despite influences from the outside environment. Internally, many mechanisms allow for a constant
environment, but often, when a person becomes sick or incapacitated, the homeostatic environment becomes
disrupted. To assist in the treatment and recovery process, medical scientists and doctors often introduce
electrolytic solutions into the body. The solutions must be of proper osmolality and concentrations, otherwise
irreversible damage can be caused. These electrolytic solutions share the same colligative properties as chemical
solutions.

Saline Solutions

Medical solutions are important for treating dehydration and for cleaning and treating wounds. One class of medical
solutions is known as saline solutions. These solutions are composed of water and sodium chloride. Saline solutions
are typically used for rinsing contact lenses, nasal irrigation, and cleaning new piercings. Saline solutions can vary
in their concentrations.

Typically, saline is found at a 0.90% w/v of NaCl in water. Referred to as “normal saline,” this type of electrolytic
solution is used frequently in intravenous drips for patients who have lost a lot of water and are at risk for
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Saline solution: A bag of saline. Saline can be used
to increase blood volume when a blood transfusion is
not possible.

dehydration. Normal saline is also used to treat decreased blood volume. The saline solution is expected to restore
the salinity levels in the blood. Most commonly, saline is used in intravenous (IV) therapy, which provides water and
electrolytes to a patient. Normal saline has low osmolality, which can introduce problems, so IV solutions generally
have glucose added to maintain a safe osmolality.

Electrolytes in Solutions

As mentioned before, humans maintain a homeostatic internal
environment. The electrolyte-water ratio that regulates many of
the body’s functions is part of this. Plasma osmolarity is the
measure of the body’s electrolyte-water balance. Its name is
derived from osmosis, which is the net movement of solvent
molecules through a partially permeable membrane; the
molecules travel from a region of higher solute concentration to a
region with lower solute concentration. There are two common
measurements used to determine the amount of electrolyte in a
solution.

Osmolality is affected by changes in water content, whereas
osmolarity is affected by temperature and pressure. These two
values are slightly different; osmolarity is slightly less than
osmolality because it does not take into account the weight of the
solutes. The normal range of osmolality in human blood plasma is
270-310 milli-osmoles/kg.

Cell membranes are permeable to water, so the osmolality of the
extracellular fluid (ECF) is approximately equal to that of the
intracellular fluid (ICF). Any shift in the osmolality of the ECF will
directly impact the ICF and can cause problems with normal cell
functions and water volume. Therefore, the introduction of saline
that is too hypotonic will cause water to fill the cells too rapidly,
potentially causing the cells to burst. Conversely, the introduction
of saline that is too hypertonic will cause water to leave the cells,
making them shrivel. There are medical solutions with a range of
concentrations to ensure the cell maintains an isotonic
environment.
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COLLOIDS

Hydrophilic and Hydrophobic Colloids
Hydrocolloids are stable suspensions of hydrophilic molecules; emulsions are suspensions of hydrophobic
molecules that need stabilization.

Learning Objectives

Recognize the difference between hydrophobic and hydrophilic colloids

Key Takeaways

Key Points

A hydrocolloid has hydrophilic colloid particles spread throughout water and can be either irreversible or
reversible.
A hydrophobic colloid, or emulsion, is defined as a colloid system where the colloid particles are
hydrophobic polymers.
Hydrophobic colloids do not interact with water, so they are inherently unstable and generally do not form
spontaneously.
In order for the emulsion to stay stable, additional substances, or emulsifiers, are needed to stabilize the
colloid.

Key Terms

hydrophilic: Having the tendency to mix with water.
hydrophobic: Having the tendency to not mix with water.
colloid: A stable system of two phases, one of which is dispersed in the other in the form of very small
droplets or particles.
emulsion: A stable suspension of small droplets of one liquid in another with which it is immiscible.

Hydrophilic Colloids

A hydrophilic colloid, or hydrocolloid, is defined as a colloid system in which the colloid particles are hydrophilic
polymers dispersed in water. Hydrocolloids can be either reversible or irreversible (single-state). For example, agar
is a reversible hydrocolloid of seaweed extract; it can exist in a gel or liquid state and can alternate between states
with either heating or cooling.

Many hydrocolloids are derived from natural sources. For example, gelatin is produced by hydrolysis of proteins
from cows and fish, and pectin is extracted from citrus peel and apple pomace. Hydrocolloid-based medical
dressings are used for skin and wound treatment.

Hydrophobic Colloids

574



Agar plate: Petri dishes containing agar jelly for bacterial culture

A hydrophobic colloid, or
emulsion, is defined as a colloid
system where the particles are
hydrophobic polymers. Since the
colloid does not interact with the
aqueous solvent, hydrophobic
colloids are inherently unstable
and generally do not form
spontaneously. Energy input,
through shaking, stirring, or
homogenizing, is needed to form
the emulsion. Over time, an
emulsion tends to separate,
because separation puts it in a
more stable state. An example of
this is seen in the separation of the oil and vinegar components of vinaigrette, an unstable emulsion that will quickly
separate unless shaken almost continuously.

A

B

C

D

I

II

Hydrophobic colloid stages: In
A, there are two immiscible
liquids that are not yet
emulsified. In B, an emulsion of
Phase II dispersed in Phase I
has been formed. In C, the
unstable emulsion progressively
separates. In D, an emulsifier
(purple outline around particles)
positions itself on the interface
between Phase II and Phase I to
stabilize the emulsion.
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There are three types of instability in emulsions: flocculation, creaming, and coalescence. In flocculation, the
dispersed phase comes out of suspension in the form of flakes. In creaming, one of the substances migrates to the
top or bottom, depending on the relative densities involved. In coalescence, small droplets of colloid bump into each
other and combine to form progressively larger droplets. In order for the emulsion to stay stable, additional
substances are needed to stabilize the colloid.

An emulsifier is a substance that stabilizes the colloid so that it does not change significantly with time. One
important class of emulsifiers is known as “surface active substances,” or surfactants. Soy and egg yolk lecithin are
examples of surfactants. Surfactants are often used in food, such as mayonnaise and salad dressing, to keep the
emulsions mixed over time. Detergents are another class of surfactants, and they will physically interact with both oil
and water, thus stabilizing the interface between the oil and water droplets in suspension. This principle is also
exploited in soap, to remove grease for the purpose of cleaning.
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CHEMICAL KINETICS

REACTION RATES

Measuring Reaction Rates
Reaction rates are determined by observing the changes in the concentrations of reactants or products over a
specific time frame.

Learning Objectives

Produce rate expressions when given chemical reactions and discuss methods for measuring those rates

Key Takeaways

Key Points

Reaction rate is calculated using the formula rate = Δ[C]/Δt, where Δ[C] is the change in product
concentration during time period Δt.
The rate of reaction can be observed by watching the disappearance of a reactant or the appearance of a
product over time.
If a reaction produces a gas such as oxygen or carbon dioxide, there are two ways to measure the
reaction rate: using a gas syringe to measure the gas produced, or calculating the reduction in the mass
of the reaction solution.
If the reaction produces a precipitate, the amount formed can be used to determine reaction rate by
measuring how long it takes for the forming precipitate to obscure the visibility of a cross through a
conical flask.

Key Terms

reaction rate: How fast or slowly a reaction takes place.
gas syringe: An item of laboratory equipment used to withdraw a volume of gas from a closed chemical
system for measurement and/or analysis.
product: A chemical substance formed as a result of a chemical reaction.

Reaction Rate

The rate of a reaction is usually observed by watching the disappearance of a reactant or the appearance of a
product within a given time period. Take the chemical reaction:

A + 2B → 3C
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Rates of disappearance and appearance of chemical
species: This expression relates the rates of disappearance
and appearance of chemical species in the reaction A + 2B
–> 3C.

Here, the rate of appearance of product C in time interval Δt is:

The concentration of C, [C], is usually expressed in moles/liter. This is the average rate of appearance of C during
the time interval Δt. The limit of this average rate as the time interval becomes smaller is called the rate of
appearance of C at time t, and it is the slope of the curve of [C] versus t at time t. This instantaneous slope, or rate,
is written . Since one molecule of A and two molecules of B are consumed for every three molecules of C that
are produced, the rates of disappearance and appearance of these chemical species are different, but related.

Measuring Reaction Rate

How the rate of a reaction is measured will depend on what
the reaction is and what product forms. The following
examples describe various ways to measure the rate of a
reaction.

Reactions That Produce Gases Such as Oxygen or Carbon Dioxide

Hydrogen peroxide decomposes to produce oxygen:

The volume of oxygen produced can be measured using the gas syringe method. The gas collects in the syringe,
pushing out against the plunger. The volume of gas that has been produced can be read from the markings on the
syringe. This change in volume can be converted to a change in concentration ( ), and dividing this by the time
of the reaction ( ) will yield an average reaction rate.

Gas syringe method: In a reaction that produces a gas, the volume of the
gas produced can be measured using the gas syringe method.

Changes in Mass

The rate of a reaction that produces a gas can also be measured by calculating the mass loss as the gas forms and
escapes from the reaction flask. This method can be used for reactions that produce carbon dioxide or oxygen, but
are not very accurate for reactions that give off hydrogen because the mass is too low to be accurately measured.
Measuring changes in mass may also be suitable for other types of reactions.

Precipitation Reactions

A + 2B → 3C

average rate = ΔC
Δt

d[C]

dt

2 (aq) → 2 O(l) + (g)H2O2 H2 O2

Δ[C]
Δt

578



In a reaction in which a precipitate is formed, the amount of precipitate formed in a period of time can be used as a
measure of the reaction rate. For example, when sodium thiosulphate reacts with an acid, a yellow precipitate of
sulfur is formed. This reaction is written as follows:

One way to estimate the rate of this reaction is to carry out the investigation in a conical flask and place a piece of
paper with a black cross underneath the bottom of the flask. At the beginning of the reaction, the cross will be
clearly visible when you look into the flask. However, as the reaction progresses and more precipitate is formed, the
cross will gradually become less clear and will eventually disappear altogether. By using a stopwatch to time how
long it takes for the cross to disappear, and then massing the amount of precipitate formed during this time, an
average reaction rate can be calculated. Note that it is not possible to collect the SO2 gas that is produced in the
reaction because it is highly soluble in water.

Reaction Stoichiometry

Reaction stoichiometry studies the quantitative relationships between reactants and products within a given
chemical reaction.

Learning Objectives

Use stoichiometry to balance chemical equations

Key Takeaways

Key Points

Stoichiometry comes from the Greek “stoiechion” ( element ) and “metron” (to measure). As such,
stoichiometry deals with determining the amounts of reactants and products that are consumed and
produced within a given chemical reaction.
The stoichiometric coefficient of any species that does not participate in a given chemical reaction is zero.
The principles of stoichiometry are based upon the law of conservation of mass. Matter can neither be
created nor destroyed, so the mass of every element present in the product(s) of a chemical reaction
must be equal to the mass of each and every element present in the reactant(s).

Key Terms

reaction stoichiometry: Describes the quantitative relationship between reactants and products within a
given chemical reaction.
stoichiometric number: Equal to the stoichiometric coefficient in balanced equation, but positive for
products (because they are produced) and negative for reactants (since they are consumed).
stoichiometric ratio: A positive integer ratio that relates the number of moles of reactants and products
involved in a chemical reaction; this ratio can be determined from the coefficients of a balanced chemical
equation.
balanced equation: When the quantity of each individual element is equal on both sides of the equation.

Stoichiometry is a branch of chemistry that deals with the relative quantities of reactants and products that are
consumed/produced within a given chemical reaction. In order to make any stoichiometric determinations, however,
we must first look to a balanced chemical equation. In a balanced chemical equation, we can easily determine the
stoichiometric ratio between the number of moles of reactants and the number of moles of products, because this
ratio will always be a positive integer ratio. Consider the reaction of nitrogen gas and hydrogen gas to form
ammonia (NH3):

(aq) + 2HCl(aq) → 2NaCl(aq) + (aq) + O(l) + S(s)Na2S2O3 SO2 H2

(g) + 3 (g) → 2 (g)N2 H2 NH3
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From the balanced equation, we can see that the stoichiometric coefficient for nitrogen is 1, while for hydrogen it is
3, and for ammonia it is 2. Therefore, the stoichiometric ratio, oftentimes referred to simply as the “mole ratio” or
“molar ratio,” between N2(g), H2(g), and NH3(g) is 1:3:2. In the special case where reactants are combined in their
molar ratios (in this case, 1 mole of N2(g) and 3 moles of H2(g)), they will react completely with each other, and no
reactant will be left over after the reaction has run to completion. However, in most real-world situations, reactants
will not combine in such perfect stoichiometric amounts. In most cases, one reactant will inevitably be the first to be
completely consumed in the reaction, causing the reaction to come to a halt. This reactant is known as the limiting
reactant, or limiting reagent.

From this brief description, we can see that stoichiometry has many important applications. As we will see, through
balancing chemical equations and determining the stoichiometric coefficients, we will be able to determine the
number of moles of product(s) that can be produced in a given reaction, as well as the number of moles of
reactant(s) that will be consumed. Stoichiometry can also be used to make useful determinations about limiting
reactants, and to calculate the amount of excess reactant(s) left over after a given reaction has run to completion.

The Basis of Stoichiometry

The science of stoichiometry is possible because it rests upon the law of conservation of mass. Since matter can
neither be created nor destroyed, nor can a chemical reaction transform one element into another element, we can
be sure that the mass of each individual element present in the reactant(s) of a given reaction must necessarily be
accounted for in the product(s). This physical law is what makes all stoichiometric calculations possible. However,
we can only perform these calculations correctly if we have a balanced chemical equation with which to work.

Interactive: Stoichiometry and Balancing Equations: To make hydrogen chloride or any other chemical there is
only one ratio of reactants that works so that all of the hydrogen and chlorine are used to make hydrogen chloride.
Try several different ratios to see which ones form a complete reaction with nothing left over. What is the simplest
ratio of hydrogen to chlorine for forming hydrogen chloride?

Balancing Equations

Before performing any stoichiometric calculation, we must first have a balanced chemical equation. Take, for
example, the reaction of hydrogen and oxygen gas to form liquid water:

As it is written here, we should notice that our equation is not balanced, because we have two oxygen atoms on the
left side of the equation, but only one on the right. In order to balance this, we need to add a stoichiometric
coefficient of 2 in front of liquid water:

In doing this, however, our hydrogens have become unbalanced. To finish balancing the equation, we must add a
coefficient of 2 in front of hydrogen gas:

As we can see, the stoichiometric coefficient for any given reactant/product is the number of molecules that will
participate in the reaction as written in the balanced equation. Keep in mind, however, that in our calculations, we
will often be working in moles, rather than in molecules. In our example here, we can see that the stoichiometric
coefficient of H2(g) is 2, while for O2(g) it is 1, and for H2O(l) it is 2. Occasionally, you might come across the term
stoichiometric number, which is related to the stoichiometric coefficient, but is not the same.

For reactants, the stoichiometric number is the negative of the stoichiometric coefficient, while for products, the
stoichiometric number is simply equal to the stoichiometric coefficient, remaining positive. Therefore, for our
example here, the stoichiometric number for H2(g) is -2, and for O2(g) it is -1. For H2O(l), however, it is +2. This is
because in this reaction, H2(g) and O2(g) are reactants that are consumed, whereas water is a product that is
produced.

Lastly, you might occasionally come across some chemical species that are present during a reaction, but that are
neither consumed nor produced in the reaction. A catalyst is the most familiar example of this. For such species,
their stoichiometric coefficients are always zero.

(g) + (g) → O(l)H2 O2 H2

(g) + (g) → 2 O(l)H2 O2 H2

2 (g) + (g) → 2 O(l)H2 O2 H2
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Electrolysis of water: Although this image illustrates the reverse
reaction of , the stoichiometric
coefficients for each type of molecule are still the same. Water is 2,
hydrogen gas is 2, and oxygen gas is 1.

their stoichiometric coefficients are always zero.

Example

In the equation H2(g) + Cl2(g) → 2 HCl(g), what is the
molar ratio (stoichiometric ratio) between H2(g) and
HCl(g)?

In our balanced chemical equation, the coefficient for
H2(g) is 1, and the coefficient for HCl(g) is 2. The
molar ratio between these two compounds is therefore
1:2. This tells us that for every 1 mole of H2(g) that is
consumed in the reaction, 2 moles of HCl(g) are
produced.
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THE RATE LAW: CONCENTRATION AND TIME

The Rate Law
The rate law for a chemical reaction relates the reaction rate with the concentrations or partial pressures of the
reactants.

Learning Objectives

Produce rate equations for elementary reactions

Key Takeaways

Key Points

For a generic reaction  with no intermediate steps in its reaction mechanism (that is, an
elementary reaction), the rate is given by: .
For elementary reactions, the rate equation can be derived from first principles using collision theory.
The rate equation of a reaction with a multi-step mechanism cannot, in general, be deduced from the
stoichiometric coefficients of the overall reaction; it must be determined experimentally.

Key Terms

Rate law: An equation relating the rate of a chemical reaction to the concentrations or partial pressures of
the reactants.

The rate law for a chemical reaction is an equation that relates the reaction rate with the concentrations or partial
pressures of the reactants. For the general reaction  with no intermediate steps in its reaction
mechanism, meaning that it is an elementary reaction, the rate law is given by:

In this equation, [A] and [B] express the concentrations of A and B, respectively, in units of moles per liter. The
exponents x and y vary for each reaction, and they must be determined experimentally; they are not related to the
stoichiometric coefficients of the chemical equation. Lastly, k is known as the rate constant of the reaction. The
value of this coefficient k will vary with conditions that affect reaction rate, such as temperature, pressure, surface
area, etc. A smaller rate constant indicates a slower reaction, while a larger rate constant indicates a faster reaction.

aA + bB → C
r = k[A [B]x ]y

aA + bB → C

r = k[A [B]x ]y
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Rate laws for various reactions: A variety of reaction orders are observed. Note that the
reaction order is unrelated to the stoichiometry of the reactions; it must be determined
experimentally.

Reaction Order

To reiterate, the exponents x and y are not derived from the balanced chemical equation, and the rate law of a
reaction must be determined experimentally. These exponents may be either integers or fractions, and the sum of
these exponents is known as the overall reaction order. A reaction can also be described in terms of the order of
each reactant. For example, the rate law  describes a reaction which is second-order in nitric
oxide, first-order in oxygen, and third-order overall. This is because the value of x is 2, and the value of y is 1, and
2+1=3.

Example 1

A certain rate law is given as . What is the reaction order?

The reaction is first-order in hydrogen, one-half-order in bromine, and -order overall.

Example 2

The reaction between nitric oxide and ozone, , is first order in both nitric
oxide and ozone. The rate law equation for this reaction is: . The overall order of the
reaction is 1 + 1 = 2.

http://www.youtube.com/watch?v=6mAqX31RRJU&stop=385

Rate of reactions tutorial: Paul Andersen defines the rate of a reaction as the number of reactants that are
consumed during a given period of time. The rate of the reaction can be affected by the type of reaction as well as
concentration, pressure, temperature and surface area.

First-Order Reactions

A first-order reaction depends on the concentration of one reactant, and the rate law is: .

Rate = k[NO [ ]]2 O2

Rate = k[ ][H2 Br2]
1

2

x = 1, y = 1
2

reaction order = x + y = 1 + =1
2

3
2

3
2

NO(g) + (g) → (g) + (g)O3 NO2 O2

Rate = k[NO []1 O3]1

r = − = k[A]dA
dt
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Hydrogen peroxide: The decomposition of
hydrogen peroxide to form oxygen and
hydrogen is a first-order reaction.

Learning Objectives

Design initial rate experiments to determine order of reaction with respect to individual reactants

Key Takeaways

Key Points

k is the first-order rate constant, which has units of 1/s.
The method of determining the order of a reaction is known as the method of initial rates.
The overall order of a reaction is the sum of all the exponents of the concentration terms in the rate
equation.

Key Terms

first-order reaction: A reaction that depends on the concentration of only one reactant (a unimolecular
reaction). Other reactants can be present, but each will be zero-order.

A first-order reaction depends on the concentration of only one reactant. As such, a first-order reaction is sometimes
referred to as a unimolecular reaction. While other reactants can be present, each will be zero-order, since the
concentrations of these reactants do not affect the rate. Thus, the rate law for an elementary reaction that is first
order with respect to a reactant A is given by:

As usual, k is the rate constant, and must have units of concentration/time; in this case it has units of 1/s.

Using the Method of Initial Rates to Determine
Reaction Order Experimentally

The balanced chemical equation for the decomposition of dinitrogen
pentoxide is given above. Since there is only one reactant, the rate law
for this reaction has the general form:

In order to determine the overall order of the reaction, we need to
determine the value of the exponent m. To do this, we can measure an
initial concentration of N2O5 in a flask, and record the rate at which the
N2O5 decomposes. We can then run the reaction a second time, but with
a different initial concentration of N2O5. We then measure the new rate at
which the N2O5 decomposes. By comparing these rates, it is possible for us to find the order of the decomposition
reaction.

Example

Let’s say that at 25 °C, we observe that the rate of decomposition of N2O5 is 1.4×10-3 M/s when the initial
concentration of N2O5 is 0.020 M. Then, let’s say that we run the experiment again at the same temperature, but

r = − = k[A]
d[A]

dt

2 (g) → 4 (g) + (g)N2O5 NO2 O2

Rate = k[N2O5 ]m
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this time we begin with a different concentration of N2O5 , which is 0.010 M. On this second trial, we observe that
the rate of decomposition of N2O5 is 7.0×10-4 M/s. We can now set up a ratio of the first rate to the second rate:

Notice that the left side of the equation is simply equal to 2, and that the rate constants cancel on the right side of
the equation. Everything simplifies to:

Clearly, then, m=1, and the decomposition is a first-order reaction.

Determining the Rate Constant k

Once we have determined the order of the reaction, we can go back and plug in one set of our initial values and
solve for k. We find that:

Substituting in our first set of values, we have

Second-Order Reactions

A second-order reaction is second-order in only one reactant, or first-order in two reactants.

Learning Objectives

Manipulate experimentally determined second-order rate law equations to obtain rate constants

Key Takeaways

Key Points

A second-order reaction will depend on the concentration (s) of one second-order reactant or two first-
order reactants.
To determine the order of a reaction with respect to each reactant, we use the method of initial rates.
When applying the method of initial rates to a reaction involving two reactants, A and B, it is necessary to
conduct two trials in which the concentration of A is held constant, and B changes, as well as two trials in
which the concentration of B is held constant, and A changes.

Key Terms

second-order reaction: A reaction that depends on the concentration(s) of one second-order reactant or
two first-order reactants.
reaction mechanism: The step-by-step sequence of elementary transformations by which overall
chemical change occurs.

=Rate1

Rate2

k[N2O5 ]mi1
k[N2O5 ]mi2

=1.4×10−3

7.0×10−4

k(0.020)m

k(0.010)m

2.0 = 2.0m

rate = k[ = k[ ]N2O5 ]1 N2O5

1.4 × = k(0.020)10−3

k = 0.070 s−1
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A reaction is said to be second-order when the overall order is two. For a reaction with the general form 
, the reaction can be second order in two possible ways. It can be second-order in either A or B, or

first-order in both A and B. If the reaction were second-order in either reactant, it would lead to the following rate
laws:

or

The second scenario, in which the reaction is first-order in both A and B, would yield the following rate law:

Applying the Method of Initial Rates to Second-Order Reactions

Consider the following set of data:

Rates and initial concentrations for A and B: A table showing data for three trials measuring the various rates of
reaction as the initial concentrations of A and B are changed.

If we are interested in determining the order of the reaction with respect to A and B, we apply the method of initial
rates.

Determining Reaction Order in A

In order to determine the reaction order for A, we can set up our first equation as follows:

Note that on the right side of the equation, both the rate constant k and the term  cancel. This was done
intentionally, because in order to determine the reaction order in A, we need to choose two experimental trials in
which the initial concentration of A changes, but the initial concentration of B is constant, so that the concentration of
B cancels. Our equation simplifies to:

aA + bB → C

rate = k[A]2

rate = k[B]2

rate = k[A][B]

=
r1

r2

k[A [B]x1 ]y1

k[A [B]x2 ]y2

=5.46
12.28

k(0.200 (0.200)x )y

k(0.300 (0.200)x )y

(0.200)y

=5.46
12.28

(0.200)x

(0.300)x

0.444 = ( )2
3

x

ln(0.444) = x ⋅ ln( )2
3

x ≈ 2
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Therefore, the reaction is second-order in A.

Determining Reaction Order in B

Next, we need to determine the reaction order for B. We do this by picking two trials in which the concentration of B
changes, but the concentration of A does not. Trials 1 and 3 will do this for us, and we set up our ratios as follows:

Note that both k and the concentrations of A cancel. Also, , so everything simplifies to:

Therefore, the reaction is zero-order in B.

Overall Reaction Order

We have determined that the reaction is second-order in A, and zero-order in B. Therefore, the overall order for the
reaction is second-order , and the rate law will be:

http://www.youtube.com/watch?v=YJvPEZBMKek&stop=451

Initial rate method of kinetics: Using the method of initial rates to determine reaction order.

Zero-Order Reactions
A zero-order reaction has a constant rate that is independent of the concentration of the reactant(s); the rate law is
simply .

Learning Objectives

Use graphs of zero-order rate equations to obtain the rate constant and the initial concentration data

Key Takeaways

Key Points

For a zero-order reaction, increasing the concentration of the reacting species will not speed up the rate
of the reaction.
Zero-order reactions are typically found when a material that is required for the reaction to proceed, such
as a surface or a catalyst, is saturated by the reactants.
A reaction is zero-order if concentration data is plotted versus time and the result is a straight line.

=
r1

r3

k[A [B]21 ]y1

k[A [B]23 ]y3

=5.46
5.42

k(0.200 (0.200)2 )y

k(0.200 (0.400)2 )y

≈ 15.46
5.42

1 =
(0.200)y

(0.400)y

1 = ( )1
2

y

y = 0

(2 + 0 = 2)

rate = k[A]2

rate = k
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Key Terms

zero-order reaction: A reaction that has a rate that is independent of the concentration of the
reactant(s).

Unlike the other orders of reaction, a zero-order reaction has a rate that is independent of the concentration of the
reactant(s). As such, increasing or decreasing the concentration of the reacting species will not speed up or slow
down the reaction rate. Zero-order reactions are typically found when a material that is required for the reaction to
proceed, such as a surface or a catalyst, is saturated by the reactants.

The rate law for a zero-order reaction is rate = k, where k is the rate constant. In the case of a zero-order reaction,
the rate constant k will have units of concentration/time, such as M/s.

Plot of Concentration Versus Time for a Zero-Order Reaction

Recall that the rate of a chemical reaction is defined in terms of the change in concentration of a reactant per
change in time. This can be expressed as follows:

By rearranging this equation and using a bit of calculus (see the next concept: The Integrated Rate Law), we get the
equation:

This is the integrated rate law for a zero-order reaction. Note that this equation has the form . Therefore, a
plot of [A] versus t will always yield a straight line with a slope of .

Half-Life of a Zero-Order Reaction

The half-life of a reaction describes the time needed for half of the reactant(s) to be depleted, which is the same as
the half-life involved in nuclear decay, a first-order reaction. For a zero-order reaction, the half-life is given by:

[A]0 represents the initial concentration and k is the zero-order rate constant.

Example of a Zero-Order Reaction

The Haber process is a well-known process used to manufacture ammonia from hydrogen and nitrogen gas. The
reverse of this is known, simply, as the reverse Haber process, and it is given by:

The reverse Haber process is an example of a zero-order reaction because its rate is independent of the
concentration of ammonia. As always, it should be noted that the order of this reaction, like the order for all chemical
reactions, cannot be deduced from the chemical equation, but must be determined experimentally.

rate = − = k
d[A]

dt

[A] = −kt

y = mx
−k

=t 1

2

[A]0
2k

2 (g) → 3 (g) + (g)NH3 H2 N2
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The Haber process: The Haber process produces ammonia from hydrogen and nitrogen gas. The reverse of this process (the
decomposition of ammonia to form nitrogen and hydrogen) is a zero-order reaction.

The Integrated Rate Law
The integrated rate laws derive from calculus, and they relate the concentrations of reactants with time.

Learning Objectives

Graph integrated rate laws for zero-, first-, and second-order reactions in order to obtain information about the
rate constant and concentrations of reactants

Key Takeaways

Key Points

Each reaction order rate equation can be integrated to relate time and concentration.
A plot of 1/[A] versus t yields a straight line with a slope of k for a second-order reaction.
A plot of ln[A] versus t yields a straight line with a slope of -k for a first-order reaction.
A plot of [A] versus t gives a straight line with a slope of –k for a zero-order reaction.

Key Terms

integrated rate equation: Links concentrations of reactants or products with time; integrated from the
rate law.

The rate law is a differential equation, meaning that it describes the change in concentration of reactant (s) per
change in time. Using calculus, the rate law can be integrated to obtain an integrated rate equation that links
concentrations of reactants or products with time directly.

Integrated Raw Law for a First-Order Reaction

Recall that the rate law for a first-order reaction is given by:

We can rearrange this equation to combine our variables, and integrate both sides to get our integrated rate law:

rate = − = k[A]
d[A]

dt

[A] d[A]
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Finally, putting this equation in terms of , we have:

This is the final form of the integrated rate law for a first-order reaction. Here, [A]t represents the concentration of the
chemical of interest at a particular time t, and [A]0 represents the initial concentration of A. Note that this equation
can also be written in the following form:

This form is useful, because it is of the form . When the integrated rate law is written in this way, a plot
of  versus t will yield a straight line with the slope -k. However, the integrated first-order rate law is usually
written in the form of the exponential decay equation.

Integrated Rate Law for a Second-Order Reaction

Recall that the rate law for a second-order reaction is given by:

Rearranging our variables and integrating, we get the following:

The final version of this integrated rate law is given by:

Note that this equation is also of the form . Here, a plot of  versus t will yield a straight line with a
positive slope k.

Integrated Rate Law for Second-Order Reaction with Two Reactants

For a reaction that is second-order overall, and first-order in two reactants, A and B, our rate law is given by:

There are two possible scenarios here. The first is that the initial concentrations of A and B are equal, which
simplifies things greatly. In this case, we can say that [A]=[B], and the rate law simplifies to:

This is the standard form for second-order rate law, and the integrated rate law will be the same as above. However,
in the case where , the integrated rate law will take the form:

= − k dt∫ [A]t
[A]0

d[A]

[A]
∫ t

0

ln( ) = −kt
[A]t
[A]0

=
[A]t
[A]0

e−kt

[A]t

[A = [A]t ]0e−kt

ln[A] = −kt + ln[A]0

y = mx + b
ln[A]

rate = − = k[A
d[A]

dt
]2

= − k dt∫ [A]t
[A]0

d[A]

[A]2
∫ t

0

− = kt1
[A]t

1
[A]0

= + kt1
[A]t

1
[A]0

y = mx + b 1
[A]

rate = − = − = k[A][B]
d[A]

dt

d[B]

dt

rate = k[A]2

[A ≠ [B]0 ]0

[B][A]
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In this more complicated instance, a plot of  versus t will yield a straight line with a slope of .

Integrated Rate Law for a Zero-Order Reaction

The rate law for a zero-order reaction is given by:

Rearranging and integrating, we have:

Note here that a plot of [A] versus t will yield a straight line with the slope -k. The y-intercept of this plot will be the
initial concentration of A, [A]0.

Summary

The important thing is not necessarily to be able to derive each integrated rate law from calculus, but to know the
forms, and which plots will yield straight lines for each reaction order. A summary of the various integrated rate laws,
including the different plots that will yield straight lines, can be used as a resource.

Summary of integrated rate laws for zero-, first-, second-, and nth-order reactions: A summary of reactions with the
differential and integrated equations.

Half-Life

The half-life of a reaction is the amount of time it takes for the concentration of a reactant to decrease to one-half of
its initial value.

ln = k([B − [A )t
[B][A]0

[A][B]0
]0 ]0

ln
[B][A]0
[A][B]0

k([B − [A )]0 ]0

rate = − = k
d[A]

dt

d[A] = − k dt∫ [A]t
[A]0

∫ t
0

[A − [A = −kt]t ]0

[A = −kt + [A]t ]0
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Half-life: The half-life of a reaction is the
amount of time it takes for it to become half
its quantity.

Learning Objectives

Distinguish between first-order, second-order, and zero-order half-life equations

Key Takeaways

Key Points

The half-life equation for a first-order reaction is .

The half-life equation for a second-order reaction is .

The half-life equation for a zero-order reaction is .

Key Terms

half-life: The time required for a quantity to fall to half its value as measured at the beginning of the time
period.

The half-life is the time required for a quantity to fall to half its initial value, as measured at the beginning of the time
period. If we know the integrated rate laws, we can determine the half-lives for first-, second-, and zero-order
reactions. For this discussion, we will focus on reactions with a single reactant.

Half-Life of a First-Order Reaction

Recall that for a first-order reaction, the integrated rate law is given by:

This can be written another way, equivalently:

If we are interested in finding the half-life for this reaction, then we need to
solve for the time at which the concentration, [A], is equal to half of what it
was initially; that is, . If we plug this in for [A] in our integrated rate
law, we have:

By rearranging this equation and using the properties of logarithms, we
can find that, for a first order reaction:

What is interesting about this equation is that it tells us that the half-life of a first-order reaction does not depend on
how much material we have at the start. It takes exactly the same amount of time for the reaction to proceed from all
of the starting material to half of the starting material as it does to proceed from half of the starting material to one-
fourth of the starting material. In each case, we halve the remaining material in a time equal to the constant half-life.
Keep in mind that these conclusions are only valid for first-order reactions.

=t 1

2

ln(2)

k

=t 1

2

1
k[A]0

=t 1

2

[A]0
2k

[A] = [A]0e−(kt)

ln[A] = ln[A − kt]0

[A]0
2

ln = ln[A − kt
[A]0

2
]0

=t 1

2

ln(2)

k
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Consider, for example, a first-order reaction that has a rate constant of 5.00 s-1. To find the half-life of the reaction,
we would simply plug 5.00 s-1 in for k:

Half-Life for Second-Order Reactions

Recall our integrated rate law for a second-order reaction:

To find the half-life, we once again plug in for [A].

Solving for t, we get:

Thus the half-life of a second-order reaction, unlike the half-life for a first-order reaction, does depend upon the
initial concentration of A. Specifically, there is an inversely proportional relationship between  and [A]0; as the

initial concentration of A increases, the half-life decreases.

Consider, for example, a second-order reaction with a rate constant of 3 M-1 s-1 in which the initial concentration of
A is 0.5 M:

Half-Life for a Zero-Order Reaction

The integrated rate law for a zero-order reaction is given by:

Subbing in  for [A], we have:

Rearranging in terms of t, we can obtain an expression for the half-life:

Therefore, for a zero-order reaction, half-life and initial concentration are directly proportional. As initial
concentration increases, the half-life for the reaction gets longer and longer.

=t 1
2

ln(2)

k

= = 0.14 st 1

2

ln(2)

5.00s−1

= + kt1
[A]

1
[A]0

[A]0
2

= + kt1
[A]0

2

1
[A]0

= + kt2
[A]0

1
[A]0

=t 1

2

1
k[A]0

t 1

2

= = 0.67 st 1

2

1
(3)(0.5)

[A] = [A − kt]0

[A]0
2

= [A − kt
[A]0

2
]0

=t 1

2

[A]0
2k
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ACTIVATION ENERGY AND TEMPERATURE
DEPENDENCE

Activation Energy
Activation energy is the energy required for a reaction to occur, and determines its rate.

Learning Objectives

Discuss the concept of activation energy

Key Takeaways

Key Points

Reactions require an input of energy to initiate the reaction; this is called the activation energy (EA).
Activation energy is the amount of energy required to reach the transition state.
The source of the activation energy needed to push reactions forward is typically heat energy from the
surroundings.
For cellular reactions to occur fast enough over short time scales, their activation energies are lowered by
molecules called catalysts.
Enzymes are catalysts.

Key Terms

activation energy: The minimum energy required for a reaction to occur.
catalysis: The increase in the rate of a chemical reaction by lowering its activation energy.
transition state: An intermediate state during a chemical reaction that has a higher energy than the
reactants or the products.

Many chemical reactions, and almost all biochemical reactions do not occur spontaneously and must have an initial
input of energy (called the activation energy) to get started. Activation energy must be considered when analyzing
both endergonic and exergonic reactions. Exergonic reactions have a net release of energy, but they still require a
small amount of energy input before they can proceed with their energy-releasing steps. This small amount of
energy input necessary for all chemical reactions to occur is called the activation energy (or free energy of
activation) and is abbreviated EA.

Activation Energy in Chemical Reactions

Why would an energy-releasing, negative ∆G reaction actually require some energy to proceed? The reason lies in
the steps that take place during a chemical reaction. During chemical reactions, certain chemical bonds are broken
and new ones are formed. For example, when a glucose molecule is broken down, bonds between the carbon
atoms of the molecule are broken. Since these are energy-storing bonds, they release energy when broken.
However, to get them into a state that allows the bonds to break, the molecule must be somewhat contorted. A small
energy input is required to achieve this contorted state, which is called the transition state: it is a high-energy,

unstable state. For this reason, reactant molecules
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Activation energy: Activation energy is the energy required for a
reaction to proceed; it is lower if the reaction is catalyzed. The
horizontal axis of this diagram describes the sequence of events in
time.

unstable state. For this reason, reactant molecules
don’t last long in their transition state, but very
quickly proceed to the next steps of the chemical
reaction.

Cells will at times couple an exergonic reaction 
 with endergonic reactions ,

allowing them to proceed. This spontaneous shift
from one reaction to another is called energy
coupling. The free energy released from the
exergonic reaction is absorbed by the 
endergonic reaction. One example of energy
coupling using ATP involves a transmembrane ion
pump that is extremely important for cellular
function.

Free Energy Diagrams

Free energy diagrams illustrate the energy profiles
for a given reaction. Whether the reaction is
exergonic (ΔG<0) or endergonic (ΔG>0)
determines whether the products in the diagram
will exist at a lower or higher energy state than the
reactants. However, the measure of the activation
energy is independent of the reaction’s ΔG. In
other words, at a given temperature, the activation energy depends on the nature of the chemical transformation
that takes place, but not on the relative energy state of the reactants and products.

Although the image above discusses the concept of activation energy within the context of the exergonic forward
reaction, the same principles apply to the reverse reaction, which must be endergonic. Notice that the activation
energy for the reverse reaction is larger than for the forward reaction.

Activation energy in an endergonic reaction: In this endergonic reaction, activation
energy is still required to transform the reactants A + B into the product C. This figure implies
that the activation energy is in the form of heat energy.

Heat Energy

(ΔG < 0) (ΔG > 0)
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The source of the activation energy needed to push reactions forward is typically heat energy from the
surroundings. Heat energy (the total bond energy of reactants or products in a chemical reaction) speeds up the
motion of molecules, increasing the frequency and force with which they collide. It also moves atoms and bonds
within the molecule slightly, helping them reach their transition state. For this reason, heating up a system will cause
chemical reactants within that system to react more frequently. Increasing the pressure on a system has the same
effect. Once reactants have absorbed enough heat energy from their surroundings to reach the transition state, the
reaction will proceed.

The activation energy of a particular reaction determines the rate at which it will proceed. The higher the activation
energy, the slower the chemical reaction will be. The example of iron rusting illustrates an inherently slow reaction.
This reaction occurs slowly over time because of its high EA. Additionally, the burning of many fuels, which is
strongly exergonic, will take place at a negligible rate unless their activation energy is overcome by sufficient heat
from a spark. Once they begin to burn, however, the chemical reactions release enough heat to continue the
burning process, supplying the activation energy for surrounding fuel molecules.

Like these reactions outside of cells, the activation energy for most cellular reactions is too high for heat energy to
overcome at efficient rates. In other words, in order for important cellular reactions to occur at significant rates
(number of reactions per unit time), their activation energies must be lowered; this is referred to as catalysis. This is
a very good thing as far as living cells are concerned. Important macromolecules, such as proteins, DNA, and RNA,
store considerable energy, and their breakdown is exergonic. If cellular temperatures alone provided enough heat
energy for these exergonic reactions to overcome their activation barriers, the essential components of a cell would
disintegrate.

The Arrhenius Equation

The Arrhenius equations relates the rate of a chemical reaction to the magnitude of the activation energy:

where

k is the reaction rate coefficient or constant
A is the frequency factor of the reaction. It is determined experimentally.
R is the Universal Gas constant
T is the temperature in Kelvin

The Collision Theory

Collision theory provides a qualitative explanation of chemical reactions and the rates at which they occur, appealing
to the principle that molecules must collide to react.

Learning Objectives

Discuss the role of activation energy, collisions, and molecular orientation in collision theory

Key Takeaways

Key Points

Molecules must collide in order to react.
In order to effectively initiate a reaction, collisions must be sufficiently energetic ( kinetic energy ) to break
chemical bonds; this energy is known as the activation energy.
As the temperature rises, molecules move faster and collide more vigorously, greatly increasing the
likelihood of bond breakage upon collision.

k = Ae /RTEa
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Key Terms

activation energy: The minimum energy with which reactants must collide in order for a reaction to
occur.

Collision Theory provides a qualitative explanation of chemical reactions and the rates at which they occur. A basic
principal of collision theory is that, in order to react, molecules must collide. This fundamental rule guides any
analysis of an ordinary reaction mechanism.

Consider the elementary bimolecular reaction: 

If the two molecules A and B are to react, they must come into contact with sufficient force so that chemical bonds
break. We call such an encounter a collision. If both A and B are gases, the frequency of collisions between A and B
will be proportional to the concentration of each gas. If we double the concentration of A, the frequency of A-B
collisions will double, and doubling the concentration of B will have the same effect. Therefore, according to collision
theory, the rate at which molecules collide will have an impact on the overall reaction rate.

Molecular collisions: The more molecules present, the more collisions will happen.

Activation Energy and Temperature

When two billiard balls collide, they simply bounce off of one other. This is also the most likely outcome when two
molecules, A and B, come into contact: they bounce off one another, completely unchanged and unaffected. In order
for a collision to be successful by resulting in a chemical reaction, A and B must collide with sufficient energy to
break chemical bonds. This is because in any chemical reaction, chemical bonds in the reactants are broken, and
new bonds in the products are formed. Therefore, in order to effectively initiate a reaction, the reactants must be
moving fast enough (with enough kinetic energy) so that they collide with sufficient force for bonds to break. This
minimum energy with which molecules must be moving in order for a collision to result in a chemical reaction is
known as the activation energy.

As we know from the kinetic theory of gases, the kinetic energy of a gas is directly proportional to temperature. As
temperature increases, molecules gain energy and move faster and faster. Therefore, the greater the temperature,
the higher the probability that molecules will be moving with the necessary activation energy for a reaction to occur
upon collision.

Molecular Orientation and E�ective Collisions

Even if two molecules collide with sufficient activation energy, there is no guarantee that the collision will be
successful. In fact, the collision theory says that not every collision is successful, even if molecules are moving with
enough energy. The reason for this is because molecules also need to collide with the right orientation, so that the
proper atoms line up with one another, and bonds can break and re-form in the necessary fashion. For example, in
the gas- phase reaction of dinitrogen oxide with nitric oxide, the oxygen end of N2O must hit the nitrogen end of NO;
if either molecule is not lined up correctly, no reaction will occur upon their collision, regardless of how much energy
they have. However, because molecules in the liquid and gas phase are in constant, random motion, there is always
the probability that two molecules will collide in just the right way for them to react.

A + B → products
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Of course, the more critical this orientational requirement is, like it is for larger or more complex molecules, the
fewer collisions there will be that will be effective. An effective collision is defined as one in which molecules collide
with sufficient energy and proper orientation, so that a reaction occurs.

Conclusion

According to the collision theory, the following criteria must be met in order for a chemical reaction to occur:

1. Molecules must collide with sufficient energy, known as the activation energy, so that chemical bonds can
break.

2. Molecules must collide with the proper orientation.
3. A collision that meets these two criteria, and that results in a chemical reaction, is known as a successful

collision or an effective collision.

http://www.youtube.com/watch?v=mBTSwJnZ6Sk&stop=313

Collision theory explanation: Collision theory provides an explanation for how particles interact to cause a
reaction and the formation of new products.

Factors that A�ect Reaction Rate
The rate of a chemical reaction depends on factors that affect whether reactants can collide with sufficient energy
for reaction to occur.

Learning Objectives

Explain how concentration, surface area, pressure, temperature, and the addition of catalysts affect reaction rate

Key Takeaways

Key Points

When the concentrations of the reactants are raised, the reaction proceeds more quickly. This is due to
an increase in the number of molecules that have the minimum required energy. For gases, increasing
pressure has the same effect as increasing concentration.
When solids and liquids react, increasing the surface area of the solid will increase the reaction rate. A
decrease in particle size causes an increase in the solid’s total surface area.
Raising the reaction temperature by 10 °C can double or triple the reaction rate. This is due to an
increase in the number of particles that have the minimum energy required. The reaction rate decreases
with a decrease in temperature.
Catalysts can lower the activation energy and increase the reaction rate without being consumed in the
reaction.
Differences in the inherent structures of reactants can lead to differences in reaction rates. Molecules
joined by stronger bonds will have lower reaction rates than will molecules joined by weaker bonds, due
to the increased amount of energy required to break the stronger bonds.

Key Terms

catalyst: A substance that increases the rate of a chemical reaction without being consumed in the
process.
activation energy: The minimum amount of energy that molecules must have in order for a reaction to
occur upon collision.

Reactant Concentrations
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Surface areas of smaller molecules versus larger molecules: This
picture shows how dismantling a brick into smaller cubes causes an
increase in the total surface area.

Raising the concentrations of reactants makes the reaction happen at a faster rate. For a chemical reaction to occur,
there must be a certain number of molecules with energies equal to or greater than the activation energy. With an
increase in concentration, the number of molecules with the minimum required energy will increase, and therefore
the rate of the reaction will increase. For example, if one in a million particles has sufficient activation energy, then
out of 100 million particles, only 100 will react. However, if you have 200 million of those particles within the same
volume, then 200 of them react. By doubling the concentration, the rate of reaction has doubled as well.

Visit this page in your course online to use this simulation.
Interactive: Concentration and Reaction Rate: In this model, two atoms can form a bond to make a molecule.
Experiment with changing the concentration of the atoms in order to see how this affects the reaction rate (the
speed at which the reaction occurs).

Surface Area

In a reaction between a solid and a liquid, the surface area of the solid will ultimately impact how fast the reaction
occurs. This is because the liquid and the solid can bump into each other only at the liquid-solid interface, which is
on the surface of the solid. The solid molecules trapped within the body of the solid cannot react. Therefore,
increasing the surface area of the solid will expose more solid molecules to the liquid, which allows for a faster
reaction.

For example, consider a 6 x 6 x 2 inch brick. The area of the exposed surfaces of the brick is 
. When the brick is dismantled into nine smaller cubes, however, each cube has a

surface area of , so the total surface area of the nine cubes is .

This shows that the total exposed surface area will increase when a larger body is divided into smaller pieces.
Therefore, since a reaction takes place on the surface of a substance, increasing the surface area should increase
the quantity of the substance that is available to react, and will thus increase the rate of the reaction as well.

Pressure

Increasing the pressure for a reaction involving
gases will increase the rate of reaction. As you
increase the pressure of a gas, you decrease
its volume (PV=nRT; P and V are inversely
related), while the number of particles (n)
remains unchanged. Therefore, increasing
pressure increases the concentration of the
gas (n/V), and ensures that the gas molecules
collide more frequently. Keep in mind this logic
only works for gases, which are highly
compressible; changing the pressure for a
reaction that involves only solids or liquids has
no effect on the reaction rate.

Temperature

It has been observed experimentally that a rise
of 10 °C in temperature usually doubles or
triples the speed of a reaction between

molecules. The minimum energy needed for a reaction to proceed, known as the activation energy, stays the same
with increasing temperature. However, the average increase in particle kinetic energy caused by the absorbed heat
means that a greater proportion of the reactant molecules now have the minimum energy necessary to collide and
react. An increase in temperature causes a rise in the energy levels of the molecules involved in the reaction, so the
rate of the reaction increases. Similarly, the rate of reaction will decrease with a decrease in temperature.

Visit this page in your course online to use this simulation.

4(6 × 2) + 2(6 × 6) = 120 cm2

6(2 × 2) = 24 cm2 9 × 24 = 216 cm2
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Interactive: Temperature and Reaction Rate: Explore the role of temperature on reaction rate. Note: In this
model any heat generated by the reaction itself is removed, keeping the temperature constant in order to isolate
the effect of environmental temperature on the rate of reaction.

Presence or Absence of a Catalyst

Catalysts are substances that increase reaction rate by lowering the activation energy needed for the reaction to
occur. A catalyst is not destroyed or changed during a reaction, so it can be used again. For example, at ordinary
conditions, H2 and O2 do not combine. However, they do combine in the presence of a small quantity of platinum,
which acts as a catalyst, and the reaction then occurs rapidly.

Nature of the Reactants

Substances differ markedly in the rates at which they undergo chemical change. The differences in reactivity
between reactions may be attributed to the different structures of the materials involved; for example, whether the
substances are in solution or in the solid state matters. Another factor has to do with the relative bond strengths
within the molecules of the reactants. For example, a reaction between molecules with atoms that are bonded by
strong covalent bonds will take place at a slower rate than would a reaction between molecules with atoms that are
bonded by weak covalent bonds. This is due to the fact that it takes more energy to break the bonds of the strongly
bonded molecules.

The Arrhenius Equation

The Arrhenius equation is a formula that describes the temperature-dependence of a reaction rate.

Learning Objectives

Explain the Arrhenius equation and the meaning of the variables contained within it

Key Takeaways

Key Points

The equation relates k, the rate constant for a given chemical reaction, with the temperature, T, the
activation energy for the reaction, Ea, the pre-exponential factor A, and the universal gas constant, R.
High temperature and low activation energy favor larger rate constants, and therefore speed up the
reaction.
The equation is a combination of the concepts of activation energy and the Maxwell-Boltzmann
distribution.

Key Terms

Exponential Decay: When a quantity decreases at a rate proportional to its value.

The Arrhenius equation is a simple but remarkably accurate formula for the temperature dependence of the reaction
rate constant, and therefore, the rate of a chemical reaction. The equation was first proposed by Svante Arrhenius in
1884. Five years later, in 1889, Dutch chemist J. H. van ‘t Hoff provided physical justification and interpretation for it.
The equation combines the concepts of activation energy and the Boltzmann distribution law into one of the most
important relationships in physical chemistry:

Ea
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Plot of ln(k) versus 1/T for the decomposition of nitrogen dioxide: The
slope of the line is equal to -Ea/R.

In this equation, k is the rate constant, T is the absolute temperature, Ea is the activation energy, A is the pre-
exponential factor, and R is the universal gas constant.

Take a moment to focus on the meaning of this equation, neglecting the A factor for the time being. First, note that
this is another form of the exponential decay law. What is “decaying” here is not the concentration of a reactant as a
function of time, but the magnitude of the rate constant as a function of the exponent –Ea /RT.

What is the significance of this quantity? If you recall that RT is the average kinetic energy, it will be apparent that
the exponent is just the ratio of the activation energy, Ea, to the average kinetic energy. The larger this ratio, the
smaller the rate, which is why it includes the negative sign. This means that high temperatures and low activation
energies favor larger rate constants, and therefore these conditions will speed up a reaction. Since these terms
occur in an exponent, their effects on the rate are quite substantial.

Plotting the Arrhenius Equation in Non-Exponential Form

The Arrhenius equation can be written in a non-exponential form, which is often more convenient to use and to
interpret graphically. Taking the natural logarithms of both sides and separating the exponential and pre-exponential
terms yields: 

Note that this equation is of the form , and creating a plot of ln(k) versus 1/T will produce a straight line
with the slope –Ea /R.

This affords a simple way of determining the
activation energy from values of k observed
at different temperatures. We can plot ln(k)
versus 1/T, and simply determine the slope to
solve for Ea.

The Pre-Exponential Factor

Let’s look at the pre-exponential factor A in
the Arrhenius equation. Recall that the
exponential part of the Arrhenius equation (

) expresses the fraction of reactant
molecules that possess enough kinetic
energy to react, as governed by the Maxwell-
Boltzmann distribution. Depending on the
magnitudes of Ea and the temperature, this
fraction can range from zero, where no
molecules have enough energy to react, to
unity, where all molecules have enough
energy to react.

If the fraction were unity, the Arrhenius law
would reduce to k = A. Therefore, A
represents the maximum possible rate constant; it is what the rate constant would be if every collision between any
pair of molecules resulted in a chemical reaction. This could only occur if either the activation energy were zero, or if
the kinetic energy of all molecules exceeded Ea—both of which are highly unlikely scenarios. While “barrier-less”
reactions, which have zero activation energy, have been observed, these are rare, and even in such cases,
molecules will most likely need to collide with the right orientation in order to react. In real-life situations, not every

collision between molecules will be an effective collision, and the value of  will be less than one.

Transition State Theory

k = Ae−
Ea

RT

ln(k) = ln(A) −
Ea

RT

y = mx + b

e
−Ea

RT

e
−Ea

RT

602



In a given chemical reaction, the hypothetical space that occurs between the reactants and the products is known
as the transition state.

Learning Objectives

Summarize the three basic features of transition state theory

Key Takeaways

Key Points

Transition state theory has been successful in calculating the standard enthalpy of activation, the
standard entropy of activation, and the standard Gibbs energy of activation.
Between products and reactants, there exists the transition state.
The activated complex is a higher-energy, reactant-product hybrid. It can convert into products, or revert
to reactants.

Key Terms

Transition State Theory: Postulates that a hypothetical transition state occurs after the state in which
chemicals exist as reactants, but before the state in which they exist as products.
activated complex: A higher-energy species that is formed during the transition state of a chemical
reaction.

Transition state theory (TST) describes a hypothetical “transition state” that occurs in the space between the
reactants and the products in a chemical reaction. The species that is formed during the transition state is known as
the activated complex. TST is used to describe how a chemical reaction occurs, and it is based upon collision
theory. If the rate constant for a reaction is known, TST can be used successfully to calculate the standard enthalpy
of activation, the standard entropy of activation, and the standard Gibbs energy of activation. TST is also referred to
as “activated-complex theory,” “absolute-rate theory,” and “theory of absolute reaction rates.”

Transition state theory: The activated complex, which a kind of reactant-product hybrid,
exists at the peak of the reaction coordinate, in what is known as the transition state.

Postulates of Transition State Theory
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According to transition state theory, between the state in which molecules exist as reactants and the state in which
they exist as products, there is an intermediate state known as the transition state. The species that forms during
the transition state is a higher-energy species known as the activated complex. TST postulates three major factors
that determine whether or not a reaction will occur. These factors are:

1. The concentration of the activated complex.
2. The rate at which the activated complex breaks apart.
3. The mechanism by which the activated complex breaks apart; it can either be converted into products, or it

can “revert” back to reactants.

This third postulate acts as a kind of qualifier for something we have already explored in our discussion on collision
theory. According to collision theory, a successful collision is one in which molecules collide with enough energy and
with proper orientation, so that reaction will occur. However, according to transition state theory, a successful
collision will not necessarily lead to product formation, but only to the formation of the activated complex. Once the
activated complex is formed, it can then continue its transformation into products, or it can revert back to reactants.

Applications in Biochemistry

Transition state theory is most useful in the field of biochemistry, where it is often used to model reactions catalyzed
by enzymes in the body. For instance, by knowing the possible transition states that can form in a given reaction, as
well as knowing the various activation energies for each transition state, it becomes possible to predict the course of
a biochemical reaction, and to determine its reaction rate and rate constant.
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REACTION MECHANISMS

Rate Laws for Elementary Steps
The rate law for an elementary step is derived from the molecularity of that step.

Learning Objectives

Write rate laws for elementary reactions, explaining how the order of the reaction relates to the reaction rate

Key Takeaways

Key Points

Elementary reactions sum to the overall reaction equation.
Rate laws for elementary steps are derived from the molecularity of each step.
Reaction mechanisms can agree with experimental data, but can never be proven for certain.

Key Terms

unimolecular: Involving a single molecule.
molecularity: Referring to the number of individual molecules involved in an elementary step of a
reaction mechanism.
bimolecular: Involving two molecules.
elementary step: A single transformation in an overall reaction mechanism; can be unimolecular,
bimolecular, or termolecular.

Reaction Mechanisms

Every chemical reaction proceeds according to a reaction mechanism, which is a step-by-step description of what
occurs during a reaction on the molecular level. Each step of the mechanism is known as an elementary process,
which describes a single moment during a reaction in which molecules break and/or form new bonds. It is important
to keep in mind that every reaction mechanism is simply a proposed version of what might be occurring at the
molecular level; even if a mechanism agrees with experimental results, it is impossible to prove a reaction
mechanism for certain. That being said, there are two strict requirements that must be fulfilled for a reaction
mechanism to be valid. They are:

1. The sum of each elementary step in a reaction mechanism must yield the overall reaction equation.
2. The rate law of the rate-determining step must agree with the experimentally determined rate law.

The rate-determining step is the slowest step in a reaction mechanism. Because it is the slowest, it determines the
rate of the overall reaction. This will be explored later in more detail.
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Elementary Reactions and Their Rate Laws

Elementary reactions are classified in terms of their molecularity; that is, by how many molecules are involved in the
given step. There are three possible molecularites:

1. unimolecular ( )
2. bimolecular ( )
3. termolecular ( )

Termolecularity is not common due to the rarity of three molecules colliding at the same time, and in just the right
way for reaction to occur.

The molecularity of the elementary step, and the reactants involved, will determine what the rate law will be for that
particular step in the mechanism.

Molecularity of elementary steps and corresponding rate laws: The molecularity of an elementary
step in a reaction mechanism determines the form of its rate law.

Example of Elementary Steps and Their Rate Laws

A → products
A + B → products
A + B + C → products
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Consider the following reaction:

The overall equation suggests that two NO molecules collide with an oxygen molecule, forming NO2. However,
because termolecular reactions are extremely rare, this reaction most likely consists of two or more elementary
steps. Upon further analysis, the mechanism is given as:

Note that the two steps here add to the overall reaction equation, as the intermediate N2O2 cancels. However, we
cannot simply add the rate laws of each elementary step in order to get the overall reaction rate. Determining the
overall reaction rate from the reaction mechanism will be discussed in the next concept. For now, just keep in mind
that the rate laws for each elementary step are determined by the molecularity of each step only.

Rate-Determining Steps

The rate of a multi-step reaction is determined by the slowest elementary step, which is known as the rate-
determining step.

Learning Objectives

Describe the relationship between the rate determining step and the rate law for chemical reactions

Key Takeaways

Key Points

Chemists often write chemical equations for reactions as a single step, which shows only a reaction’s net
result. However, most chemical reactions occur over a series of elementary reactions. The reaction
mechanism is the step-by-step process by which reactants actually become products.
The overall reaction rate depends almost entirely on the rate of the slowest step. If the first step is the
slowest, and the entire reaction must wait for it, then it is the rate-determining step.

Key Terms

rate-determining step: The slowest individual transformation in a reaction mechanism.

Rate-Determining Steps

Chemists often write chemical equations for reactions as a single step that shows only the net result of a reaction.
However, most chemical reactions occur over a series of elementary reactions. The complete sequence of these
elementary steps is called a reaction mechanism. The reaction mechanism is the step-by-step process by which
reactants actually become products. It is the “how” of the reaction, whereas the overall balanced equation shows
only the “what” of the reaction. In kinetics, the rate of a reaction with several steps is determined by the slowest
step, which is known as the rate-determining, or rate-limiting, step.

Rate Laws and the Rate-Determining Step

2 NO(g) + (g) → 2 (g)O2 NO2

(1) 2 NO(g) → (g) rate = [NON2O2 k1 ]2

(2) (g) + (g) → 2 (g) rate = [ ][ ]N2O2 O2 NO2 k2 N2O2 O2
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Hourglass analogy to the rate-determining step:
The rate-determining step is like the narrowest
point in the hourglass; it is the “bottleneck” point of
the reaction that determines how quickly reactants
can become products.

Take the following example of a gas phase reaction:

If this reaction occurred in a single step, its rate law would be:

However, experiments show that the rate equation is:

The fact that the experimentally-determined rate law does not match
the rate law derived from the overall reaction equation suggests that
the reaction occurs over multiple steps. Further, the experimental
rate law is second-order, suggesting that the reaction rate is
determined by a step in which two NO2 molecules react, and
therefore the CO molecule must enter at another, faster step. A
possible mechanism that explains the rate equation is:

 (slow step, rate-determining)

 (fast step)

Since the first step is the slowest, and the entire reaction must wait
for it, it is the rate-determining step. We can picture the rate-
determining step to be like the narrowest point in an hourglass; it is
the “bottleneck” point of the reaction that determines how quickly
reactants can become products.

If the first step in a mechanism is rate-determining, it is easy to find
the rate law for the overall expression from the mechanism. If the
second or a later step is rate-determining, determining the rate law
is slightly more complicated. We will explore how to write that rate
law later.

Overall Reaction Rate Laws

Rate laws for reactions are affected by the position of the rate-
determining step in the overall reaction mechanism.

Learning Objectives

Combine elementary reaction rate constants to obtain equilibrium coefficients and construct overall reaction rate
laws for reactions with both slow and fast initial steps

Key Takeaways

Key Points

In a reaction with a slow initial step, the rate law will simply be determined by the stoichiometry of the
reactants.
In a rate law with a fast initial step, no intermediates can appear in the overall rate law.

Key Terms

rate-determining step: The slowest step in a chemical reaction that determines the rate of the overall

CO + → + NONO2 CO2

r = k[ ][CO]NO2

r = k[NO2]2

2 → + NONO2 NO3

+ CO → +NO3 NO2 CO2
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rate-determining step: The slowest step in a chemical reaction that determines the rate of the overall
reaction.

Slow Step Followed by a Fast Step

As discussed in the previous concept, if the first step in a reaction mechanism is the slow, rate-determining step,
then the overall rate law for the reaction is easy to write, and simply follows the stoichiometry of the initial step. For
example, consider the following reaction:

The proposed reaction mechanism is given as follows:

Since the first step is the rate-determining step, the overall reaction rate for this reaction is given by this step: 
. As it turns out, this rate law has been verified with experimental evidence.

Fast Step Followed by a Slow Step

If the rate-determining step is not the first step in the reaction mechanism, the derivation of the rate law becomes
slightly more complex. Consider the following reaction:

The proposed mechanism is given by:

Step two is the slow, rate-determining step, so it might seem reasonable to assume that the rate law for this step
should be the overall rate law for the reaction. However, this rate law contains N2O2, which is a reaction
intermediate, and not a final product. The overall rate law cannot contain any such intermediates, because the rate
law is determined by experiment only, and such intermediates are not observable. To get around this, we need to go
back and consider the first step, which involves an equilibrium between NO and N2O2. At equilibrium, the rate of the
forward reaction will equal the rate of the reverse reaction. We can write this as follows:

Rearranging for [N2O2], we have:

We can now substitute this expression into the rate law for the second, rate-determining step. This yields the
following:

This overall rate law, which is second-order in NO and first-order in O2, has been confirmed experimentally.

http://www.youtube.com/watch?v=0qYODKoKPrU&stop=599

Rate law for a mechanism with a fast initial step: How to determine the rate law for a mechanism with a fast
initial step. Remember, the overall rate law must be determined by experiment. Therefore, the rate law must contain

(g) + 2 ICl(g) → (g) + 2 HCl(g)H2 I2

(1) slow reaction: + ICl → HI + HCl = [ ][ICl]H2 rate1 k1 H2

(2) fast reaction: HI + ICl → + HCl = [HI][ICl]I2 rate2 k2

rate = k[ ][ICl]H2

2 NO(g) + (g) → 2 (g)O2 NO2

(1) Step 1, fast: 2 NO(g) ⇌ (g) = [NON2O2 rate1 k1 ]2

(2) Step 2, slow: (g) + (g) → 2 (g) = [ ][ ]N2O2 O2 NO2 rate2 k2 N2O2 O2

[NO = [ ]k1 ]2 k−1 N2O2

[ ] = [NON2O2
k1

k−1
]2

rate = ( [NO ) [ ] = k[NO [ ]k2
k1

k−1
]2 O2 ]2 O2
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no reaction intermediates.

Steady-State Approximation
The steady state approximation can be used to determine the overall rate law when the rate-determining step is
unknown.

Learning Objectives

Simplify overall rate laws using the steady state approximation for reactions with various or unknown rate-
limiting steps, explainting the steady state approximation and when it is valid

Key Takeaways

Key Points

If the rate-limiting step is unknown, or if more than one step is rate-limiting, we assume that the rate of
each elementary step is equal. The overall rate law will then be derived from the final step in the reaction
mechanism.
The steady state approximation assumes that the concentration of reaction intermediates remains
constant throughout the reaction.
The concentration of reaction intermediates is assumed to be steady because the intermediates are
being produced as fast as they are consumed.

Key Terms

steady state approximation: Sets the rate of change of a reaction intermediate in a reaction mechanism
to zero.
steady state: A situation in which all state variables are constant in spite of ongoing processes that strive
to change them.

The Steady State Approximation

In our discussion so far, we have assumed that every reaction proceeds according to a mechanism that is made up
of elementary steps, and that there is always one elementary step in the mechanism that is the slowest. This
slowest step determines the rate of the entire reaction, and as such, it is called the rate-determining step. We will
now consider cases in which the rate-determining step is either unknown or when more than one step in the
mechanism is slow, which affects the overall reaction rate. Both cases can be addressed by using what is known as
the steady state approximation.

Applying the Steady State Approximation

Recall our mechanism for the reaction of nitric oxide and oxygen:

Before, we assumed that the first step was fast, and that the second step was slow, thereby making it rate-
determining. We will now proceed as if we had no such prior knowledge, and we do not know which, if either, of
these steps is rate-determining. In such a case, we must assume that the reaction rate of each elementary step is

2 NO(g) ⇌ (g) Step 1N2O2

(g) + (g) 2 (g) Step 2N2O2 O2 −→
k2

NO2
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equal, and the overall rate law for the reaction will be the final step in the mechanism, since this is the step that
gives us our final products. In this case, the overall rate law will be:

However, this rate law contains a reaction intermediate, which is not permitted in this process. We need to write this
rate law in terms of reactants only. In order to do so, we must assume that the state of the reaction intermediate,
N2O2, remains steady, or constant, throughout the course of the reaction. The idea is analogous to a tub being filled
with water while the drain is open. At a certain point, the flow of water into the tub will equal the flow of water out of
the tub, so that the height of the water in the tub remains constant. In reality, however, water is flowing into and out
of the tub at all times; the overall amount of water in the tub at any given time does not change. Our reaction
intermediate, N2O2, is like the water in the tub, because it is being produced and consumed at equal rates.
Therefore, we can rewrite our initial equilibrium step as the following combination of reverse reactions:

Here, k1 and k-1 are the rate constants for the forward and reverse reactions, respectively. With the steady state
assumption, we can write the following:

Now, both of these rates can be written as rate laws derived from our elementary steps. We can write them as
follows:

Note that the second side of the equation, which equals the rate of disappearance of our reaction intermediate
N2O2, is written with two terms. The first term takes into account the disappearance of N2O2 in the reverse reaction
of the initial step, and the second term takes into account the disappearance of N2O2 as a reactant in the second
elementary step. We can rearrange this equation in terms of [N2O2]:

Lastly, now that we have [N2O2] in terms of our reactants only, we can substitute this entire expression into our
equation for the overall rate law (equation 1 above). This yields the following:

Here we have our final rate law for the overall reaction. We had no knowledge of the rate-determining step, so we
used the steady state approximation for our reaction intermediate, N2O2.

(1) rate = [ ][ ]k2 N2O2 O2

2 NO(g) (g)−→
k1

N2O2

2 NO(g) (g)←−−
k−1

N2O2

rate of formation of  = rate of disappearance of N2O2 N2O2

[NO = [ ] + [ ][ ]k1 ]2 k−1 N2O2 k2 N2O2 O2

[NO = [ ]( + [ ])k1 ]2 N2O2 k−1 k2 O2

= [ ]
[NOk1 ]2

+ [ ]k−1 k2 O2
N2O2

rate =
[NO [ ]k1k2 ]2 O2

+ [ ]k−1 k2 O2
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Concentration of reactants, products, and intermediates vs. time:
Reactant concentrations are indicated in red, product concentrations are
indicated in blue, and intermediate concentrations are indicated in green.
Notice that after their initial production, the concentration of the reaction
intermediates remains relatively constant (slope of green curve is
approximately zero) throughout the course of the reaction.

Experimental Determination of Reaction Rates
Reaction rates can be determined experimentally by measuring the concentration of a reactant and/or product over
time.

Learning Objectives

Design experiments that use either chemical or physical properties to measure reaction rates

Key Takeaways

Key Points

Physical measurements can be performed on a system while it is reacting. These measurements have
the advantage of not disturbing the system, and they can be taken during the reaction. Examples of these
measurements are changes in volume, temperature, and absorption of a solution.
Chemical methods of measurement yield concentrations directly. A small sample is extracted from the
reacting mixture, and the reaction is halted by dilution, cooling the mixture long enough to measure
concentrations, or adding another reagent to stop the reaction.
For zero-order reactions, graph concentration vs. time to get a line with the slope -k. For first-order
reactions, graph the logarithm of concentration vs. time to get a line with the slope -k. For second-order
reactions, graph the reciprocal of concentration vs. time to get a line of slope -k.

Key Terms

Beer’s law: Relates the attenuation of light to the properties of the material through which the light is
traveling.
absorbance: A logarithmic measure of the amount of light that is absorbed when passing through a
substance.
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Experimental Methods for Measuring Reactions

In order to experimentally determine reaction rates, we need to measure the concentrations of reactants and/or
products over the course of a chemical reaction. If we know the order of the reaction, we can plot the data and apply
our integrated rate laws. For example, if the reaction is first-order, a plot of ln[A] versus t will yield a straight line with
a slope of –k.

There are two main ways to measure the concentrations of reactions: by measuring the changes in an observable
physical property, or by taking samples of the reaction solution and measuring concentration directly.

Physical Measurements

Physical measurements can be performed on the system while it is reacting. These measurements have the
advantage of not disturbing the reacting system, and they can usually be measured quickly. For example, if the total
number of moles of gas changes during a gas reaction, the course of the reaction can be measured by monitoring
the change in pressure at a constant volume. Other physical measurements include optical methods, such as
measuring the change in light polarization, the change in the refractive index of the solution, or quite commonly, the
change in the color of the solution, and therefore the absorption spectrum. Common electrical methods include
changes in the conductivity of a solution, the electrical potential in a cell, and mass spectrometry. Other methods
include thermal conductivity, viscosity, heats of reaction, and freezing points.

Chemical Measurements

Chemical methods yield concentrations directly. A small sample is extracted from the reacting mixture, and the
reaction is halted either by dilution, by cooling the mixture, or by adding another chemical reagent to stop the
reaction. One disadvantage of this method is that removing a part of the reacting system, or adding an additional
reagent to it, gradually changes it over time. Also, there is a time lag between when the sample is taken and when
the reaction is measured, which makes the measurement less accurate.

Using Beer’s Law to Measure Concentration Over Time

One oxidized form of buckminsterfullerene (C60) is C60O3. When a solution of C60O3 is warmed, the compounded
decomposes, releasing O2 and creating C60O. The reaction is given by:

The rate of this reaction can be monitored by measuring the absorbance of the solution. The absorbance is given by
Beer’s law:

In this equation, a is the absorptivity of a given molecules in solution, which is a constant that is dependent upon the
physical properties of the molecule in question, b is the path length that travels through the solution, and C is the
concentration of the solution. We’re interested in determining C.

By running the reaction of interest inside a spectrometer, the absorbance of the solution can be measured over time.
The data can then be plotted.

→ + OC60 O3 O2 C60

A = abC
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Oxidized buckminsterfullerene absorbance: The absorbance is proportional to the
concentration of the C60O3 in solution, so observing the absorbance as a function of
time is essentially the same as observing the concentration as a function of time.

By Beer’s law, the absorbance of the solution is directly proportional to the concentration of the C60O3 in solution, so
observing the absorbance as a function of time is essentially the same as observing the concentration as a function
of time. In this case, the rate law is given by:

Therefore, a plot of the rate versus the absorbance will yield a straight line with a slope of k.

rate = k[ ]C60 O3
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Reaction rate vs. absorbance: The absorbance is directly proportional to the
concentration, so this is simply a plot of the rate law, rate = k[C60O3], and the slope
of the line is the rate constant, k.

Plotting Integrated Rate Laws to Determine Reaction Rate

As discussed in a previous concept, plots derived from the integrated rate laws for various reaction orders can be
used to determine the rate constant k. Recall that for zero-order reactions, a graph of [A] versus time will be a
straight line with slope equal to –k. For first-order reactions, a graph of ln[A] versus time yields a straight line with a
slope of –k, while for a second-order reaction, a plot of 1/[A] versus t yields a straight line with a slope of k.
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CATALYSIS

Heterogeneous Catalysis
Heterogeneous catalysis is a type of catalysis in which the catalyst occupies a different phase than the reaction
mixture.

Learning Objectives

Classify catalysts as either heterogeneous or homogeneous

Key Takeaways

Key Points

Catalysts can be divided into homogeneous and heterogeneous catalysts, depending on whether they
occupy the same phase as the reaction mixture.
In general, heterogeneous catalysts are solids that are added into gas or liquid reaction mixtures.
In heterogeneous catalysis, the reactants adsorb onto binding sites on the surface of the catalyst, and the
availability of these reaction sites can limit the rate of heterogeneous reactions.

Key Terms

catalyst: A substance that increases the rate of a chemical reaction without being consumed in the
process.

Catalysts are chemical compounds that increase the rate of a reaction by lowering the activation energy required to
reach the transition state. Unlike reactants, a catalyst is not consumed as part of the reaction process. The process
of speeding up a reaction by using a catalyst is known as catalysis.

Types of Catalysts

Catalysts can be divided into two types, homogeneous or heterogeneous, depending on the reaction phase that
they occupy. Homogeneous catalysts are those that occupy the same phase as the reaction mixture (typically liquid
or gas), while heterogeneous catalysts occupy a different phase.

Generally, heterogeneous catalysts are solid compounds that are added to liquid or gas reaction mixtures. The
reason such catalysts are able to speed up a reaction has to do with collision theory. Recall that according to
collision theory, reactant molecules must collide with proper orientation. A catalyst essentially acts like a “traffic cop,”
aligning molecules in just the right way so that it’s easier for them to combine and react.

Advantages and Disadvantages of Heterogeneous Catalysis

Heterogeneous catalysis has a number of benefits. For one, heterogeneous catalysts can be separated from a
reaction mixture in a straightforward manner, such as by filtration. In this way, expensive catalysts can be easily and
effectively recovered, which is an important consideration for industrial manufacturing processes.

616



Adsorption of ethene on a solid catalyst surface: The
catalyst aligns the ethene molecule with hydrogen,
allowing the two to react more efficiently than if they
were simply combined in a container, and were colliding
at random.

However, one limitation of heterogeneous catalysis has to do
with the available surface area of the catalyst. Once the surface
of the catalyst is completely saturated with reactant molecules,
the reaction cannot proceed until products leave the surface,
and some space opens up again for a new reactant molecule to
adsorb, or attach. It is for this reason that the adsorption step in
a heterogeneously catalyzed reaction is oftentimes the rate-
limiting step. Despite this, the overall benefits of heterogeneous
catalysis often outweigh its disadvantages, in that the catalyzed
reaction is still much faster than the uncatalyzed reaction.

Homogeneous Catalysis
Homogeneous catalysis is a class of catalysis in which the
catalyst occupies the same phase as the reactants.

Learning Objectives

Describe the relevant features of chemical catalysts

Key Takeaways

Key Points

Catalysts can be divided into two types: homogeneous and heterogeneous.
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Catalysts can be divided into two types: homogeneous and heterogeneous.
Homogeneous catalysts occupy the same phase as the reaction mixture, while heterogeneous catalysts
occupy a different phase.
Homogeneous catalysts allow for greater interaction with the reaction mixture than heterogeneous
catalysts.

Key Terms

homogeneous mixture: A substance that is uniform in composition.
catalyst: A substance that increases the rate of a chemical reaction without being consumed in the
process.

Catalysts are compounds that, when added to chemical reactions, reduce the activation energy and increase the
reaction rate. The amount of a catalyst does not change during a reaction, as it is not consumed as part of the
reaction process. Catalysts lower the energy required to reach the transition state of the reaction, allowing more
molecular interactions to achieve that state. However, catalysts do not affect the degree to which a reaction
progresses. In other words, though catalysts affect reaction kinetics, the equilibrium state remains unaffected.

Catalysts can be classified into two types: homogeneous and heterogeneous. Homogeneous catalysts are those
which exist in the same phase (gas or liquid ) as the reactants, while heterogeneous catalysts are not in the same
phase as the reactants. Typically, heterogeneous catalysis involves the use of solid catalysts placed in a liquid
reaction mixture.

Catalysis: Note the lowered activation energy of the catalyzed pathway.

Examples of Homogeneous Catalysts

Acid catalysis, organometallic catalysis, and enzymatic catalysis are examples of homogeneous catalysis. Most
often, homogeneous catalysis involves the introduction of an aqueous phase catalyst into an aqueous solution of
reactants. In such cases, acids and bases are often very effective catalysts, as they can speed up reactions by
affecting bond polarization.

An advantage of homogeneous catalysis is that the catalyst mixes into the reaction mixture, allowing a very high
degree of interaction between catalyst and reactant molecules. However, unlike with heterogeneous catalysis, the
homogeneous catalyst is often irrecoverable after the reaction has run to completion.

Homogeneous catalysts are used in variety of industrial applications, as they allow for an increase in reaction rate
without an increase in temperature.
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Interactive: Catalysis: The model contains reactants which will form the reaction: A₂ + B₂ –> 2 AB. In this case the
model has been set so the activation energy is high. Try running the reaction with and without a catalyst to see the
effect catalysts have on chemical reactions. 1. Run the model to observe what happens without a catalyst. 2. Pause
the model. 3. Add a few (3 – 4) catalyst atoms to the container by clicking the button. 4. Run the model again, and
observe how the catalyst affects the reaction.

Enzyme Catalysis
Enzymes are proteins that accelerate biochemical transformations by lowering the activation energy of reactions.

Learning Objectives

List the five typical mechanisms used by enzymes to catalyze biological reactions

Key Takeaways

Key Points

Enzymes are a special class of catalyst that can accelerate biochemical reactions.
Enzymes are proteins that bind reactants, or substrates, in regions called active sites.
Upon binding, conformational changes in enzymes result in stabilization of the transition state complex,
lowering the activation energy of a reaction.

Key Terms

substrate: The reactant(s) involved in a biochemical reaction catalyzed by an enzyme.
enzyme: A globular protein that catalyzes a biological chemical reaction.
active site: The area within an enzyme where the substrate binds.

Synthetic catalysts are used to accelerate a variety of industrial processes and are crucial to the chemical
manufacturing industry. However, catalysts are also found in nature in the form of enzymes. Enzymes are proteins
that are able to lower the activation energy for various biochemical reactions. They do this by binding the
reactant(s), known as the substrate(s), to an active site within the enzyme. At the active site, the substrate(s) can
form an activated complex at lower energy. Once the reaction completes, the product(s) leaves the active site, so
the enzyme is free to catalyze more reactions.

Enzyme catalysis: An enzyme catalyzes a biochemical reaction by binding a substrate at the active site. After the
reaction has proceeded, the products are released and the enzyme can catalyze further reactions.
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The Induced Fit Model

One model of enzyme mechanism is called the induced fit model. This model proposes that the binding of the
reactant, or substrate, to the enzyme active site results in a conformational change to the enzyme. This change
stabilizes the transition state complex, and thus lowers the activation energy.

Ways That Enzymes Catalyze Reactions

Enzymes can catalyze reactions through a variety of mechanisms. Some of these include:

Bond strain: enzymes can destabilize bonds within the substrate.
Proximity and orientation: conformational changes in the enzyme upon substrate binding can bring reactive
groups closer together or orient them so they can react.
Proton donors and acceptors: the presence of acidic or basic groups can affect bond polarization and
reaction speed.
Electrostatic catalysis: electrostatic attractions between the enzyme and the substrate can stabilize the
activated complex.
Covalent catalysis: covalent bonding to side chains or cofactors can lower the energy of the transition state.

As such, enzymes show that evolutionary biology has produced highly effective catalysts.
Licensing & Attributions

CC licensed content, Speci�c attribution

Heterogeneous catalysis. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Heterogeneous_catalysis. License: CC BY-SA: Attribution-ShareAlike
catalyst. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/catalyst. License: CC BY-SA: Attribution-ShareAlike
hydrogenation on catalyst. Provided by: wikipedia. Located at: http://en.wikipedia.org/wiki/Heterogeneous_catalysis%23mediaviewer/File:Hydrogenation_on_catalyst.png. License: Public Domain: No Known Copyright
Homogeneous catalysis. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Homogeneous_catalysis. License: CC BY-SA: Attribution-ShareAlike
catalyst. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/catalyst. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Boundless Learning. Located at: http://www.boundless.com//chemistry/de�nition/homogeneous-mixture. License: CC BY-SA: Attribution-ShareAlike
hydrogenation on catalyst. Provided by: wikipedia. Located at: http://en.wikipedia.org/wiki/Heterogeneous_catalysis%23mediaviewer/File:Hydrogenation_on_catalyst.png. License: Public Domain: No Known Copyright
Catalysis. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Catalysis. License: Public Domain: No Known Copyright
Enzyme catalysis. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Enzyme_catalysis. License: CC BY-SA: Attribution-ShareAlike
enzyme. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/enzyme. License: CC BY-SA: Attribution-ShareAlike
hydrogenation on catalyst. Provided by: wikipedia. Located at: http://en.wikipedia.org/wiki/Heterogeneous_catalysis%23mediaviewer/File:Hydrogenation_on_catalyst.png. License: Public Domain: No Known Copyright
Catalysis. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Catalysis. License: Public Domain: No Known Copyright
induced �t diagram. Provided by: wikipedia. Located at: http://commons.wikimedia.org/wiki/File:Induced_�t_diagram.svg. License: CC BY-SA: Attribution-ShareAlike

620

http://en.wikipedia.org/wiki/Heterogeneous_catalysis
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/catalyst
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Heterogeneous_catalysis%23mediaviewer/File:Hydrogenation_on_catalyst.png
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Homogeneous_catalysis
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/catalyst
https://creativecommons.org/licenses/by-sa/4.0/
http://www.boundless.com//chemistry/definition/homogeneous-mixture
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Heterogeneous_catalysis%23mediaviewer/File:Hydrogenation_on_catalyst.png
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Catalysis
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Enzyme_catalysis
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/enzyme
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Heterogeneous_catalysis%23mediaviewer/File:Hydrogenation_on_catalyst.png
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Catalysis
https://creativecommons.org/about/pdm
http://commons.wikimedia.org/wiki/File:Induced_fit_diagram.svg
https://creativecommons.org/licenses/by-sa/4.0/


CHEMICAL EQUILIBRIUM

EQUILIBRIUM

Equilibrium
Chemical equilibrium is the state in which the forward reaction rate and the reverse reaction rate are equal.

Learning Objectives

Recall the relationship between the forward and reverse reaction rates when a reaction is at equilibrium

Key Takeaways

Key Points

In a chemical equilibrium, the forward and reverse reactions occur at equal rates, and the concentrations
of products and reactants remain constant.
A catalyst speeds up the rate of a chemical reaction, but has no effect upon the equilibrium position for
that reaction.

Key Terms

chemical equilibrium: In a chemical reaction, the state in which both reactants and products are present
at concentrations that have no further tendency to change with time.
the equilibrium position: The point in a chemical reaction at which the concentrations of reactants and
products are no longer changing.

In theory, all chemical reactions are in fact double reactions: for every forward reaction, there is a subsequent
reverse reaction. The idea can be illustrated as follows:

For plenty of reactions, however, the forward reaction is so favored, and the reverse reaction is so negligible, that
reactions are written simply in terms of the solid forward arrow, . However, we will now consider
forward/reverse reaction pairs that exist in chemical equilibrium with one another.

The Concept of Chemical Equilibrium

reactants ⇌ products

A → B
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Cars entering and leaving a city
over a bridge: Chemical
equilibrium is akin to two cities
connected a bridge. If the rate at
which cars leave the city is exactly
equal to the rate at which cars
enter the city, the result is that the
net number of cars on both sides
of the bridge does not change.

Concentration vs. time for a reversible reaction: Note
that equilibrium is reached when both the curves
plateau, and the concentrations of both reactants and
products do not change afterward.

In a chemical reaction, chemical equilibrium is the state in which the forward reaction rate and the reverse reaction
rate are equal. The result of this equilibrium is that the concentrations of the reactants and the products do not
change. However, just because concentrations aren’t changing does not mean that all chemical reaction has
ceased. Just the opposite is true; chemical equilibrium is a dynamic state in which reactants are being converted
into products at all times, but at the exact rate that products are being converted back into reactants. The result of
such a situation is analogous to a bridge between two cities, where the rate of cars going over the bridge in each
direction is exactly equal. The result is that the net number of cars on either side of the bridge does not change.

Reaching Equilibrium and the Equilibrium Position

When a system consists of competing forward and reverse reaction rates, the
reaction will proceed until chemical equilibrium is reached. Consider the following
general reaction between A and B:

Let’s say that A and B are introduced into a reaction vessel, and a reaction begins
to proceed. The concentrations of A and B will change over time, until they reach
equilibrium.

Note that over time, the curves
level out, or plateau, and the
concentrations of A and B are
no longer changing. This is the
point at which the system has
reached chemical equilibrium.
While there are various factors
that can increase or decrease
the amount of time it takes for
a given system to reach
equilibrium, the equilibrium
position itself is unaffected by
these factors. For instance, if a
catalyst is added to the
system, the reaction will proceed more quickly, and equilibrium
will be reached faster, but the concentrations of both A and B
will be the same at equilibrium for both the catalyzed and the
uncatalyzed reaction.

Conclusion

The equilibrium state is one in which there is no net change in the concentrations of reactants and products. Despite
the fact that there is no apparent change at equilibrium, this does not mean that all chemical reaction has ceased.
Nothing could be further from the truth; at equilibrium, the forward and reverse reactions continue, but at identical
rates, thereby leaving the net concentrations of reactants and products undisturbed.

http://www.youtube.com/watch?v=g4TKRInLdPA&stop=610

Equilibrium lesson: This lesson introduces equilibrium as a condition where the forward and reverse reaction rates
are equal. We also explain how the concentrations remain constant at equilibrium.

The Equilibrium Constant

The thermodynamic equilibrium constant is defined as: .

Learning Objectives

A ⇌ B

=Keq
[C [D]m ]n

[A [B]a ]b
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Duplicate the form of the equation for the thermodynamic equilibrium constant

Key Takeaways

Key Points

In the equilibrium constant expression, the concentrations of the products go in the numerator and the
concentrations of the reactants go the denominator.
The equilibrium constant is derived from the rate laws for the forward and reverse reactions.
Only species that exist in the gas or aqueous phases are included in the Keq expression. Reactants and
products that exist as solids and liquids are omitted.
The value of Keq can be used to make qualitative judgments about the thermodynamics of the forward
and reverse reactions.

Key Terms

chemical equilibrium: The state of a reversible reaction in which the rates of the forward and reverse
reactions are the same.
activity: Referring to the ideal concentration of a species.

The relationship between forward and reverse reactions in dynamic equilibrium can be expressed mathematically in
what is known an equilibrium expression, or Keq expression. Most often, this expression is written in terms of the
concentrations of the various reactants and products, and is given by:

Species in brackets represent the concentrations of products, which are always in the numerator, and reactants,
which are always in the denominator. Each of the concentrations is raised to a power equal to the stoichiometric
coefficient for each species.

Derivation of the Equilibrium Expression from the Law of Mass Action

Consider the following general, reversible reaction:

Assuming this reaction is an elementary step, we can write the rate laws for both the forward and reverse reactions:

However, we know that the forward and reverse reaction rates are equal in equilibrium:

Rearranging this equation and separating the rate constants from the concentration terms, we get:

Notice that the left side of the equation is the quotient of two constants, which is simply another constant. We
simplify and write this constant as Keq:

=Keq
[C [D]m ]n

[A [B]a ]b

aA + bB ⇌ mC + nD

= [A [Brateforward k1 ]a ]b

= [C [Dratereverse k2 ]m ]n

[A [B = [C [Dk1 ]a ]b k2 ]m ]n

=
k1

k2

[C [D]m ]n

[A [B]a ]b

[C [D]m ]n
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Keep in mind that the only species that should be included in the Keq expression are reactants and products that
exist as gases or are in aqueous solution. Reactants and products in the solid and liquid phases, even if they are
involved in the reaction, are not included in the Keq expression, as these species have activities of 1.

“Activity” is a term in physical chemistry used to describe a substance ‘s ideal concentration. The activity for solids
and liquids is 1, so they essentially have a constant concentration of 1, and thereby have no effect on the Keq
expression. As such, they are omitted.

Example

Write the Keq expression for the following reaction:

The expression would be written as:

Note that because it is a solid, the activity of C(s) is 1, and it is omitted from the final K expression.

Predicting the Direction of a Reaction From the Value of Keq

When looking at the Keq expression, we should notice that it is essentially a ratio relating the concentrations of
products to the concentrations of reactants at equilibrium. If we know the value of Keq, we can draw some
conclusions about the thermodynamics of the forward and reverse reactions. These conclusions are summarized as
follows:

A Keq value of << 1 is indicative that the reverse reaction is highly favored over the forward reaction, and the
concentrations of reactants are much higher than those of the products at equilibrium.
A Keq value  1 is indicative that the forward and reverse reactions are about equally favorable, for the ratio
of concentrations of reactants and products is close to unity.
A Keq >>1 is indicative that the forward reaction is highly favored over the reverse reaction, and at
equilibrium, the concentrations of the products are much greater than those of the reactants.

http://www.youtube.com/watch?v=4z4_rc6nsKU&stop=767

The equilibrium constant, Keq: This lesson discusses Keq, including the derivation from the law of mass action,
and writing/interpreting equilibrium expressions.
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WRITING EQUILIBRIUM CONSTANT EXPRESSIONS

Heterogeneous and Multiple Equilibria
Heterogeneous equilibria involve reactions with compounds in different phases; multiple equilibria involve reactions
with two or more steps.

Learning Objectives

Calculate the equilibrium constant of a multiple-step reaction, given the equilibrium constant for each step

Key Takeaways

Key Points

In heterogeneous equilibria, compounds in different phases react. However, the concentration of a pure
solid or liquid per unit volume is always the same. As such, the activity (ideal concentration) of a solid or
liquid is 1, and these phases have no effect on the equilibrium expression.
In multiple equilibria, the equilibrium can be split into two or more steps. Both steps must be included in
the equilibrium constant equation.
The product of the equilibrium constants for each step in a reaction mechanism is equal to the equilibrium
expression of the overall reaction.

Key Terms

heterogeneous: Having more than one phase (solid, liquid, gas) present in a system or process.

Heterogeneous Equilibria

In heterogeneous equilibria, compounds in different phases react. For example, equilibrium could exist between
solid and gaseous species, between liquid and aqueous species, etc.

Example

The following equilibrium system involves both gas and solid phases:

Therefore, the equilibrium expression for this reaction will be written as:

C(s) is omitted from the expression because it exists in the solid phase. The reason for this is because the
concentration of a pure solid or a pure liquid is always the same; its “concentration” is really its density, which is
uniform regardless of sample size. As a result, the activity, or ideal concentration, of a liquid or a solid is defined as

C(s) + (g) ⇌ 2CO(g)CO2

=Keq
[CO]2

[C][ ]CO2
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Sulfuric acid: Sulfuric acid,
the molecule pictured here,
is an example of a diprotic
acid.

1. Since their activity is unity, and anything multiplied by 1 remains itself, solids and liquids have no effect
whatsoever on the equilibrium expression. The above expression reduces to:

Multiple Equilibria

In multiple equilibria, the equilibrium can be split into two or more steps. Both steps must be included in the
equilibrium constant equation.

Example

Consider the case of a diprotic acid, such as sulfuric acid. Diprotic acids can be written as H2A. When dissolved in
water, the mixture will contain H2A, HA–, and A2

–. These equilibria can be split into two steps:

K1 and K2 are examples the equilibrium constants for each step. Next, we can write out
the overall reaction equation, which is a sum of these two steps:

Notice that the equilibrium expression for the overall reaction, Keq, is equal to the product
of the equilibrium expressions for the two reaction steps. Thus, for a reaction involving
two elementary steps:

Specialized Equilibrium Constants
Common reactions, such as the self-ionization of water, have specially named equilibrium constants.

Learning Objectives

List the various special types of equilibrium constants

Key Takeaways

Key Points

The self-ionization of water is the dissociation of water into a proton and a hydroxide ion. The expression
Kw is defined as the product of the concentration of hydrogen ions and the concentration of hydroxide
ions.
The acid dissociation constant, Ka, measures the relative strength of an acid.
The base dissociation constant, Kb, measures the relative strength of a base.

Key Terms
self-ionization: The process by which a water molecule donates a proton to a neighboring water

= =Keq
[CO]2

(1)[ ]CO2

[CO]2

[ ]CO2

A ⇋ + =H2 HA− H+ K1
[ ][ ]HA− H+

[ A]H2

⇋ + =HA− A2− H+ K2
[ ][ ]A2− H+

[ ]HA−

A ⇌ + 2 =H2 A2− H+ Keq
[ ][A2− H+]2

[ A]H2

=Keq K1 K2
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2H O2 3
-+H HO O

Autodissociation of water: A water molecule protonates a
neighboring water molecule, yielding hydronium and hydroxide ions.

self-ionization: The process by which a water molecule donates a proton to a neighboring water
molecule, yielding hydronium and hydroxide ions.
dissociation: The process of breaking molecules apart into ions in solution.

Many reactions are so common or useful that they have their own special equilibrium constants.

Self-Ionization of Water

The self-ionization, or autodissociation, of water is a reaction that occurs to a very small extent in neutral water. In
this process, one molecule of water donates a proton to a neighboring water molecule, which yields hydronium and
hydroxide ions.

The equilibrium expression for this reaction is written
as follows:

Note that because water is a liquid, it is omitted from
this equilibrium expression. The value of the
dissociation constant of water, KW, is .

This will come into use later, in a future discussion on acids and bases.

Acid Dissociation Constant, Ka

An acid dissociation constant, Ka, is the equilibrium constant for the dissociation of an acid in aqueous solution. The
general form of the balanced equation is:

HA is a generic acid that dissociates by splitting into A−, known as the conjugate base of the acid, and a hydrogen
ion, or proton, H+. As described previously, hydrogen ions actually exist as solvated hydronium ions in aqueous
solutions. The equilibrium expression is given as:

Recall that strong acids dissociate completely or almost completely into their ions. As such, strong acids will have
large values of Ka that are greater than one, which indicates that the forward reaction of dissociation is strongly
favored. Weak acids, on the other hand, will have small values of Ka that are less than one, indicating that the
reverse reaction is strongly favored; weak acids dissociate only to a small extent. As such, Ka acts a relative
indicator of acid strength.

Acetic acid dissociation: A ball-and-stick model of the dissociation of acetic acid to acetate. A water molecule is
protonated to form a hydronium ion in the process. The acidic proton that is transferred from acetic acid to water is shown
in green.

= [ ][ ] = 1.0 ×KW H+ OH− 10−14

1.0 × 10−14

HA(aq) ⇌ (aq) + (aq)H+ A−

=Ka
[ ][ ]H+ A−

[HA]
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Base Dissociation Constant, Kb

The base dissociation constant, Kb, is analogous to the acid dissociation constant. For a generalized reaction of a
base, B, in water, we have:

The equilibrium expression, Kb, is given by:

As with the acid dissociation constant, large values of Kb are indicative of a stronger base, while small values of Kb
are indicative of a weaker base.

Reaction Quotients
The reaction quotient is a measure of the relative amounts of reactants and products during a chemical reaction at a
given point in time.

Learning Objectives

Calculate the reaction quotient, Q, and use it to predict whether a reaction will proceed in the forward or reverse
direction

Key Takeaways

Key Points

Just like the equilibrium constant, Keq, the reaction quotient is a function of activities and/or
concentrations of reactants and products.
The reaction quotient can be used to determine in which direction a reaction will proceed. If Q = Keq, the
reaction is at equilibrium. If Q < Keq, the reaction will move toward the products to reach equilibrium. If Q
> Keq, the reaction will move toward the reactants in order to reach equilibrium.
As the reaction proceeds, the species’ concentrations, and hence the reaction quotient, change.
Eventually the concentrations become constant; at this point, the reaction is at equilibrium.

Key Terms

reaction quotient: A measure of the activities or concentrations of the chemical species involved in a
chemical reaction at a given point in time.
equilibrium constant: A numerical value derived from the ratio of the concentrations of products and
reactants at equilibrium.
equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are the same.

The reaction quotient, Q, is a measure of the relative amounts of reactants and products during a chemical reaction
at a given point in time. By comparing the value of Q to the equilibrium constant, Keq, for the reaction, we can
determine whether the forward reaction or reverse reaction will be favored. Take the following generic equation:

The reaction quotient, Q, takes the following form:

B(aq) + O(l) ⇌ (aq) + (aq)H2 BH+ OH−

=Kb
[ ][ ]BH+ OH−

[B]

aA + bB ⇌ cC + dD

c d
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Moving toward equilibrium: The ball in
the initial state is indicative a reaction in
which Q < K; in order to reach equilibrium
conditions, the reaction proceeds forward.

Note that the reaction quotient takes the exact same form as the equilibrium constant, and is a function of
concentrations and/or activities of the reactants and products. The difference is that Q applies when the reaction is
at non-equilibrium conditions, and therefore its value can vary. Just as for the equilibrium constant, the reaction
quotient can be a function of activities or concentrations.

The reaction quotient can be used to determine whether a reaction under specified conditions will proceed
spontaneously in the forward direction or in the reverse direction. Three properties can be derived from this
definition of the reaction quotient:

1. If Q = Keq, the reaction is at equilibrium.
2. If Q < Keq, the reaction will move to the right (in the forward direction) in order to reach equilibrium.
3. If Q > Keq, the reaction will move to the left (in the reverse direction) in order to reach equilibrium.

As the reaction proceeds, assuming that there is no energy barrier, the
species’ concentrations, and hence the reaction quotient, change.
Eventually, the concentrations become constant; at this point, the reaction is
at equilibrium. The equilibrium constant, Keq, can be expressed as follows:

This expression shows that Q will eventually become equal to Keq, given an
infinite amount of time. However, most reactions will generally reach
equilibrium in a finite period of time.

Expressing the Equilibrium Constant of a Gas
in Terms of Pressure

For gas-phase reactions, the equilibrium constant can be expressed in terms of partial pressures, and is given the
designation KP.

Learning Objectives

Write the equilibrium expression, KP, in terms of the partial pressures of a gas-phase reaction

Key Takeaways

Key Points

According to the ideal gas equation, pressure is directly proportional to concentration, assuming volume
and temperature are constant.
Since pressure is directly proportional to concentration, we can write our equilibrium expression for a gas-
phase reaction in terms of the partial pressures of each gas. This special equilibrium constant is known
as KP.
KP takes the exact same form as KC. To avoid confusion between the two, do not use brackets ([ ]) when
expressing partial pressures.

Key Terms

partial pressure: The pressure that one component of a mixture of gases contributes to the total
pressure.
equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are the same.

Q =
[C [D]c ]d

[A [B]a ]b

= Q(t)Keq limt→∞
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Equilibrium Constants for Gases

Up to this point, we have been discussing equilibrium constants in terms of concentration. For gas-specific
reactions, however, we can also express the equilibrium constant in terms of the partial pressures of the gases
involved. Take the general gas-phase reaction:

Our equilibrium constant in terms of partial pressures, designated KP, is given as:

Note that this expression is extremely similar to KC, the equilibrium expression written in terms of concentrations. In
order to prevent confusion, do not use brackets ([ ]), when writing KP expressions.

KP and the Ideal Gas Law

The reason we are allowed to write a K expression in terms of partial pressures for gases can be found by looking at
the ideal gas law. Recall that the ideal gas law is given by:

Re-writing this expression in terms of P, we have:

Note that in order for K to be constant, temperature must be constant as well. Therefore, the term RT is a constant
in the above expression. As for n/V ( moles per unit volume) this is simply a measure of concentration. Pressure is
directly proportional to concentration, so we are justified in our use of KP.

Lastly, there is a very important equation that relates KP and KC. It is given as follows:

In this expression,  is a measure of the change in number of moles of gas in the reaction. For instance, if a
reaction produces three moles of gas, and consumes two moles of gas, then .

aA(g) + bB(g) ⇌ cC(g) + dD(g)

=KP
Pc

C Pd
D

Pa
APb

B

PV = nRT

P = RTn
V

= (RTKp Kc )Δn

Δn
Δn = (3 − 2) = 1
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Liquefied gas: Inside this tank,
propane is compressed into a liquid,
which is in equilibrium with its
gaseous headspace. The internal
pressure of the gaseous propane is a
function of temperature.
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CALCULATING THE EQUILIBRIUM CONSTANT

Calculating Equilibrium Concentrations
Equilibrium constants can be used to calculate the concentrations of reactants and products that will be present at
equilibrium.

Learning Objectives

Calculate the concentrations of reaction components at equilibrium given the starting concentrations and the
equilibrium constant

Key Takeaways

Key Points

If you know Kc and the initial concentrations for a reaction, you can calculate the equilibrium
concentrations.
Using the ICE chart and equilibrium-constant equation, you can write an expression to describe the
concentration changes in the reactants and products.

Key Terms

equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are the same.
reaction rate: How fast or slowly a reaction takes place.
concentration: The proportion of a substance in a mixture.

The ICE Chart

The theory of chemical equilibrium tells us that the species involved in a reversible reaction will eventually arrive at
constant concentrations. Let’s consider the following reaction:

Initially, the concentration for each species is as follows: [N2]0 = [O2]0 = 0.1 M, and [NO]0 = 0 M. The value of Kc for
this reaction is known to be 0.1 (we will assume that this experimentally determined quantity  is given to us). We can
write the following Kc expression based on this starting information:

Since we know what our Kc value  is and the initial concentrations of reactants, we can set up an ICE chart to track
the changes in concentration, as the reaction proceeds towards equilibrium. ICE stands for “initial, change,
equilibrium.”

+ ⇌ 2NON2 O2

= = 0.1Kc
[NO]2

[ ][ ]N2 O2
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ICE chart for the reaction of nitrogen and oxygen to form nitric oxide: The equilibrium concentration is
the sum of the initial concentration and the change, which is derived from the reaction stoichiometry.

Note that the values of x in the third row of our chart indicate the change in concentration of each species over the
course of the reaction. The coefficients present in the balanced equation tell us how many moles of atoms or
molecules participate in the reaction. Using these coefficients, the balanced equation tells us that for every mole of
N2 and mole O2 consumed, 2 moles of NO are produced. We can designate x as the change in concentration of N2
and O2. As reactants located on the left hand side of our balanced equation, the sign is negative as they are being
consumed.  Similarly, we designate +2x as the change in concentration for NO, but it’s positive because it’s being
produced. After we fill in our chart we can determine the equilibrium concentrations by adding down the columns of
the ICE chart. The equilibrium concentrations for each species are therefore: [N2] = 0.1 – x; [O2] = 0.1 – x; [NO] =
2x.

Plugging into the KC Expression and Solving for x

Now that we have expressions for the equilibrium concentrations of each species, we can substitute them into our
expression for Kc:

If we expand, collect terms, and solve for x, we get the following quadratic equation:

When solving a quadratic equation, we will always get two values for x. The two x values are -0.1188M and
0.0137M. Only one of these values involves equilibrium concentrations that are actually possible. We can determine
which x value is the real solution by substituting it into our equilibrium concentrations, found on the ICE chart. For
example, consider the value x = −0.0188. Substituting this into the equilibrium amount for N2 gives a concentration
of 0.1 – (-0.0188) = 0.1188 M. This is clearly impossible, since we cannot have more N2 at equilibrium than we had
at the beginning. Therefore, we use the other root for x,which is 0.0137.

Knowing the initial concentration values and equilibrium constant we were able to calculate the equilibrium
concentrations for N2, O2 and NO. In the system we evaluated, at equilibrium we would expect to find that [O2]eq =
[N2]eq = 0.086 M and [NO]eq = 0.028 M. Note that we could have solved for the amount of NO produced rather than
for the amount of N2 and O2 consumed. The result would be the same.
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FACTORS THAT AFFECT CHEMICAL EQUILIBRIUM

Le Chatelier’s Principle
Le Chatelier’s principle states that changes to an equilibrium system will result in a predictable shift that will
counteract the change.

Learning Objectives

Recall factors that Le Chatelier’s principle states will affect the equilibrium of a system

Key Takeaways

Key Points

Le Chatelier’s principle can be used to predict the behavior of a system due to changes in pressure,
temperature, or concentration.
Le Chatelier’s principle implies that the addition of heat to a reaction will favor the endothermic direction
of a reaction as this reduces the amount of heat produced in the system.
Increasing the concentration of reactants will drive the reaction to the right, while increasing the
concentration of products will drive the reaction to the left.

Key Terms

equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are the same.
collision theory: Relates collisions among particles to reaction rate; reaction rate depends on factors
such as concentration, surface area, temperature, stirring, and the presence of either a catalyst or an
inhibitor.

Le Chatelier’s principle is an observation about chemical equilibria of reactions. It states that changes in the
temperature, pressure, volume, or concentration of a system will result in predictable and opposing changes in the
system in order to achieve a new equilibrium state. Le Chatelier’s principle can be used in practice to understand
reaction conditions that will favor increased product formation. This idea was discovered and formulated
independently by Henri Louis Le Chatelier and Karl Ferdinand Braun.

Changes in Concentration

According to Le Chatelier’s principle, adding additional reactant to a system will shift the equilibrium to the right,
towards the side of the products. By the same logic, reducing the concentration of any product will also shift
equilibrium to the right.

The converse is also true. If we add additional product to a system, the equilibrium will shift to the left, in order to
produce more reactants. Or, if we remove reactants from the system, equilibrium will also be shifted to the left.

Thus, according to Le Chatelier’s principle, reversible reactions are self-correcting; when they are thrown out of
balance by a change in concentration, temperature, or pressure, the system will naturally shift in such a way as to
“re-balance” itself after the change.
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Henry Le Chatelier: A photograph of
Henry Le Chatelier.

This can be illustrated by the equilibrium of this reaction, where carbon
monoxide and hydrogen gas react to form methanol:

Suppose we were to increase the concentration of CO in the system. By Le
Chatelier’s principle, we can predict that the amount of methanol will increase,
thereby decreasing the total change in CO. If we add a species to the overall
reaction, the reaction will favor the side opposing the addition of the species.
Likewise, the subtraction of a species would cause the reaction to fill the “gap”
and favor the side where the species was reduced.

This observation is supported by the collision theory. As the concentration of CO
is increased, the frequency of successful collisions of that reactant would
increase as well, allowing for an increase in the forward reaction, and thus the
generation of the product. Even if a desired product is not thermodynamically
favored, the end-product can be obtained if it is continuously removed from the
solution.

Changes in Pressure

A change in pressure or volume will result in an attempt to restore equilibrium by creating more or less moles of gas.
For example, if the pressure in a system increases, or the volume decreases, the equilibrium will shift to favor the
side of the reaction that involves fewer moles of gas. Similarly, if the volume of a system increases, or the pressure
decreases, the production of additional moles of gas will be favored.

Consider the reaction of nitrogen gas with hydrogen gas to form ammonia:

Note the number of moles of gas on the left-hand side and the number of moles of gas on the right-hand side. When
the volume of the system is changed, the partial pressures of the gases change. If we were to decrease pressure by
increasing volume, the equilibrium of the above reaction would shift to the left, because the reactant side has
greater number of moles than the product side. The system tries to counteract the decrease in partial pressure of
gas molecules by shifting to the side that exerts greater pressure.

Similarly, if we were to increase pressure by decreasing volume, the equilibrium would shift to the right,
counteracting the pressure increase by shifting to the side with fewer moles of gas that exert less pressure.

Lastly, for a gas-phase reaction in which the number of moles of gas on both sides of the equation are equal, the
system will be unaffected by changes in pressure, since .

Addition of an Inert Gas

What would happen to the equilibrium position of the reaction if an inert gas, such as krypton or argon, were added
to the reaction vessel? Answer: nothing at all. Remember that the system will always shift so that the ratio of
products and reactants remains equal to Kp or Kc. An inert gas will not react with either the reactants or the
products, so it will have no effect on the product/reactant ratio, and therefore, it will have no effect on equilibrium.

Changes in Temperature

The effect of temperature on equilibrium has to do with the heat of reaction. Recall that for an endothermic reaction,
heat is absorbed in the reaction, and the value of  is positive. Thus, for an endothermic reaction, we can picture
heat as being a reactant:

For an exothermic reaction, the situation is just the opposite. Heat is released in the reaction, so heat is a product,
and the value of  is negative:

CO + 2 ⇌ OHH2 CH3

+ 3 ⇌ 2 ΔH = −92N2 H2 NH3 kJ mol−1

Δn = 0

ΔH

heat + A ⇌ B ΔH = +

ΔH

A ⇌ B + heat ΔH = −
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If we picture heat as a reactant or a product, we can apply Le Chatelier’s principle just like we did in our discussion
on raising or lowering concentrations. For instance, if we raise the temperature on an endothermic reaction, it is
essentially like adding more reactant to the system, and therefore, by Le Chatelier’s principle, the equilibrium will
shift the right. Conversely, lowering the temperature on an endothermic reaction will shift the equilibrium to the left,
since lowering the temperature in this case is equivalent to removing a reactant.

For an exothermic reaction, heat is a product. Therefore, increasing the temperature will shift the equilibrium to the
left, while decreasing the temperature will shift the equilibrium to the right.

Example

In which direction will the equilibrium shift if the temperature is raised on the following reaction?

Our heat of reaction is positive, so this reaction is endothermic. Since this reaction is endothermic, heat is a
reactant. By Le Chatelier’s principle, increasing the temperature will shift the equilibrium to the right, producing
more NO2.

http://www.youtube.com/watch?v=HfKDfEfJBb8&stop=460

Le Chatelier’s principle: This lesson shows how Le Chatelier’s principle predicts changes in an equilibrium. It also
demonstrates an easy and convenient method for making predictions about the effects of temperature,
concentration, and pressure.

The E�ect of a Catalyst
Catalysts speed up the rate of a reaction, but do not have an affect on the equilibrium position.

Learning Objectives

Evaluate the effect of a catalyst on a chemical equilibrium

Key Takeaways

Key Points

Catalysts are compounds that accelerate the rate of a reaction.
Catalysts accelerate reactions by reducing the energy of the rate-limiting transition state.
Catalysts do not affect the equilibrium state of a reaction.

Key Terms

transition state: An intermediate state in a chemical reaction that has a higher free energy than both the
reactants the products.

The E�ect of a Catalyst on Equilibrium

Reactions can be sped up by the addition of a catalyst, including reversible reactions involving a final equilibrium
state. Recall that for a reversible reaction, the equilibrium state is one in which the forward and reverse reaction

A ⇌ B + heat ΔH = −

(g) ⇌ 2 (g) ΔH = +57.2N2O4 NO2
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rates are equal. In the presence of a catalyst, both the forward and reverse reaction rates will speed up equally,
thereby allowing the system to reach equilibrium faster. However, it is very important to keep in mind that the
addition of a catalyst has no effect whatsoever on the final equilibrium position of the reaction. It simply gets it there
faster.

Recall that catalysts are compounds that accelerate the progress of a reaction without being consumed. Common
examples of catalysts include acid catalysts and enzymes. Catalysts allow reactions to proceed faster through a
lower-energy transition state. By lowering the energy of the transition state, which is the rate-limiting step, catalysts
reduce the required energy of activation to allow a reaction to proceed and, in the case of a reversible reaction,
reach equilibrium more rapidly.

Catalysis: A catalyst speeds up a reaction by lowering the activation energy required for the
reaction to proceed.

To reiterate, catalysts do not affect the equilibrium state of a reaction. In the presence of a catalyst, the same
amounts of reactants and products will be present at equilibrium as there would be in the uncatalyzed reaction. To
state this in chemical terms, catalysts affect the kinetics, but not the thermodynamics, of a reaction. If the addition of
catalysts could possibly alter the equilibrium state of the reaction, this would violate the second rule of
thermodynamics; we would be getting “something for nothing,” which is physically impossible.

Interactive: Catalysis: The model contains reactants which will form the reaction: A₂ + B₂ –> 2 AB. In this case the
model has been set so the activation energy is high. Try running the reaction with and without a catalyst to see the
effect catalysts have on chemical reactions. 1. Run the model to observe what happens without a catalyst. 2. Pause
the model. 3. Add a few (3 – 4) catalyst atoms to the container by clicking the button. 4. Run the model again, and
observe how the catalyst affects the reaction.
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ACIDS AND BASES

ACIDS AND BASES

Nature of Acids and Bases
Acids and bases will neutralize one another to form liquid water and a salt.

Learning Objectives

Describe the general properties of acids and bases, comparing the three ways to define them

Key Takeaways

Key Points

An acid is a substance that donates protons (in the Brønsted-Lowry definition) or accepts a pair of
valence electrons to form a bond (in the Lewis definition).
A base is a substance that can accept protons or donate a pair of valence electrons to form a bond.
Bases can be thought of as the chemical opposite of acids. A reaction between an acid and base is called
a neutralization reaction.
The strength of an acid refers to its ability or tendency to lose a proton; a strong acid is one that
completely dissociates in water.

Key Terms

valence electron: Any of the electrons in the outermost shell of an atom; capable of forming bonds with
other atoms.
Lewis base: Any compound that can donate a pair of electrons and form a coordinate covalent bond.
Lewis acid: Any compound that can accept a pair of electrons and form a coordinate covalent bond.

Acids

Acids have long been recognized as a distinctive class of compounds whose aqueous solutions exhibit the following
properties:

A characteristic sour taste.
Changes the color of litmus from blue to red.
Reacts with certain metals to produce gaseous H2.
Reacts with bases to form a salt and water.
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Acidic solutions have a pH less than 7, with lower pH values corresponding to increasing acidity. Common examples
of acids include acetic acid (in vinegar), sulfuric acid (used in car batteries), and tartaric acid (used in baking).

There are three common definitions for acids:

Arrhenius acid: any substances that increases the concentration of hydronium ions (H3O+) in solution.
Brønsted-Lowry acid: any substance that can act as a proton donor.
Lewis acid: any substance that can accept a pair of electrons.

Acid Strength and Strong Acids

The strength of an acid refers to how readily an acid will lose or donate a proton, oftentimes in solution. A stronger
acid more readily ionizes, or dissociates, in a solution than a weaker acid. The six common strong acids are:

hydrochloric acid (HCl)
hydrobromic acid (HBr)
hydroiodic acid (HI)
sulfuric acid (H2SO4; only the first proton is considered strongly acidic)
nitric acid (HNO3)
perchloric acid (HClO4)

Each of these acids ionize essentially 100% in solution. By definition, a strong acid is one that completely
dissociates in water; in other words, one mole of the generic strong acid, HA, will yield one mole of H+, one mole of
the conjugate base, A−, with none of the unprotonated acid HA remaining in solution. By contrast, however, a weak
acid, being less willing to donate its proton, will only partially dissociate in solution. At equilibrium, both the acid and
the conjugate base will be present, along with a significant amount of the undissociated species, HA.

Factors A�ecting Acid Strength

Two key factors contribute to overall strength of an acid:

polarity of the molecule
strength of the H-A bond

These two factors are actually related. The more polar the molecule, the more the electron density within the
molecule will be drawn away from the proton. The greater the partial positive charge on the proton, the weaker the
H-A bond will be, and the more readily the proton will dissociate in solution.

Acid strengths are also often discussed in terms of the stability of the conjugate base. Stronger acids have a larger
Ka and a more negative pKa than weaker acids.

Bases

There are three common definitions of bases:

Arrhenius base: any compound that donates an hydroxide ion (OH–) in solution.
Brønsted-Lowry base: any compound capable of accepting a proton.
Lewis base: any compound capable of donating an electron pair.

In water, basic solutions will have a pH between 7-14.

Base Strength and Strong Bases

A strong base is the converse of a strong acid; whereas an acid is considered strong if it can readily donate protons,
a base is considered strong if it can readily deprotonate (i.e, remove an H+ ion) from other compounds. As with
acids, we often talk of basic aqueous solutions in water, and the species being deprotonated is often water itself.
The general reaction looks like:

(aq) + O(aq) → AH(aq) + (aq)A− H2 OH−
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Metal and acid reaction: Zinc reacting with hydrochloric acid to
form hydrogen gas.

Thus, deprotonated water yields hydroxide ions, which
is no surprise. The concentration of hydroxide ions
increases as pH increases.

Most alkali metal and some alkaline earth metal
hydroxides are strong bases in solution. These include:

sodium hydroxide (NaOH)
potassium hydroxide (KOH)
lithium hydroxide (LiOH)
rubidium hydroxide (RbOH)
cesium hydroxide (CsOH)
calcium hydroxide (Ca(OH)2)
barium hydroxide (Ba(OH)2)
strontium hydroxide (Sr(OH)2)

The alkali metal hydroxides dissociate completely in
solution. The alkaline earth metal hydroxides are less
soluble but are still considered to be strong bases.

Acid/Base Neutralization

Acids and bases react with one another to yield water
and a salt. For instance:

This reaction is called a neutralization reaction.

Lewis bases and acids: A list of various Lewis bases (right) and Lewis acids (left).

http://www.youtube.com/watch?v=kPd_OZ1t_aY&stop=297

Acids + Bases Made Easy! Part 1 – What the Heck is an Acid or Base? – Organic Chemistry – YouTube: Ever
wondered what the heck an Acid or Base actually is? Were you ever super confused in high school or college
chemistry? In this video I introduce to you guys what the heck an Acid and Base really is forgetting the Lewis or
Bronstead/Lowry definitions and then we’ll go more in depth in parts 2,3, and 4.

The Arrhenius De�nition

HCl(aq) + NaOH(aq) → O(l) + NaCl(aq)H2
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An Arrhenius acid dissociates in water to form hydrogen ions, while an Arrhenius base dissociates in water to form
hydroxide ions.

Learning Objectives

Recall the Arrhenius acid definition and its limitations.

Key Takeaways

Key Points

An Arrhenius acid increases the concentration of hydrogen (H+) ions in an aqueous solution, while an
Arrhenius base increases the concentration of hydroxide (OH–) ions in an aqueous solution.
The Arrhenius definitions of acidity and alkalinity are restricted to aqueous solutions and refer to the
concentration of the solvent ions.
The universal aqueous acid–base definition of the Arrhenius concept is described as the formation of a
water molecule from a proton and hydroxide ion. Therefore, in Arrhenius acid–base reactions, the
reaction between an acid and a base is a neutralization reaction.

Key Terms

hydronium: The hydrated hydrogen ion (  ).
acidity: a measure of the overall concentration of hydrogen ions in solution
alkalinity: a measure of the overall concentration of hydroxide ions in solution

The Arrhenius De�nition

An acid-base reaction is a chemical reaction that occurs between an acid and a base. Several concepts exist that
provide alternative definitions for the reaction mechanisms involved and their application in solving related
problems. Despite several differences in definitions, their importance as different methods of analysis becomes
apparent when they are applied to acid-base reactions for gaseous or liquid species, or when acid or base character
may be somewhat less apparent.

The Arrhenius definition of acid-base reactions, which was devised by Svante Arrhenius, is a development of the
hydrogen theory of acids. It was used to provide a modern definition of acids and bases, and followed from
Arrhenius’s work with Friedrich Wilhelm Ostwald in establishing the presence of ions in aqueous solution in 1884.
This led to Arrhenius receiving the Nobel Prize in Chemistry in 1903.

As defined by Arrhenius:

An Arrhenius acid is a substance that dissociates in water to form hydrogen ions (H+). In other words, an acid
increases the concentration of H+ ions in an aqueous solution. This protonation of water yields the hydronium
ion (H3O+); in modern times, H+ is used as a shorthand for H3O+ because it is now known that a bare proton
(H+) does not exist as a free species in aqueous solution.
An Arrhenius base is a substance that dissociates in water to form hydroxide (OH–) ions. In other words, a
base increases the concentration of OH– ions in an aqueous solution.

Limitations of the Arrhenius De�nition

The Arrhenius definitions of acidity and alkalinity are restricted to aqueous solutions and refer to the concentration of
the solvated ions. Under this definition, pure H2SO4 or HCl dissolved in toluene are not acidic, despite the fact that
both of these acids will donate a proton to toluene. In addition, under the Arrhenius definition, a solution of sodium
amide (NaNH ) in liquid ammonia is not alkaline, despite the fact that the amide ion ( ) will readily deprotonate

H3O
+

−

641



amide (NaNH2) in liquid ammonia is not alkaline, despite the fact that the amide ion ( ) will readily deprotonate
ammonia. Thus, the Arrhenius definition can only describe acids and bases in an aqueous environment.

Arrhenius Acid-Base Reaction

An Arrhenius acid-base reaction is defined as the reaction of a proton and an hydroxide ion to form water:

Thus, an Arrhenius acid base reaction is simply a neutralization reaction.

http://www.youtube.com/watch?v=Vbh52HDorkc&stop=336

Chemistry 12.1 What are Acids and Bases? (Part 1 of 2) – YouTube: This introduction to acids and bases
discusses their general properties and explains the Arrhenius definitions for acids and bases.

The Brønsted-Lowry De�nition of Acids and Bases

A Brønsted-Lowry acid is any species capable of donating a proton; a Brønsted-Lowry base is any species capable
of accepting a proton.

Learning Objectives

Differentiate Brønsted-Lowry and Arrhenius acids.

Key Takeaways

Key Points

The formation of conjugate acids and bases is central to the Brønsted-Lowry definition of acids and
bases. The conjugate base is the ion or molecule remaining after the acid has lost its proton, and the
conjugate acid is the species created when the base accepts the proton.
Interestingly, water is amphoteric and can act as both an acid and a base. Therefore, it can can play all
four roles: conjugate acid, conjugate base, acid, and base.
A Brønsted-Lowry acid -base reaction can be defined as: acid + base  conjugate base + conjugate
acid.

Key Terms

amphoteric: Having the characteristics of both an acid and a base; capable of both donating and
accepting a proton (amphiprotic).
conjugate acid: The species created when a base accepts a proton.
conjugate base: The species that is left over after an acid donates a proton.

Originally, acids and bases were defined by Svante Arrhenius. His original definition stated that acids were
compounds that increased the concentration of hydrogen ions (H+) in solution, whereas bases were compounds
that increased the concentration of hydroxide ions (OH–) in solutions. Problems arise with this conceptualization
because Arrhenius’s definition is limited to aqueous solutions, referring to the solvation of aqueous ions, and is
therefore not inclusive of acids dissolved in organic solvents. To solve this problem, Johannes Nicolaus Brønsted
and Thomas Martin Lowry, in 1923, both independently proposed an alternative definition of acids and bases. In this
newer system, Brønsted-Lowry acids were defined as any molecule or ion that is capable of donating a hydrogen
cation (proton, H+), whereas a Brønsted-Lowry base is a species with the ability to gain, or accept, a hydrogen

NH−
2

+ → OH+ OH− H2

⇌
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cation. A wide range of compounds can be classified in the Brønsted-Lowry framework: mineral acids and
derivatives such as sulfonates, carboxylic acids, amines, carbon acids, and many more.

Brønsted-Lowry Acid/Base Reaction

Keep in mind that acids and bases must always react in pairs. This is because if a compound is to behave as an
acid, donating its proton, then there must necessarily be a base present to accept that proton. The general scheme
for a Brønsted-Lowry acid/base reaction can be visualized in the form:

acid + base  conjugate base + conjugate acid

Here, a conjugate base is the species that is left over after the Brønsted acid donates its proton. The conjugate acid
is the species that is formed when the Brønsted base accepts a proton from the Brønsted acid. Therefore, according
to the Brønsted-Lowry definition, an acid-base reaction is one in which a conjugate base and a conjugate acid are
formed (note how this is different from the Arrhenius definition of an acid-base reaction, which is limited to the
reaction of H+ with OH– to produce water). Lastly, note that the reaction can proceed in either the forward or the
backward direction; in each case, the acid donates a proton to the base.

Consider the reaction between acetic acid and water:

Here, acetic acid acts as a Brønsted-Lowry acid, donating a proton to water, which acts as the Brønsted-Lowry
base. The products include the acetate ion, which is the conjugate base formed in the reaction, as well as
hydronium ion, which is the conjugate acid formed.

Note that water is amphoteric; depending on the circumstances, it can act as either an acid or a base, either
donating or accepting a proton. For instance, in the presence of ammonia, water will donate a proton and act as a
Brønsted-Lowry acid:

Here, ammonia is the Brønsted-Lowry base. The conjugate acid formed in the reaction is the ammonium ion, and
the conjugate base formed is hydroxide.

http://www.youtube.com/watch?v=HPvK5lKio8o&stop=752

Chemistry 12.1 What are Acids and Bases? (Part 2 of 2) – YouTube: This lesson continues to describe acids
and bases according to their definition. We first look at the Brønsted-Lowry theory, and then describe Lewis acids
and bases according to the Lewis Theory

Acid-Base Properties of Water

Water is capable of acting as either an acid or a base and can undergo self-ionization.

Learning Objectives

Explain the amphoteric properties of water.

Key Takeaways

Key Points

The self- ionization of water can be expressed as: .
The equilibrium constant for the self-ionization of water is known as KW; it has a value of .

The value of KW leads to the convenient equation relating pH with pOH: pH + pOH = 14.

⇌

CCOOH(aq) + O(l) ⇌ (aq) + (aq)H3 H2 H3CCOO− H3O+

(aq) + O(l) ⇌ (aq) + (aq)NH3 H2 NH+
4 OH−

O + O ⇌ + OH2 H2 H3O+ H−

1.0 × 10−14
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+ +

2H O2 3
-+H HO O

Autoprotolysis of water: The self-ionization of water produces
hydronium and hydroxide ions in solution.

The value of KW leads to the convenient equation relating pH with pOH: pH + pOH = 14.

Key Terms

ionization: Any process that leads to the dissociation of a neutral atom or molecule into charged particles
(ions).
autoprotolysis: The autoionization of water (or similar compounds) in which a proton (hydrogen ion) is
transferred to form a cation and an anion.
hydronium: The hydrated hydrogen ion ( ).

Under standard conditions, water will self-ionize to a very small extent. The self-ionization of water refers to the
reaction in which a water molecule donates one of its protons to a neighboring water molecule, either in pure water
or in aqueous solution. The result is the formation of a hydroxide ion (OH–) and a hydronium ion (H3O+). The
reaction can be written as follows:

This is an example of autoprotolysis (meaning “self-protonating”) and it exemplifies the amphoteric nature of water
(ability to act as both an acid and a base ).

The Water Ionization Constant, KW

Note that the self-ionization of water is an equilibrium
reaction:

Like all equilibrium reactions, this reaction has an equilibrium constant. Because this is a special equilibrium
constant, specific to the self-ionization of water, it is denoted KW; it has a value of 1.0 x 10−14. If we write out the
actual equilibrium expression for KW, we get the following:

However, because H+ and OH– are formed in a 1:1 molar ratio, we have:

Now, note the definition of pH and pOH:

If we plug in the above value into our equation for pH, we find that:

Here we have the reason why neutral water has a pH of 7.0; it represents the condition at which the concentrations
of H+ and OH– are exactly equal in solution.

pH, pOH, and pKW

H3O
+

O + O ⇌ + OH2 H2 H3O+ H−

O + O ⇌ + O = 1.0 ×H2 H2 H3O+ H− KW 10−14

= [ ][ ] = 1.0 ×KW H+ OH− 10−14

[ ] = [ ] = = 1.0 × MH+ OH− 1.0 × 10−14− −−−−−−−−
√ 10−7

pH = −log[ ]H+

pOH = −log[ ]OH−

pH = −log(1.0 × ) = 7.010−7

pOH = −log(1.0 × ) = 7.010−7
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We have already established that the equilibrium constant KW can be expressed as:

If we take the negative logarithm of both sides of this equation, we get the following:

However, because we know that pKW = 14, we can establish the following relationship:

This relationship always holds true for any aqueous solution, regardless of its level of acidity or alkalinity. Utilizing
this equation is a convenient way to quickly determine pOH from pH and vice versa, as well as to determine
hydroxide concentration given hydrogen concentration, or vice versa.

http://www.youtube.com/watch?v=PVq6KdweowM&stop=297

Self-ionization of Water: Explanation of self-ionization of water and the formation of hydronium and hydroxide ions.

Acid Dissociation Constant (Ka)

The acid dissociation constant (Ka) is the measure of the strength of an acid in solution.

Learning Objectives

Compare and contrast acid strengths using Ka and pKa values.

Key Takeaways

Key Points

An acid dissociation constant (Ka) is a quantitative measure of the strength of an acid in solution.
The dissociation constant is usually written as a quotient of the equilibrium concentrations (in mol/L): 

.
Often times, the Ka value is expressed by using the pKa, which is equal to . The larger the
value of pKa, the smaller the extent of dissociation.
A weak acid has a pKa value in the approximate range of -2 to 12 in water. Acids with a pKa value of less
than about -2 are said to be strong acids.

Key Terms

dissociation: Referring to the process by which a compound breaks into its constituent ions in solution.
equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are equal.

The acid dissociation constant (Ka) is a quantitative measure of the strength of an acid in solution. Ka is the
equilibrium constant for the following dissociation reaction of an acid in aqueous solution:

= [ ][ ]KW H+ OH−

−log( ) = −log([ ][ ])KW H+ OH−

−log( ) = −log[ ] + −log[ ]KW H+ OH−

= pH + pOHpKW

pH + pOH = 14

=Ka
[A−][H+]

[HA]

− ( )log10 Ka

HA(aq) ⇌ (aq) + (aq)+ −
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In the above reaction, HA (the generic acid), A– (the conjugate base of the acid), and H+ (the hydrogen ion or
proton) are said to be in equilibrium when their concentrations do not change over time. As with all equilibrium
constants, the value of Ka is determined by the concentrations (in mol/L) of each aqueous species at equilibrium.
The Ka expression is as follows:

Acid dissociation constants are most often associated with weak acids, or acids that do not completely dissociate in
solution. This is because strong acids are presumed to ionize completely in solution and therefore their Ka values
are exceedingly large.

Ka and pKa

Due to the many orders of magnitude spanned by Ka values, a logarithmic measure of the acid dissociation constant
is more commonly used in practice. The logarithmic constant (pKa) is equal to -log10(Ka).

The larger the value of pKa, the smaller the extent of dissociation. A weak acid has a pKa value in the approximate
range of -2 to 12 in water. Acids with a pKa value of less than about -2 are said to be strong acids. A strong acid is
almost completely dissociated in aqueous solution; it is dissociated to the extent that the concentration of the
undissociated acid becomes undetectable. pKa values for strong acids can be estimated by theoretical means or by
extrapolating from measurements in non-aqueous solvents with a smaller dissociation constant, such as acetonitrile
and dimethylsulfoxide.

Acetic acid dissociation: The acetic acid partially and reversibly dissociates into acetate and hydrogen ions.

Example

Acetic acid is a weak acid with an acid dissociation constant . What is the pKa for acetic acid?

pOH and Other p Scales

A p-scale is a negative logarithmic scale.

Learning Objectives

Convert between pH and pOH scales to solve acid-base equilibrium problems.

HA(aq) ⇌ (aq) + (aq)H+ A−

=Ka
[ ][ ]H+ A−

[HA]

= 1.8 ×Ka 10−5

= −log(1.8 × ) = 4.74pKa 10−5
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Key Takeaways

Key Points

The p-scale is a negative logarithmic scale. It allows numbers with very small units of magnitude (for
instance, the concentration of H+ in solution ) to be converted into more convenient numbers, often within
the the range of -2 – 14.
The most common p-scales are the pH and pOH scales, which measure the concentration of hydrogen
and hydroxide ions. According to the water ion product, pH+pOH =14 for all aqueous solutions.
Because of the convenience of the p-scale, it is used to also denote the small dissociation constants of
acids and bases, which are given by the notation pKa and pKb.

Key Terms

dissociation: the process by which compounds split into smaller constituent molecules, usually
reversibly
logarithm: for a number , the power to which a given base number must be raised in order to obtain x;
written logbx.; for example, log216 = 4 because 24 = 16

pH and pOH

Recall the reaction for the autoionization of water:

This reaction has a special equilibrium constant denoted KW, and it can be written as follows:

Because H+ and OH- dissociate in a one-to-one molar ratio,

If we take the negative logarithm of each concentration, we get:

Here we have the reason that neutral water has a pH of 7.0 -; this is the pH at which the concentrations of H+ and
OH– are exactly equal.

Lastly, we should take note of the following relationship:

This relationship will always apply to aqueous solutions. It is a quick and convenient way to find pH from pOH,
hydrogen ion concentration from hydroxide ion concentration, and more.

x

O ⇌ (aq) + (aq)H2 H+ OH−

= [ ][ ] = 1.0 ×KW H+ OH− 10−14

[ ] = [ ] = = 1.0 ×H+ OH− 1.0 × 10−14− −−−−−−−−
√ 10−7

pH = −log[ ] = −log(1.0 × ) = 7.0H+ 10−7

pOH = −log[ ] = −log(1.0 × ) = 7.0OH− 10−7

pH + pOH = 14
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pH 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pOH 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

The pH and pOH Scale: Relation between p[OH] and p[H] (brighter red is more acidic, which is the lower numbers for the pH
scale and higher numbers for the pOH scale; brighter blue is more basic, which is the higher numbers for the pH scale and lower
numbers for the pOH scale).

pKa and pKb

Generically, this p-notation can be used for other scales. In acid -base chemistry, the amount by which an acid or
base dissociates to form H+ or OH– ions in solution is often given in terms of their dissociation constants (Ka or Kb).
However, because these values are often very small for weak acids and weak bases, the p-scale is used to simplify
these numbers and make them more convenient to work with. Quite often we will see the notation pKa or pKb, which
refers to the negative logarithms of Ka or Kb, respectively.

Visit this page in your course online to use this simulation.
Interactive: pH: Test the pH of things like coffee, spit, and soap to determine whether each is acidic, basic, or
neutral. Visualize the relative number of hydroxide ions and hydronium ions in solution. Switch between
logarithmic and linear scales. Investigate whether changing the volume or diluting with water affects the pH. Or
you can design your own liquid!

http://www.youtube.com/watch?v=pFK16GsU1e4&stop=613

pH and pOH: This lesson introduces the pH scale and discusses the relationship between pH, [H+], [OH-] and pOH.
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STRENGTH OF ACIDS

Strong Acids
In water, strong acids completely dissociate into free protons and their conjugate base.

Learning Objectives

Calculate pH for solutions of strong acids.

Key Takeaways

Key Points

Strong acids can catalyze chemical reactions.
Strong acids are defined by their pKa. The acid must be stronger in aqueous solution than a hydronium
ion, so its pKa must be lower than that of a hydronium ion. Therefore, strong acids have a pKa of <-174.
Strong acids can be organic or inorganic.
Strong acids must be handled carefully because they can cause severe chemical burns.
Strong acids are essential for catalyzing some reactions, including the synthesis and hydrolysis of
carbonyl compounds.

Key Terms

carbonyl: a divalent functional group (-CO-), characteristic of aldehydes, ketones, carboxylic acids,
amides, carboxylic acid anhydrides, carbonyl halides, esters, and others.
ester: a compound usually formed by condensing an alcohol and an acid and eliminating of water. it
contains the functional group carbon-oxygen double bond joined via carbon to another oxygen atom
hydrolysis: a chemical process of decomposition; involves splitting a bond and adding the hydrogen
cation and water’s hydroxide anion

De�nition of Strong Acids

The strength of an acid refers to the ease with which the acid loses a proton. A strong acid ionizes completely in an
aqueous solution by losing one proton, according to the following equation:

where HA is a protonated acid, H+ is the free acidic proton, and A– is the conjugate base. Strong acids yield weak
conjugate bases. For sulfuric acid, which is diprotic, the “strong acid” designation refers only to the dissociation of
the first proton:

More precisely, the acid must be stronger in aqueous solution than a hydronium ion (H+), so strong acids have a
pKa < -1.74. An example is hydrochloric acid (HCl), whose pKa is -6.3. This generally means that in aqueous

HA(aq) → (aq) + (aq)H+ A−

(aq) → (aq) + (aq)H2SO4 H+ HSO−
4
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solution at standard temperature and pressure, the concentration of hydronium ions is equal to the concentration of
strong acid introduced to the solution.

Ionization of acids and bases in water: A strong acid ionizes completely in
an aqueous solution by losing one proton (H+).

Due to the complete dissociation of strong acids in aqueous solution, the concentration of hydronium ions in the
water is equal to the total concentration (ionized and un-ionized) of the acid introduced to solution:

[H+] = [A−] = [HA]total and pH = −log[H+].

Strong acids, like strong bases, can cause chemical burns when exposed to living tissue.

Examples of Strong Acids

Some common strong acids (acids with pKa < -1) include:

Hydroiodic acid (HI): pKa = -9.3
Hydrobromic acid (HBr): pKa = -8.7
Perchloric acid (HClO4): pKa ≈ -8
Hydrochloric acid (HCl): pKa = -6.3
Sulfuric acid (H2SO4): pKa1 ≈ -3 (first dissociation only)
p-Toluenesulfonic acid: pKa = -2.8
Nitric acid (HNO3): pKa ≈ -1.4
Chloric acid (HClO3): pKa ≈ 1.0

Strong Acid Catalysis

Strong acids can accelerate the rate of certain reactions. For instance, strong acids can accelerate the synthesis
and hydrolysis of carbonyl compounds. With carbonyl compounds such as esters, synthesis and hydrolysis go
through a tetrahedral transition state, where the central carbon has an oxygen, an alcohol group, and the original
alkyl group. Strong acids protonate the carbonyl, which makes the oxygen positively charged so that it can easily
receive the double-bond electrons when the alcohol attacks the carbonyl carbon; this enables ester synthesis and
hydrolysis.

Weak Acids
A weak acid only partially dissociates in solution.
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p-Toluenesolfonic acid: p-Toluenesulfonic 
acid is an example of an organic soluble 
strong acid, with a pKa of -2.8.

Learning Objectives

Solve acid-base equilibrium problems for weak acids.

Key Takeaways

Key Points

The dissociation of weak acids, which are the most popular type of acid, can be calculated
mathematically and applied in experimental work.
If the concentration and Ka of a weak acid are known, the pH of the entire solution can be calculated. The
exact method of calculation varies according to what assumptions and simplifications can be made.
Weak acids and weak bases are essential for preparing buffer solutions, which have important
experimental uses.

Key Terms

conjugate acid: the species created when a base accepts a proton
conjugate base: the species created after donating a proton.
weak acid: one that dissociates incompletely, donating only some of its hydrogen ions into solution

A weak acid is one that does not dissociate completely in solution; this means that a weak acid does not donate all
of its hydrogen ions (H+) in a solution. Weak acids have very small values for Ka (and therefore higher values for
pKa ) compared to strong acids, which have very large Ka values (and slightly negative pKa values).

The majority of acids are weak. On average, only about 1 percent of a weak acid solution dissociates in water in a
0.1 mol/L solution. Therefore, the concentration of H+ ions in a weak acid solution is always less than the
concentration of the undissociated species, HA. Examples of weak acids include acetic acid (CH3COOH), which is
found in vinegar, and oxalic acid (H2C2O4), which is found in some vegetables.

Dissociation

Weak acids ionize in a water solution only to a very moderate extent. The generalized dissociation reaction is given
by:

HA(aq) ⇌ (aq) + (aq)+ −
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Vinegars: All vinegars contain acetic acid, a common
weak acid.

where HA is the undissociated species and A– is the
conjugate base of the acid. The strength of a weak acid is
represented as either an equilibrium constant or a percent
dissociation. The equilibrium concentrations of reactants and
products are related by the acid dissociation constant
expression, Ka:

The greater the value of Ka, the more favored the H+

formation, which makes the solution more acidic; therefore, a
high Ka value indicates a lower pH for a solution. The Ka of
weak acids varies between 1.8×10−16 and 55.5. Acids with a
Ka less than 1.8×10−16 are weaker acids than water.

If acids are polyprotic, each proton will have a unique Ka. For
example, H2CO3 has two Ka values because it has two acidic
protons. The first Ka refers to the first dissociation step:

This Ka value is 4.46×10−7 (pKa1 = 6.351). The second Ka is
4.69×10−11 (pKa2 = 10.329) and refers to the second

dissociation step:

Calculating the pH of a Weak Acid Solution

The Ka of acetic acid is . What is the pH of a solution of 1 M acetic acid?

In this case, you can find the pH by solving for concentration of H+ (x) using the acid’s concentration (F) and Ka.
Assume that the concentration of H+ in this simple case is equal to the concentration of A–, since the two dissociate
in a 1:1 mole ratio:

This quadratic equation can be manipulated and solved. A common assumption is that x is small; we can justify
assuming this for calculations involving weak acids and bases, because we know that these compounds only
dissociate to a very small extent. Therefore, our above equation simplifies to:

Although it is only a weak acid, a concentrated enough solution of acetic acid can still be quite acidic.

HA(aq) ⇌ (aq) + (aq)H+ A−

=Ka
[ ][ ]H+ A−

[HA]

+ O → +H2CO3 H2 HCO−
3 H3O+

+ O → +HCO−
3 H2 CO2−

3 H3O+

1.8 × 10−5

= =Ka
[ ][ ]H+ C2H3O−

2

[HA]
x2

(F−x)

= 1.8 × = ≈ =Ka 10−5 x2

F−x
x2

F
x2

1 M

1.8 × =10−5 x2

x = 3.9 ×  M10−3

pH = −log[ ] = −log(3.9 × ) = 2.4H+ 10−3
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Calculating Percent Dissociation

Percent dissociation represents an acid’s strength and can be calculated using the Ka value and the solution’s pH.

Learning Objectives

Calculate percent dissociation for weak acids from their Ka values and a given concentration.

Key Takeaways

Key Points

Percent dissociation is symbolized as α ( alpha ) and represents the ratio of the concentration of
dissociated hydrogen ion [H+] to the concentration of the undissociated species [HA].
Unlike Ka, percent dissociation varies with the concentration of HA; dilute acids dissociate more than
concentrated ones.
Percent dissociation is related to the concentration of both the conjugate base and the acid ‘s initial
concentration; it can be calculated if the pH of the solution and the pKa of the acid are known.

Key Terms

dissociation: the process by which compounds split into smaller constituent molecules, usually
reversibly.
percent ionization: the fraction of an acid that undergoes dissociation

We have already discussed quantifying the strength of a weak acid by relating it to its acid equilibrium constant Ka;
now we will do so in terms of the acid’s percent dissociation. Percent dissociation is symbolized by the Greek letter
alpha, α, and it can range from 0%< α < 100%. Strong acids have a value of α that is equal to or nearly 100%; for
weak acids, however, α can vary, depending on the acid’s strength.

Example

Calculate the percent dissociation of a weak acid in a  solution of HA ( ).

To determine percent dissociation, we first need to solve for the concentration of H+. We set up our equation as
follows:

However, because the acid dissociates only to a very slight extent, we can assume x is small. The above equation
simplifies to the following:

To find the percent dissociation, we divide the hydrogen ion’s concentration of by the concentration of the
undissociated species, HA, and multiply by 100%:

0.060 M = 1.5 ×Ka 10−5

=Ka
[ ][ ]H+ A−

[HA]

1.5 × =10−5 x2

0.060−x

1.5 × ≈10−5 x2

0.060

x = [ ] = 9.4 ×H+ 10−4

[ ]+
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As we would expect for a weak acid, the percent dissociation is quite small. However, for some weak acids, the
percent dissociation can be higher—upwards of 10% or more. For example, with a problem involving the percent
dissociation of a 0.100 M chloroacetic acid, we cannot assume x is small, and therefore use an ICE table to solve
the problem.

http://www.youtube.com/watch?v=euamE3MGk04&stop=240

Ka from Percent Dissociation: In this video, the percent dissociation of the acid is significant (11%), and se we
cannot assume x is small. An ICE chart is used to calculate the relevant concentrations.
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STRENGTH OF BASES

Strong Bases
Strong bases either dissociate completely in solution to yield hydroxide ions, or deprotonate water to yield hydroxide
ions.

Learning Objectives

Recognize strong bases and their chemical properties.

Key Takeaways

Key Points

In chemistry, a base is a substance that can either accept hydrogen ions (protons) or, more generally,
donate a pair of valence electrons; it can be thought of as the chemical opposite of an acid.
Strong bases are commonly, though not exclusively, formed from the hydroxides of alkali metals and
alkaline earth metals.
Superbases are stronger than hydroxide ions and cannot be kept in water; they provide examples of
bases that do not contain a hydroxide ion (and are therefore strong Lewis and/or Bronsted-Lowry bases,
but not Arrhenius bases).

Key Terms

base: a proton acceptor, or an electron pair donor
solvate: a complex formed from solvent molecules attaching to a solute
dissociation: the process by which compounds split into smaller constituent molecules, usually
reversibly

As discussed in the previous concepts on bases, a base is a substance that can: donate hydroxide ions in solution
(Arrhenius definition); accept H+ ions (protons) (Bronsted-Lowry definition); or donate a pair of valence electrons
(Lewis definition). In water, basic solutions have a pH higher than 7.0, indicating a greater concentration of OH– than
H+.

Strong Arrhenius Bases

A strong Arrhenius base, like a strong acid, is a compound that ionizes completely or near-completely in solution.
Therefore, the concentration of hydroxide ions in a strongly basic solution is equal to that of the undissociated base.
Common examples of strong Arrhenius bases are the hydroxides of alkali metals and alkaline earth metals such as
NaOH and Ca(OH)2. Strong bases are capable of deprotonating weak acids; very strong bases can deprotonate
very weakly acidic C–H groups in the absence of water.
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Sodium hydroxide pellets: Sodium hydroxide pellets, before being suspended in water to dissociate.

Some common strong Arrhenius bases include:

Potassium hydroxide (KOH)
Sodium hydroxide (NaOH)
Barium hydroxide (Ba(OH)2)
Caesium hydroxide (CsOH)
Strontium hydroxide (Sr(OH)2)
Calcium hydroxide (Ca(OH)2)
Lithium hydroxide (LiOH)
Rubidium hydroxide (RbOH)

The cations of these strong bases appear in the first and second groups of the periodic table (alkali and earth alkali
metals). Generally, the alkali metal bases are stronger than the alkaline earth metal bases, which are less soluble.
When writing out the dissociation equation of a strong base, assume that the reverse reaction does not occur,
because the conjugate acid of a strong base is very weak.

Superbases (Lewis bases)

Group 1 salts of carbanions (such as butyllithium, LiC4H9, which dissociates into Li+ and the carbanion C4H9
–),

amides (NH2
–), and hydrides (H–) tend to be even stronger bases due to the extreme weakness of their conjugate

acids—stable hydrocarbons, amines, and hydrogen gas. Usually, these bases are created by adding pure alkali
metals in their neutral state, such as sodium, to the conjugate acid. They are called superbases, because it is not
possible to keep them in aqueous solution; this is due to the fact they will react completely with water, deprotonating
it to the fullest extent possible. For example, the ethoxide ion (conjugate base of ethanol) will undergo this reaction
in the presence of water:

CH3CH2O− + H2O → CH3CH2OH + OH−

Unlike weak bases, which exist in equilibrium with their conjugate acids, the strong base reacts completely with
water, and none of the original anion remains after the base is added to solution. Some other superbases include:

Butyl lithium (n-BuLi)
Lithium diisopropylamide (LDA) (C6H14LiN)

Lithium diethylamide (LDEA)
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Lithium diethylamide (LDEA)
Sodium amide (NaNH2)
Sodium hydride (NaH)
Lithium bis(trimethylsilyl)amide, ((CH3)3Si)2NLi

Superbases such as the ones listed above are commonly used as reagents in organic laboratories.

Weak Bases

In aqueous solution, a weak base reacts incompletely with water to yield hydroxide ions.

Learning Objectives

Solve acid-base equilibrium problems involving weak bases.

Key Takeaways

Key Points

A base is a substance that can accept hydrogen ions (H+) or, more generally, donate a pair of valence
electrons; a weak base does not, therefore, fully ionize or completely accept hydrogen ions in an aqueous
solution.
Bases increase pH; weak bases have a less dramatic effect on pH.
pOH is occasionally used as an alternative to pH to quantify the relative H+/hydroxide concentration in
solution.
A base dissociation constant, Kb, mathematically represents the base’s relative strength and is analogous
to the acid dissociation constant; weaker bases have smaller Kb values.
Like weak acids, weak bases can be used to make buffer solutions.

Key Terms

weak base: a proton acceptor that does not ionize fully in an aqueous solution
enol: an organic alcohol with an -OH functional group located off a double bond
enolate: a deprotonated enol

A base is a substance that can accept hydrogen ions (H+) or, more generally, donate a pair of valence electrons. A
weak base is a chemical base that does not ionize fully in an aqueous solution. As Brønsted-Lowry bases are
proton acceptors, a weak base may also be defined as a chemical base with incomplete protonation. A general
formula for base behavior is as follows:

A base can either accept protons from water molecules or donate hydroxide ions to a solution. Both actions raise
the pH of the solution by decreasing the concentration of H+ ions. This results in a relatively low pH compared to
that of strong bases. The pH of bases in aqueous solution ranges from greater than 7 (the pH of pure water) to 14
(though some bases have pH values greater than 14). The formula for pH is:

pH = -log10[H+]

Sometimes, however, it is more convenient to focus on the pOH of bases, rather than the pH. The pOH more
directly references the [OH–].

B(aq) + O(aq) ⇌ (aq) + (aq)H2 BH+ OH−
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pOH = -log10[OH–]

Some common weak bases and their corresponding pKb values include:

C6H5NH2 (9.38)
NH3 (4.75)
CH3NH2 (3.36)
CH3CH2NH2 (3.27)

Smaller pKb values indicate higher values of Kb; this also indicates a stronger base.

Like weak acids, weak bases have important applications in biochemical studies, chemistry reactions, and
physiological purposes, particularly because of their role in buffer solutions. Weak bases can also be used to
catalyze certain reactions, such as enolate formation, as demonstrated in the figure below:

O

Et
H

Me
Et

OBBu2
Me + iPr2EtNOTf

BBu2 Bu2BOTf

DIPEA

B

Weak base catalyzing enolate formation: A weak base, symbolized
by B:, can catalyze enolate formation by acting as a proton acceptor.

Base Dissociation Constant

The base dissociation constant (Kb) measures a base’s relative strength.

Learning Objectives

Calculate the Kw (water dissociation constant) using the following equation: Kw = [H+] x [OH−]  and manpulate
the formula to determine [OH−] = Kw/[H+] or [H+]=Kw/[OH-]

Key Takeaways

Key Points

The base dissociation constant KbE measures a base’s basicity, or strength.
Kb is related to the acid dissociation constant, Ka, by the simple relationship pKa + pKb = 14, where pKb
and pKa are the negative logarithms of Kb and Ka, respectively.
Kb and Ka are also related through the ion constant for water, Kw, by the relationship .

Key Terms

conjugate acid: the species created when a base accepts a proton

In chemistry, a base is a substance that can accept hydrogen ions (protons) or, more generally, donate a pair of
valence electrons. The base dissociation constant, Kb, is a measure of basicity—the base’s general strength. It is
related to the acid dissociation constant, Ka, by the simple relationship pKa + pKb = 14, where pKb and pKa are the
negative logarithms of Kb and Ka, respectively. The base dissociation constant can be expressed as follows:

= ×KW Ka Kb

[ ][ ]+ −
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where  is the base,  is its conjugate acid, and  is hydroxide ions.

The Base Dissociation Constant

Historically, the equilibrium constant Kb for a base has been defined as the association constant for protonation of
the base, B, to form the conjugate acid, HB+.

As with any equilibrium constant for a reversible reaction, the expression for Kb takes the following form:

Kb is related to Ka for the conjugate acid. Recall that in water, the concentration of the hydroxide ion, [OH−], is
related to the concentration of the hydrogen ion by the autoionization constant of water:

Rearranging, we have:

Substituting this expression for [OH−] into the expression for Kb yields:

Therefore, for any base/conjugate acid pair, the following relationship always holds true:

Taking the negative log of both sides yields the following useful equation:

In actuality, there is no need to define pKb separately from pKa, but it is done here because pKb values are found in
some of the older chemistry literature.

Calculating the pH of a Weak Base in Aqueous Solution

The pH of a weak base in aqueous solution depends on the strength of the base (given by Kb) and the
concentration of the base (the molarity, or moles of the base per liter of solution). A convenient way to find the pH
for a weak base in solution is to use an ICE table: ICE stands for “Initial,” “Change,” and”Equilibrium.”

Before the reaction starts, the base, B, is present in its initial concentration [B]0, and the concentration of the
products is zero. As the reaction reaches equilibrium, the base concentration decreases by x amount; given the
reaction’s stoichiometry, the two products increase by x amount. At equilibrium, the base’s concentration is [B]0 – x,
and the two products’ concentration is x.

=Kb
[ ][ ]BH+ OH−

B

B BH+ OH−

B(aq) + O(l) ⇋ (aq) + (aq)H2 HB+ OH−

=Kb
[ ][ ]OH− HB+

[B]

= [ ][ ]KW H+ OH−

[ ] =OH− Kw

[ ]H+

= =Kb
[ ]Kw HB+

[B][ ]H+

Kw

Ka

=KW Ka Kb

+ = 14pKa pKb
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ICE diagram: An ICE diagram for a weak base in aqueous solution.

The Kb for the reaction is:

Filling in the values from the equilibrium line gives:

This quadratic equation can be solved for x. However, if the base is weak, then we can assume that x will be
insignificant compared to [B]0, and the approximation [B]0– x ≈ [B]0 can be used. The equation simplifies to:

Since x = [OH]–, we can calculate pOH using the equation pOH = –log[OH]–; we can find the pH using the equation
14 – pOH = pH.
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DIPROTIC AND POLYPROTIC ACIDS

Diprotic and Polyprotic Acids
Diprotic and polyprotic acids contain multiple acidic protons that dissociate in distinct, sequential steps.

Learning Objectives

Identify the key features that distinguish polyprotic acids from monoprotic acids.

Key Takeaways

Key Points

Polyprotic acids can lose two or more acidic protons; diprotic acids and triprotic acids are specific types of
polyprotic acids that can lose two and three protons, respectively.
Polyprotic acids display as many equivalence points in titration curves as the number of acidic protons
they have; for instance, a diprotic acid would have two equivalence points, while a triprotic acid would
have three equivalence points.
For polyprotic acids, the first Ka is always the largest, followed by the second, etc.; this indicates that the
protons become successively less acidic as they are lost.
Although the tendency to lose each acidic proton decreases as subsequent ones are lost, all possible
ionic species do exist in solution; to calculate their fractional concentration, one can use equations that
rely on equilibrium constants and the concentration of protons in solution.

Key Terms

titration: determining a substance’s concentration in a solution by slowly adding measured amounts of
another substance (often with a burette) until a reaction is shown complete
equivalence point: the point at which an added titrant is stoichiometrically equal to the number of moles
in a sample’s substance; the smallest amount of titrant necessary to fully neutralize or react with the
analyte
diprotic acid: one that contains within its molecular structure two hydrogen atoms per molecule capable
of dissociating
triprotic acid: one that can donate three hydrogen ions per molecule during dissociation

As their name suggests, polyprotic acids contain more than one acidic proton. Two common examples are carbonic
acid (H2CO3, which has two acidic protons and is therefore a diprotic acid) and phosphoric acid (H3PO4, which has
three acidic protons and is therefore a triprotic acid).

Diprotic and polyprotic acids show unique profiles in titration experiments, where a pH versus titrant volume curve
clearly shows two equivalence points for the acid; this is because the two ionizing hydrogens do not dissociate from
the acid at the same time. With any polyprotic acid, the first amd most strongly acidic proton dissociates completely
before the second-most acidic proton even begins to dissociate.

Diprotic Acids
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Titration curve of carbonic acid: The titration curve of a
polyprotic acid has multiple equivalence points, one for each
proton. In carbonic acid’s case, the two ionizing protons each
have a unique equivalence point.

A diprotic acid (here symbolized by H2A) can undergo
one or two dissociations depending on the pH.
Dissociation does not happen all at once; each
dissociation step has its own Ka value, designated Ka1
and Ka2:

The first dissociation constant is necessarily greater than
the second ( i.e. Ka1 > Ka2); this is because the first
proton to dissociate is always the most strongly acidic,
followed in order by the next most strongly acidic proton.
For example, sulfuric acid (H2SO4) can donate two
protons in solution:

This first dissociation step of sulfuric acid will occur
completely, which is why sulfuric acid is considered a
strong acid; the second dissociation step is only weakly dissociating, however.

Triprotic Acids

A triprotic acid (H3A) can undergo three dissociations and will therefore have three dissociation constants: Ka1 > Ka2
> Ka3. Take, for example the three dissociation steps of the common triprotic acid phosphoric acid:

Fractional Concentration of Conjugate Base Species

Although the subsequent loss of each hydrogen ion is less favorable, all of a polyprotic acid’s conjugate bases are
present to some extent in solution. Each species’ relative level is dependent on the pH of the solution. Given the pH
and the values of Ka for each dissociation step, we can calculate each species’ fractional concentration, α (alpha).
The fractional concentration is defined as the concentration of a particular conjugate base of interest, divided by the
sum of all species’ concentrations. For example, a generic diprotic acid will generate three species in solution: H2A,
HA–, and A2-, and the fractional concentration of HA–, which is given by:

The following formula shows how to find this fractional concentration of HA–, in which pH and the acid dissociation
constants for each dissociation step are known:

Fractional ion calculations for polyprotic acids: The above complex equations can determine the
fractional concentration of various ions from polyprotic acids.

A(aq) ⇌ (aq) + (aq)H2 H+ HA− Ka1

(aq) ⇌ (aq) + (aq)HA− H+ A2− Ka2

(aq) → (aq) + (aq) = largeH2SO4 H+ HSO−
4 Ka1

(aq) ⇌ (aq) + (aq) = smallHSO−
4 H+ SO−

4 Ka2

(aq) → (aq) + (aq) = largeH3PO4 H+ H2PO−
4 Ka1

(aq) ⇌ (aq) + (aq) = smallH2PO−
4 H+ HPO2−

4 Ka2

⇌ (aq) + (aq) = smallestHPO2−
4 H+ PO3−

4 Ka3

α =
[ ]HA−

[ A]+[ ]+[ ]H2 HA− A2−
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Calculating Equilibrium Concentrations of Polyprotic Acids

Polyprotic acids have complex equilibria due to the presence of multiple species in solution.

Learning Objectives

Solve equilibrium problems using the appropriate approximations for weak and strong polyprotic acids.

Key Takeaways

Key Points

Polyprotic acids contain multiple acidic protons that can sequentially dissociate from the compound with
unique acid dissociation constants for each proton.
Due to the variety of possible ionic species in solution for each acid, precisely calculating the
concentrations of different species at equilibrium can be very complicated.
Certain simplifications can make the calculations easier; these simplifications vary with the specific acid
and the solution conditions.

Key Terms

ionic species: chemical species with a residual charge; in acid-base equilibria, the charge resulting from
the loss or addition of electrons from chemical compounds
equilibrium: the state of a reaction in which the rates of the forward and reverse reactions are the same
polyprotic acids: an acid with multiple acidic protons

Polyprotic acids can lose more than one proton. The first proton’s dissociation may be denoted as Ka1 and the
constants for successive protons’ dissociations as Ka2, etc. Common polyprotic acids include sulfuric acid (H2SO4),
and phosphoric acid (H3PO4).

When determining equilibrium concentrations for different ions produced by polyprotic acids, equations can become
complex to account for the various components. For a diprotic acid for instance, we can calculate the fractional
dissociation (alpha) of the species HA– using the following complex equation:

Equation for finding the fractional dissociation of HA-: The above concentration can be used if
pH is known, as well as the two acid dissociation constants for each dissociation step; oftentimes,
calculations can be simplified for polyprotic acids, however.

We can simplify the problem, depending on the polyprotic acid. The following examples indicate the mathematics
and simplifications for a few polyprotic acids under specific conditions.

Diprotic Acids With a Strong First Dissociation Step

As we are already aware, sulfuric acid’s first proton is strongly acidic and dissociates completely in solution:

H2SO4 → H+ + HSO4
–

However, the second dissociation step is only weakly acidic:
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  Ka2 = 1.20×10-2   pKa2 = 1.92

Because the first dissociation is so strong, we can assume that there is no measurable H2SO4 in the solution, and
the only equilibrium calculations that need be performed deal with the second dissociation step only.

Determining Predominant Species From pH and pKa

Phosphoric acid, H3PO4, has three dissociation steps:

  pKa1 = 2.12

   pKa2 = 7.21

  pKa3 = 12.67

Thus, in an aqueous solution of phosphoric acid, there will theoretically be seven ionic and molecular species
present: H3PO4, H2PO4

–, HPO4
2-, PO4

3-, H2O, H+, and OH–.

At a pH equal to the pKa for a particular dissociation, the two forms of the dissociating species are present in equal
concentrations, due to the following mathematical observation. Take for instance the second dissociation step of
phosphoric acid, which has a pKa2 of 7.21:

By the property of logarithms, we get the following:

Thus, when pH = pKa2, we have the ratio [HPO4
2-]/[H2PO4

–] = 1.00; in a near-neutral solution, H2PO4
– and HPO4

2-

are present in equal concentrations. Very little undissociated H3PO4 or dissociated PO4
3- will be found, as is

determined through similar equations with their given Ka‘s.

The only phosphate species that we need to consider near pH = 7 are H2PO4
– and HPO4

2-. Similarly, in strongly
acidic solutions near pH = 3, the only species we need to consider are H3PO4 and H2PO4

–. As long as the pKa
values of successive dissociations are separated by three or four units (as they almost always are), matters are
simplified. We need only consider the equilibrium between the two predominant acid/base species, as determined
by the pH of the solution.

Diprotic Acids With a Very Weak Second Dissociation Step

When a weak diprotic acid such as carbonic acid, H2CO3, dissociates, most of the protons present come from the
first dissociation step:

  pKa1 = 6.37

Since the second dissociation constant is smaller by four orders of magnitude (pKa2 = 10.25 is larger by four units),
the contribution of hydrogen ions from the second dissociation will be only one ten-thousandth as large.

Consequently, the second dissociation has a negligible effect on the total

⇌ +HSO−
4 H+ SO2−

4

⇌ +H3PO4 H+ H2PO−
4

⇌ +H2PO−
4 H+ HPO2−

4

⇌ +HPO2−
4 H+ PO3−

4

= −log( ) = 7.21pKa2
[ ][ ]H+ HPO2−

4

[ ]H2PO−
4

pH = −log[ ] = 7.21H+

pH − = −log( ) = 0pKa2
[ ]HPO2−

4

[ ]H2PO−
4

= 1
[ ]HPO2−

4

[ ]H2PO−
4

⇌ +H2CO3 H+ HCO−
3
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Phosphoric acid: The
chemical structure of
phosphoric acid indicates it
has three acidic protons.

Consequently, the second dissociation has a negligible effect on the total
concentration of H+ in solution, and can be ignored.
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ACID STRENGTH AND MOLECULAR STRUCTURE

Binary Acids
Binary acids are certain molecular compounds in which hydrogen is bonded with a nonmetal.

Learning Objectives

Explain the periodic trends that affect binary acid strength.

Key Takeaways

Key Points

A binary acid ‘s strength depends on the H-X bond ‘s strength; the weaker the bond, the stronger the
acid.
The names of binary acids begin with “hydro-” followed by the name of the other element, modified to end
with “-ic.”
Binary acids are one of two classes of acids; the second are oxoacids (or oxyacids), which consist of
hydrogen, oxygen, and another element.

Key Terms

binary acid: molecular compounds in which hydrogen is combined with a second nonmetallic element
pKa: a quantitative measure of the strength of an acid in solution; a weak acid has a pKa value in the
approximate range −2 to 12 in water, and a strong acid has a pKa value of less than about −2.

Acid Strength and Bond Strength

Binary acids are certain molecular compounds in which hydrogen is combined with a second nonmetallic element;
these acids include HF, HCl, HBr, and HI.

HCl, HBr, and HI are all strong acids, whereas HF is a weak acid. The acid strength increases as the experimental
pKa values decrease in the following order:

HF (pKa = 3.1) < HCl (pKa = -6.0) < HBr (pKa = -9.0) < HI (pKa = -9.5).

Why is HF a weak acid, when the rest of the hydrohalic acids are strong? One might correctly assume that fluorine
is very electronegative, so the H-F bond is highly polar and we can expect HF to dissociate readily in solution; this
reasoning is not wrong, but the electronegativity argument is trumped by considerations of ionic size. Recall the
periodic trend that ionic size increases as we move down the periodic table. Because fluorine is at the top of the
halogens, the F– ion is the smallest halide; therefore, its electrons are concentrated around its nucleus, and as a
result, the H-F bond is relatively short. Shorter bonds are more stable, and thus the H-F bond is more difficult to
break.

Once we move down to chlorine, howver, the trend changes. Chlorine is larger and has more electrons, and
therefore the H-Cl bond is longer and weaker. In the presence of water, the electrostatic attractions between water’s
partially negative oxygen and the partially positive hydrogen on H-Cl is strong
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Hydrochloric acid: Hydrochloric acid is
a clear, colorless solution of hydrogen
chloride (HCl) in water. It is a highly
corrosive, strong mineral acid with many
industrial uses. Hydrochloric acid is found
naturally in gastric acid. It is a member of
the binary acids.

partially negative oxygen and the partially positive hydrogen on H-Cl is strong
enough to break the H-Cl bond, and the ions dissociate in solution.

The same reasoning applies for both HBr and HI. These acids are even
stronger than HCl because the Br– and I– ions are even larger. As such, the
H-Br and H-I bonds are even weaker, and these compounds also readily
dissociate in solution.

Naming Binary Acids

The names of binary acids begin with “hydro-” followed by the name of the
other element, modified to end with “-ic.” For example, HCl is named
hydrochloric acid.

Binary acids are one of two classes of acids, the second being oxoacids (or
oxyacids), which consist of hydrogen, oxygen, and a third element, which is
often a non-metal.

Oxoacids
An oxoacid is an acid that contains oxygen.

Learning Objectives

Discuss the periodic trends that help determine oxoacid strength.

Key Takeaways

Key Points

The central atom ‘s electronegativity and the number of oxygen atoms determines oxoacid acidity.
Carboxylic acids are an important subclass of organic oxoacids and the most common type of organic
acid.
Carboxlic acids are characterized by the presence of at least one carboxyl group and have a general
formula of R-COOH, where R is some monovalent functional group.

Key Terms

oxyacid: an acid containing oxygen, as opposed to a hydracid (oxoacid)
carboxylic acid: any of a class of organic compounds containing a carboxyl functional group (a carbon
with one double bond to an oxygen and a single bond to another oxygen, which is in turn bonded to a
hydrogen)

An oxoacid (sometimes called an oxyacid ) is an acid that contains oxygen. To be more specific, an oxoacid is an
acid that:

1. contains oxygen
2. contains at least one other element
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Sulphuric acid: Drops of the concentrated oxoacid sulfuric acid (sulphuric acid)
rapidly dehydrate a piece of cotton towel.

2. contains at least one other element
3. has at least one hydrogen atom bonded to oxygen
4. forms an ion by the loss of one or more protons in solution.

Examples of oxoacids include:

Carboxylic acids
Sulfuric acid
Nitric acid
Phosphoric acid

Halogen oxoacids include hypochlorous acid (HOCl); chlorous acid(HOClO); chloric acid(HOClO2); oerchloric
acid(HOClO3); oerbromic acid (HOBrO3)

All oxoacids have the acidic hydrogen bound to an oxygen atom, so bond strength (length) is not a factor, similar to
binary nonmetal acids; instead, the main determining factor for an oxacid’s relative strength has to do with the
central atom’s electronegativity (X), as well as the number of O atoms around that central atom.

Electronegativity of the
Central Atom

Consider the simple oxyacids HOI
(hypoiodous acid), HOBr (hypobromous
acid), and HOCl (hypochlorous acid).
These acids can be arranged in order of
their pKavalues and, by extension, their
relative strengths:

HOCl pKa = 7.5 < HOBr pKa = 8.6 < HOI
pKa = 10.6

Recall that smaller values of pKa
correspond to greater acid strength.
Therefore, HOCl is the strongest acid and
HOI is weakest, and acid strength
decreases as the central halogen
descends on the periodic table.

The strength of the acid is determined by
the central atom’s electronegativity relative to the surround atoms in the molecule. Because Cl is the most
electronegative, it draws the bulk of the electrons in the HOCl molecule toward itself; because H and Cl are on
opposite ends of the molecule, Cl pulls at the electrons in the H-O bond, thereby weakening it. The weaker the H-O
bond, the more easily the H+ can ionize in water, and the stronger the acid.

Number of Oxygen Atoms Around the Central Atom

Consider the family of chlorooxoacids, which are arranged below in order of pKa values:

HOClO3 pKa = -8 < HOClO2 pKa = -1.0 < HOClO pKa = 1.92 < HOCl pKa = 7.53

The strongest acid is perchloric acid on the left, and the weakest is hypochlorous acid on the far right. Notice that
the only difference between these acids is the number of oxygens bonded to chlorine. As the number of oxygens
increases, so does the acid strength; again, this has to do with electronegativity. Oxygen is a highly electronegative
element, and the more oxygen atoms present, the more that the molecule’s electron density will be pulled off the O-
H bond, weakening it and creating a stronger acid.

Carboxylic Acids
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A carboxylic acid: Carboxylic acids are organic oxoacids characterized
by the presence of at least one carboxyl group, which has the formula -
C(=O)OH, usually written as -COOH or -CO2H.

Carboxylic acids are an important subclass of organic oxoacids, characterized by the presence of at least one
carboxyl group. The general formula of a carboxylic acid is R-COOH, where R is some monovalent functional group.
A carboxyl group (or carboxy) is a functional group consisting of a carbonyl (RR’C=O) and a hydroxyl (R-O-H),
which has the formula -C(=O)OH, usually written as -COOH or -CO2H.

Carboxylic acids are the most common type of
organic acid. Among the simplest examples are
formic acid H-COOH, which occurs in ants, and
acetic acid CH3-COOH, which gives vinegar its
sour taste. Acids with two or more carboxyl groups
are called dicarboxylic, tricarboxylic, etc. The
simplest dicarboxylic example is oxalic acid
(COOH)2, which is just two connected carboxyls.
Mellitic acid is an example of a hexacarboxylic
acid. Other important natural examples include
citric acid (in lemons) and tartaric acid (in
tamarinds).

Salts and esters of carboxylic acids are called
carboxylates. When a carboxyl group is
deprotonated, its conjugate base, a carboxylate
anion, forms. Carboxylate ions are resonance
stabilized, and this increased stability makes
carboxylic acids more acidic than alcohols.
Carboxylic acids can be seen as reduced or
alkylated forms of the Lewis acid carbon dioxide;
under some circumstances they can be
decarboxylated to yield carbon dioxide.

http://www.youtube.com/watch?v=pgTRZjd_HSg&start=50&t=0m50s&stop=101

Sulfuric Acid and Sponge Reaction in Slow Motion by Slow Mo Lab: Sulfuric acid dissolves a sponge in slow
motion

Licensing & Attributions

CC licensed content, Speci�c attribution

John Hutchinson, Acid-Base Equilibrium. September 17, 2013. Provided by: OpenStax CNX. Located at: http://cnx.org/content/m44279/latest/. License: CC BY: Attribution
Binary acid. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Binary_acid. License: CC BY-SA: Attribution-ShareAlike
Boundless. Provided by: Boundless Learning. Located at: http://www.boundless.com//chemistry/de�nition/binary-acid. License: CC BY-SA: Attribution-ShareAlike
pKa. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/pKa. License: CC BY-SA: Attribution-ShareAlike
oxyacid. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/oxyacid. License: CC BY-SA: Attribution-ShareAlike
Hydrochloric acid. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Hydrochloric_acid. License: Public Domain: No Known Copyright
John Hutchinson, Acid-Base Equilibrium. September 17, 2013. Provided by: OpenStax CNX. Located at: http://cnx.org/content/m44279/latest/. License: CC BY: Attribution
Carboxylic acid. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Carboxylic_acid. License: CC BY-SA: Attribution-ShareAlike
Oxoacid. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Oxoacid. License: CC BY-SA: Attribution-ShareAlike
oxyacid. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/oxyacid. License: CC BY-SA: Attribution-ShareAlike
oxoacid. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/oxoacid. License: CC BY-SA: Attribution-ShareAlike
carboxylic acid. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/carboxylic_acid. License: CC BY-SA: Attribution-ShareAlike
Hydrochloric acid. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Hydrochloric_acid. License: Public Domain: No Known Copyright
Sulfuric%20acid. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Sulfuric_acid. License: Public Domain: No Known Copyright
File:Carboxylic-acid.svg%20-%20Wikipedia,%20the%20free%20encyclopedia. Provided by: Wikipedia. Located at: http://en.wikipedia.org/w/index.php?title=File:Carboxylic-acid.svg&page=1. License: Public Domain: No Known
Copyright
Sulfuric Acid and Sponge Reaction in Slow Motion by Slow Mo Lab. Located at: http://www.youtube.com/watch?v=pgTRZjd_HSg. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license

670

http://cnx.org/content/m44279/latest/
https://creativecommons.org/licenses/by/4.0/
http://en.wikipedia.org/wiki/Binary_acid
https://creativecommons.org/licenses/by-sa/4.0/
http://www.boundless.com//chemistry/definition/binary-acid
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/pKa
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/oxyacid
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Hydrochloric_acid
https://creativecommons.org/about/pdm
http://cnx.org/content/m44279/latest/
https://creativecommons.org/licenses/by/4.0/
http://en.wikipedia.org/wiki/Carboxylic_acid
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Oxoacid
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/oxyacid
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/oxoacid
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/carboxylic_acid
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Hydrochloric_acid
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Sulfuric_acid
https://creativecommons.org/about/pdm
http://en.wikipedia.org/w/index.php?title=File:Carboxylic-acid.svg&page=1
https://creativecommons.org/about/pdm
http://www.youtube.com/watch?v=pgTRZjd_HSg
https://creativecommons.org/about/pdm


ACID-BASE PROPERTIES OF SALTS

Salts that Produce Basic Solutions
When dissolved in water, a basic salt yields a solution with pH greater than 7.0.

Learning Objectives

Distinguish basic salts from non-basic salts

Key Takeaways

Key Points

In acid – base chemistry, salts are ionic compounds that result from the neutralization reaction of an acid
and a base.
Basic salts contain the conjugate base of a weak acid, so when they dissolve in water, they react with
water to yield a solution with pH greater than 7.0.

Key Terms

basic salt: the product of the neutralization of a strong base and a weak acid; its anion is the conjugate
base of the weak acid

In acid-base chemistry, a salt is defined as the ionic compound that results from a neutralization reaction between
an acid and a base. As such, salts are composed of cations (positively charged ions ) and anions (negative ions),
and in their unsolvated, solid forms, they are electrically neutral (without a net charge). The component ions in a salt
can be inorganic; examples include chloride (Cl−), the organic acetate (CH3COO−), and monatomic fluoride (F−), as
well as polyatomic ions such as sulfate (SO4

2−).

The Reaction of a Basic Salt in Water

There are several varieties of salts, and in this section we will consider basic salts. What makes a basic salt basic?
It is due to the fact that the anion in the salt is the conjugate base of a weak acid. For a generalized anion B–, the
net ionic reaction is:

An example of a basic salt is sodium bicarbonate, NaHCO3. The bicarbonate ion is the conjugate base of carbonic
acid, a weak acid. Therefore, it reacts with water in the following fashion:

Because it is capable of deprotonating water and yielding a basic solution, sodium bicarbonate is a basic salt.

(aq) + O(l) ⇌ BH(aq) + (aq)B− H2 OH−

(aq) + O(l) ⇌ (aq) + (aq)HCO−
3 H2 H2CO3 OH−
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Other examples of basic salts include:

Calcium carbonate (CaCO3)
Sodium acetate (NaOOCCH3)
Potassium cyanide (KCN)
Sodium sulfide (Na2S)

Notice that for all of these examples, the anion is the conjugate base of a weak acid (carbonic acid, bisulfate
(second dissociation step of sulfuric acid), acetic acid, hydrocyanic acid, hydrogen sulfide).

Conjugate Bases of Weak vs. Strong Acids

Keep in mind that a salt will only be basic if it contains the conjugate base of a weak acid. Sodium chloride, for
instance, contains chloride (Cl–), which is the conjugate base of HCl. But because HCl is a strong acid, the Cl– ion is
not basic in solution, and it isn’t capable of deprotonating water.

Sodium Bicarbonate: Because the bicarbonate ion is the conjugate base of
carbonic acid, a weak acid, sodium bicarbonate will yield a basic solution in
water.

Salts that Produce Acidic Solutions
When dissolved in water, acidic salts form solutions with pH less than 7.0.

Learning Objectives

Explain the formation of acid salts and their effects on a solution’s pH.

Key Takeaways

Key Points

Acid salts contain a hydrolyzable proton in the cation, anion, or both; for instance, the salt ammonium
bisulfate (NH4HSO4) contains an acidic proton in both the cation and the anion.

To determine the acidity / alkalinity of a hydrolyzable anion, compare the Ka and Kb values for the ion; if
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To determine the acidity / alkalinity of a hydrolyzable anion, compare the Ka and Kb values for the ion; if
Ka > Kb, the ion is acidic; if Kb > Ka, the ion is basic.

Key Terms

acid salt: a salt that yields a solution with pH less than 7.0
hydrolyzable: capable of dissociating in water

Salts With a Hydrolyzable Cation

When dissolved in water, acidic salts will yield solutions with pH less than 7.0. This is due either to the presence of a
metal cation that acts as a Lewis acid (which will be discussed in a later concept), or, quite commonly, due to a
hydrolyzable proton in the cation or the anion. Salts with acidic protons in the cation are most commonly ammonium
salts, or organic compounds that contain a protonated amine group. Examples include:

ammonium (NH4
+)

methyl ammonium (CH3NH3
+)

ethyl ammonium (CH3CH2NH3
+)

anilinium (C6H6NH2
+)

An example of an acid salt is one containing any of these cations with a neutral base, such as ammonium chloride
(NH4Cl).

Salts With Hydrolyzable Protons in the Anion

Acid salts can also contain an acidic proton in the anion. Examples of anions with an acidic proton include:

bisulfate (HSO4
–)

dihydrogen citrate (H2C6H5O7
–)

bioxalate (HO2C2O–)

Each of these anions contains a proton that will weakly dissociate in water. Therefore, salts containing these anions
—such as potassium bisulfate—will yield weakly acidic solutions in water.

Determining Acidity or Alkalinity of a Hydrolyzable Ion

From the previous concept, we know that salts containing the bicarbonate ion (HCO3
–) are basic, whereas salts

containing bisulfate ion (HSO4
–) are acidic. We determine whether the hydrolyzable ion is acidic or basic by

comparing the Ka and Kb values for the ion; if Ka > Kb, the ion will be acidic, whereas if Kb > Ka, the ion will be
basic.
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Anilinium chloride: Anilinium chloride is an example
of an acid salt. The NH3+ group contains an acidic
proton capable of dissociating in solution; therefore, a
solution of anilinium chloride in pure water will have a
pH less than 7.

Overview of the Acid-Base Properties of Salt
Some salts, such as ammonium bicarbonate (NH4HCO3), contain cations and anions that can both undergo
hydrolysis.

Learning Objectives

Predict the pH of a solution of a salt containing cations and anions, both of which participate in hydrolysis.

Key Takeaways

Key Points

Basic salts result from the neutralization of a strong base with a weak acid.
Acid salts result from the neutralization of a strong acid with a weak base.
For salts in which both cation and anion are capable of hydrolysis, compare Ka and Kb values to
determine the solution ‘s resulting pH.

Key Terms

neutralization reaction: a reaction between an acid and a base in which water and a salt are formed
hydrolysis: a reaction with water in which chemical bonds break
salt: in acid-base chemistry, one of the products in a neutralization reaction

Summary of Acidic and Basic Salts

As we have discussed, salts can form acidic or basic solutions if their cations and/or anions are hydrolyzable (able
to react in water). Basic salts form from the neutralization of a strong base and a weak acid; for instance, the
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reaction of sodium hydroxide (a strong base) with acetic acid (a weak acid) will yield water and sodium acetate.
Sodium acetate is a basic salt; the acetate ion is capable of deprotonating water, thereby raising the solution’s pH.

Acid salts are the converse of basic salts; they are formed in the neutralization reaction between a strong acid and a
weak base. The conjugate acid of the weak base makes the salt acidic. For instance, in the reaction of hydrochloric
acid (a strong acid) with ammonia (a weak base), water is formed, along with ammonium chloride. The ammonium
ion contains a hydrolyzable proton, which makes it an acid salt.

Salts in Which Both Ions Hydrolyze

The following is a more complicated scenario in which a salt contains a cation and an anion, both of which are
capable of participating in hydrolysis. A good example of such a salt is ammonium bicarbonate, NH4HCO3; like all
ammonium salts, it is highly soluble, and its dissociation reaction in water is as follows:

However, as we have already discussed, the ammonium ion acts as a weak acid in solution, while the bicarbonate
ion acts as a weak base. The reactions are as follows:

Because both ions can hydrolyze, will a solution of ammonium bicarbonate be acidic or basic? We can determine
the answer by comparing Ka and Kb values for each ion. In this case, the value of Kb for bicarbonate is greater than
the value of Ka for ammonium. Therefore, bicarbonate is a slightly more alkaline than ammonium is acidic, and a
solution of ammonium bicarbonate in pure water will be slightly basic (pH > 7.0). In summary, when a salt contains
two ions that hydrolyze, compare their Ka and Kb values:

If Ka > Kb, the solution will be slightly acidic.
If Kb > Ka, the solution will be slightly basic.

Watch the video at this link.

Hydrolysis of salts: This video examines the hydrolysis of an acid salt, a basic salt, and a salt in which both ions
hydrolyze.
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(s) → (aq) + (aq)NH4CO3 NH+
4 HCO−

3

(aq) + O(l) ⇌ (aq) + (aq) = 5.6 ×NH+
4 H2 H3O+ NH3 Ka 10−10

(aq) + O(l) ⇌ (aq) + (aq) = 2.4 ×HCO−
3 H2 H2CO3 OH− Kb 10−8
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ACID-BASE PROPERTIES OF OXIDES

Basic and Amphoteric Hydroxides
Some metal hydroxides are amphoteric, or capable of acting as either an acid or base.

Learning Objectives

Identify the conditions under which amphoteric hydroxides act as acids.

Key Takeaways

Key Points

Amphoteric molecules can act as either acids or bases.
Hydroxides with highly-charged metal cations are often amphoteric.
Amphoteric hydroxides act as either Bronsted-Lowry bases (accepting protons) or Lewis acids (accepting
an electron pair), depending on reaction conditions.

Key Terms

base: a proton acceptor or an electron pair donor
Lewis acid: an electron pair acceptor

In our discussion of acids and bases so far, hydroxides have always been synonymous with bases. Now we will
examine amphoteric hydroxides—that is, hydroxide salts that can act as either an acid or a base, depending on
reaction conditions. We will begin with the familiar case of a hydroxide acting as a base.

Reaction of Amphoteric Hydroxides in Acidic Solution

One of the most common and familiar examples of an amphoteric hydroxide is aluminum hydroxide, Al(OH)3. From
our solubility rules, we know that Al(OH)3 is largely insoluble in neutral water; however, in a strongly acidic solution,
the situation changes. For example, consider the reaction of Al(OH)3 with HCl:

This is a classic acid-base neutralization reaction: the HCl completely protonates all three hydroxides per mole of
Al(OH)3, yielding pure water and the salt AlCl3. From what we know about the basic properties of hydroxides so far,
this is exactly as we would expect—so how can a hydroxide act as an acid?

Reaction of Amphoteric Hydroxides in Basic Solution

We will now consider aluminum hydroxide’s reaction in a strongly basic solution:

HCl(aq) + Al(OH (aq) → (aq) + 3 O(l))3 AlCl3 H2

Al(OH (aq) + (aq) → Al(OH (aq))3 OH− )−
4
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Aluminum hydroxide:
Aluminum hydroxide can
act as either a Bronsted-
Lowry base, by accepting
protons from an acidic
solution, or as a Lewis
acid, by accepting an
electron pair from
hydroxide ions in a basic
solution.

Here, aluminum hydroxide picks up an hydroxide ion out of solution, thereby acting as a
Lewis acid. How is this possible? Consider the Lewis structure for Al(OH)3.

The central aluminum atom is electron deficient—it forms only three bonds, and the octet
rule is not fulfilled; thus, Al3+ is quite happy to accept a pair of electrons and form another
bond, given the right conditions. In a basic solution, it forms a bond with an OH– ion,
pulling it out of solution and lowering the solution’s pH.

Conclusion

Metal hydroxides with a highly-charged central metal atom can be amphoteric. In addition
to aluminum, metals such as zinc, tin, lead, and beryllium can also form amphoteric
oxides or hydroxides. Whether such hydroxides behave as acids or bases depends on
the surrounding solution’s pH.
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LEWIS ACIDS AND BASES

Lewis Acid and Base Molecules
Lewis bases are electron-pair donors, whereas Lewis acids are electron-pair acceptors.

Learning Objectives

Recognize Lewis acids and bases in chemical reactions.

Key Takeaways

Key Points

A Lewis acid is an electron -pair acceptor; a Lewis base is an electron-pair donor.
Some molecules can act as either Lewis acids or Lewis bases; the difference is context-specific and
varies based on the reaction.
Lewis acids and bases result in the formation of an adduct rather than a simple displacement reaction, as
with classical acids and bases. An example is HCl vs H+: HCl is a classical acid, but not a Lewis acid; H+
is a Lewis acid when it forms an adduct with a Lewis base.

Key Terms

covalent bond: a chemical bond in which two atoms are connected to each other by sharing two or more
electrons
nucleophile: literally “lover of nuclei,” Lewis bases are often referred to as this because they seek to
donate their electron pairs to electron-poor species, such as H+

A Lewis acid is defined as an electron-pair acceptor, whereas a Lewis base is an electron-pair donor. Under this
definition, we need not define an acid as a compound that is capable of donating a proton, because under the Lewis
definition, H+ itself is the Lewis acid; this is because, with no electrons, H+ can accept an electron pair.

A Lewis base, therefore, is any species that donates a pair of electrons to a Lewis acid. The “neutralization” reaction
is one in which a covalent bond forms between an electron-rich species (the Lewis base) and an electron-poor
species (the Lewis acid). For this reason, Lewis bases are often referred to as nucleophiles (literally, “lovers of
nuclei”), and Lewis acids are sometimes called electrophiles (“lovers of electrons”). This definition is useful because
it not only covers all the acid-base chemistry with which we are already familiar, but it describes reactions that
cannot be modeled by Arrhenius or Bronsted-Lowry acid-base chemistry. For now however, we will consider how
the Lewis definition applies to classic acid-base neutralization.

Applying the Lewis De�nition to Classical Acid-Base Chemistry

Consider the familiar reaction of NaOH and HCl:

NaOH(aq) + HCl(aq) → NaCl(aq) + O(l)H2
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We have previously described this as an acid-base neutralization reaction in which water and a salt are formed. This
is still completely correct, but the Lewis definition describes the chemistry from a slightly different perspective. When
considering Lewis acids and bases, the only real reaction of interest is the net ionic reaction:

Under the Lewis definition, hydroxide acts as the Lewis base, donating its electron pair to H+. Thus, in this version
of the neutralization reaction, what interests us is not the salt that forms, but the covalent bond that forms between
OH– and H+ to form water. A significant hallmark for Lewis acid-base reactions is the formation of such a covalent
bond between the two reacting species. The reaction’s final product is known as an adduct, because it forms from
the addition of the Lewis base to the Lewis acid.

Lewis acids and bases: Lewis acids (BF3, top, and H+, bottom) react with Lewis bases (F–, top, NH3,
bottom) to form products known as adducts. Note that the first reaction cannot be described by Arrhenius
or Bronsted-Lowry acid-base chemistry.

Beyond Classical Acid-Base Chemistry

By treating acid-base reactions in terms of electron pairs instead of specific substances, the Lewis definition can
apply to reactions that do not fall under other definitions of acid-base reactions. For example, a silver cation
behaves as a Lewis acid with respect to ammonia, which behaves as a Lewis base, in the following reaction:

This reaction results in the formation of diamminesilver(I), a complex ion; it is perfectly described by Lewis acid-base
chemistry, but is unclassifiable according to more traditional Arrhenius and Bronsted-Lowry definitions.

Application to Organic Chemistry

In organic chemistry, it is useful to understand that nucleophiles are Lewis bases and electrophiles are Lewis acids.
Nearly all reactions in organic chemistry can be considered Lewis acid-base processes.

http://www.youtube.com/watch?v=HPvK5lKio8o&stop=752

What are acids and bases?: This lesson continues to describe acids and bases according to their definition. We
first look at the Bronsted-Lowry theory, and then describe Lewis acids and bases according to the Lewis Theory.

Metal Cations that Act as Lewis Acids
Transition metals can act as Lewis acids by accepting electron pairs from donor Lewis bases to form complex ions.

(aq) + (aq) → O(l)OH− H+ H2

(aq) + 2 → [Ag(Ag+ NH3 NH3)2]+
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Learning Objectives

Recognize metals that function as Lewis acids.

Key Takeaways

Key Points

A Lewis acid is an electron pair acceptor; because metal ions have one or more empty orbitals, they act
as Lewis acids when coordinating ligands.
Examples of metals that can act as Lewis acids include Na+, Mg2+, and Ce3+.
Metal ions rarely exist uncoordinated; they often have to dissociate from weaker ligands, like water,
before complexing with other Lewis bases.

Key Terms

coordinate bond: a type of covalent bond in which two shared electrons originate from the same atom; a
dative bond
ligand: the species that coordinates with a metal cation to form a complex ion
Complex ion: a compound consisting of a metal ion coordinated to various ligands in solution

The modern-day definition of a Lewis acid, as given by IUPAC, is a molecular entity—and corresponding chemical
species—that is an electron-pair acceptor and therefore able to react with a Lewis base to form a Lewis adduct; this
is accomplished by sharing the electron pair furnished by the Lewis base. Classically, the term “Lewis acid” was
restricted to trigonal planar species with an empty p orbital, such as BR3 where R can be an organic substituent or a
halide. However, metal ions such as Na+, Mg2+, and Ce3+ often form Lewis adducts upon reacting with a Lewis
base.

Complex Ion Formation

Ligands create a complex when forming coordinate bonds with transition metals ions; the transition metal ion acts
as a Lewis acid, and the ligand acts as a Lewis base. The number of coordinate bonds is known as the complex’s
coordination number. Common ligands include H2O and NH3 ; examples of complexes include the
tetrachlorocobaltate(II) ion, [CoCl4]2- and the hexaqua-iron(III) ion, [Fe(H2O)6]3+

.

Usually, metal complexes can only serve as Lewis acids after dissociating from a more weakly bound Lewis base,
often water. For instance, Mg2+ can coordinate with ammonia in solutions, as shown below:

Nearly all compounds formed by the transition metals can be viewed as collections of the Lewis bases—or ligands
—bound to the metal, which functions as the Lewis acid. The product is known as a complex ion, and the study of
these ions is known as coordination chemistry. One coordination chemistry’s applications is using Lewis bases to
modify the activity and selectivity of metal catalysts in order to create useful metal-ligand complexes in biochemistry
and medicine.

[Mg( O + 6 → [Mg( + 6 OH2 )6]2+ NH3 NH3)6]2+ H2
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Examples of metal-ligand coordination complexes: Examples of several metals (V, Mn, Re, Fe, Ir) in coordination
complexes with various ligands. All these metals act as Lewis acids, accepting electron pairs from their ligands.
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ACID-BASE EQUILIBRIA

HOMOGENEOUS VERSUS HETEROGENEOUS
SOLUTION EQUILIBRIA

Homogeneous versus Heterogeneous Solution Equilibria
The equilibrium constants for homogeneous and heterogeneous solutions need to be calculated differently.

Learning Objectives

Describe the difference between homogeneous and heterogeneous solution equilibria.

Key Takeaways

Key Points

The equilibrium constant (K) is measured from the ratio of products to reactants at equilibrium.
When calculating equilibrium constants, pure solids and liquids are not taken into account. This is
because their concentration does not change during the reaction.
In homogeneous equilibrium, all substances are in the same phase.
In heterogeneous equilibrium, substances are in different phases.

Key Terms

equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are the same.
heterogeneous solution: A solution composed of different states of matter.
homogeneous solution: A solution composed of matter that all exists in the same state.

The equilibrium constants for reactions that contain substances that are all in the same phase, and reactions that
contain substances in different phases, need to be calculated differently. The former are called homogenous
reactions, and the later are called heterogeneous reactions.

Equilibrium constants

The equilibrium constant K for a given reaction is defined as the ratio of the products of a reaction to the reactants,
measured at equilibrium. In a general reaction

aA + bB ↔ cC + dD
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The reaction quotient measured at equilibrium is the equilibrium constant K.

Homogenous Equilibria

A homogeneous equilibrium is one in which all of the reactants and products are present in a single solution (by
definition, a homogeneous mixture ). Reactions between solutes in liquid solutions belong to one type of
homogeneous equilibria. The chemical species involved can be molecules, ions, or a mixture of both.

For the homogenous reaction

C2H2(aq) + 2Br2(aq)  C2H2Br4(aq)

The equilibrium constant .

Heterogeneous Equilibria

A heterogeneous equilibrium is a system in which reactants and products are found in two or more phases. The
phases may be any combination of solid, liquid, or gas phases, and solutions. When dealing with these equilibria,
remember that solids and pure liquids do not appear in equilibrium constant expressions.

For example, for the reaction

Br2(l)  Br2(g)

The equilibrium constant K is simply [Br2], with the concentration of the pure liquid Br2 excluded.

The Common Ion E�ect
The common ion effect describes the changes that occur with the introduction of ions to a solution containing that
same ion.

Learning Objectives

Explain the common ion effect.

Key Takeaways

Key Points

The role that the common ion effect plays in solutions is mostly visible in the decrease of solubility of
solids. Through the addition of common ions, the solubility of a compound generally decreases due to a
shift in equilibrium.
The common ion effect also plays a role in the regulation of buffers. Buffering solutions contain either an
acid or base, accompanied by its conjugate counterpart. Addition of more like conjugate ions will
ultimately shift the pH of the solution.
The common ion effect must be taken into consideration when determining solution equilibrium upon
addition of ions that are already present in the solution.

Key Terms
Le Chatelier’s principle: The principle used to predict the effect of a change in conditions on a chemical

Q at equilibrium = = K
[C [D]c ]d

[A [B]a ]b

↔

K =
[ ]C2 H2Br4

[ ][C2 H2 Br2]2

↔
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Le Chatelier’s principle: The principle used to predict the effect of a change in conditions on a chemical
equilibrium.
buffer: A solution used to stabilize the pH (acidity) of a liquid.
conjugate base: The species that is created after the donation of a proton.
conjugate acid: The species created when a base accepts a proton.

Solubility

Solubility refers to the amount of material that is able to be dissolved in a particular solvent. For example, table salt
(NaCl) placed in water eventually dissolves. However, if more table salt is continuously added, the solution will
reach a point at which no more can be dissolved; in other words, the solution is saturated, and the table salt has
effectively reached its solubility limit.

Chemical equilibrium is the chemical state where there are no net physical or chemical changes between the
reactant and the products of a reaction. This is because the rate of the forward (reactant to product) and reverse
(product to reactant) reactions are equal.

Solubility equilibrium refers to the state of chemical equilibrium between a chemical compound in the solid state and
a solution composed of that dissolved compound. This equilibrium is established when the rates of migration
between the solid and aqueous phases of the molecules (or ions) are equal.

Common Ion E�ect

Whenever a solution of an ionic substance comes into contact with another ionic compound with a common ion, the
solubility of the ionic substance decreases significantly. For example, this would be like trying to dissolve solid table
salt (NaCl) in a solution where the chloride ion (Cl–) is already present. The amount of NaCl that could dissolve to
reach the saturation point would be lowered. This phenomenon is the common ion effect and plays important roles
in pharmaceutical and environmental areas. The common ion effect can be explained by Le Chatelier’s principle of
chemical equilibrium:

For a simple dissolution process, the addition of more of one of the ions (A+) from another compound will shift the
composition to the left, reducing the concentration of the other ion (B–), effectively reducing the solubility of the solid
(AB). For example, when calcium fluoride dissolves into calcium and fluoride ions, the solubility product expression
is:

This expression must always hold, even if some ionic species come from other sources. Therefore, if more 
ions are placed in solution, the equilibrium will shift to the left, favoring the solid form and decreasing the solubility of
the solid.

Bu�er Solutions

A buffer solution is composed of a weak acid and its conjugate base, or a weak base and its conjugate acid.
Addition of excess ions will alter the pH of the buffer solution. Therefore, the common ion effect takes a role in pH
regulation. According to Le Chatelier’s principle, addition of more ions alters the equilibrium and shifts the reaction
to favor the solid or deionized form. In the case of an an acidic buffer, the hydrogen ion concentration decreases,
and the resulting solution is less acidic than a solution containing the pure weak acid.

For example in the reaction:

The addition of cyanide ions (CN–) will suppress the ionization of hydrogen cyanide (HCN) and shift its equilibrium
to the left. The percent dissociation of the hydrogen cyanide will decrease, therefore decreasing the H+ ions and
increasing the pH of the solution.

↔ +AB(s) A+
(aq) B−

(aq)

↔ +CaF2(s) Ca+2
(aq) 2F−

(aq)

Ca+2

↔ +HCN(aq) H+
(aq) CN−

(aq)

684



Lithium hydroxide with carbonate growths: Lithium hydroxide forms
less-soluble lithium carbonate, which precipitates because of the
common ion effect.

increasing the pH of the solution.
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BUFFER SOLUTIONS

Preparing a Bu�er Solution with a Speci�c pH
A buffer is a solution of weak acid and conjugate base or weak base and conjugate acid used to resist pH change
with added solute.

Learning Objectives

Describe the properties of a buffer solution.

Key Takeaways

Key Points

Buffer solutions are resistant to pH change because of the presence of an equilibrium between the acid
(HA) and its conjugate base (A-).
When some strong acid is added to a buffer, the equilibrium is shifted to the left, and the hydrogen ion
concentration increases by less than expected for the amount of strong acid added.
Buffer solutions are necessary in biology for keeping the correct pH for proteins to work.
Buffers can be prepared in multiple ways by creating a solution of an acid and its conjugate base.

Key Terms

aqueous: Consisting mostly of water.
equilibrium: The state of a reaction in which the rates of the forward (reactant to product) and reverse
(product to reactant) reactions are the same.
pKa: A quantitative measure of the strength of an acid in solution; a weak acid has a pKa value in the
approximate range −2 to 12 in water and a strong acid has a pKa value of less than about −2.

Bu�ers

A buffer is an aqueous solution containing a weak acid and its conjugate base or a weak base and its conjugate
acid. A buffer’s pH changes very little when a small amount of strong acid or base is added to it. It is used to prevent
any change in the pH of a solution, regardless of solute. Buffer solutions are used as a means of keeping pH at a
nearly constant value in a wide variety of chemical applications. For example, blood in the human body is a buffer
solution.

Buffer solutions are resistant to pH change because of the presence of an equilibrium between the acid (HA) and its
conjugate base (A–). The balanced equation for this reaction is:

When some strong acid (more H+) is added to an equilibrium mixture of the weak acid and its conjugate base, the
equilibrium is shifted to the left, in accordance with Le Chatelier’s principle. This causes the hydrogen ion (H+)
concentration to increase by less than the amount expected for the quantity of strong acid added. Similarly, if a

+HA ⇌ H+ A−
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pH probe: The probe can be inserted into a solution to
measure the pH (reading 8.61 in this example).
Probes need to be regularly calibrated with solutions
of known pH to be accurate.

strong base is added to the mixture, the hydrogen ion concentration decreases by less than the amount expected
for the quantity of base added. This is because the reaction shifts to the right to accommodate for the loss of H+ in
the reaction with the base.

Buffer solutions are necessary in a wide range of applications. In biology, they are necessary for keeping the correct
pH for proteins to work; if the pH moves outside of a narrow range, the proteins stop working and can fall apart. A
buffer of carbonic acid (H2CO3) and bicarbonate (HCO3

−) is needed in blood plasma to maintain a pH between 7.35
and 7.45. Industrially, buffer solutions are used in fermentation processes and in setting the correct conditions for
dyes used in coloring fabrics.

Preparing a Bu�er Solution

There are a couple of ways to prepare a buffer solution of a specific pH. In the first method, prepare a solution with
an acid and its conjugate base by dissolving the acid form of the buffer in about 60% of the volume of water required
to obtain the final solution volume. Then, measure the pH of the solution using a pH probe. The pH can be adjusted
up to the desired value using a strong base like NaOH. If the buffer is made with a base and its conjugate acid, the
pH can be adjusted using a strong acid like HCl. Once the pH is correct, dilute the solution to the final desired
volume.

Alternatively, you can prepare solutions of both the acid form and
base form of the solution. Both solutions must contain the same
buffer concentration as the concentration of the buffer in the final
solution. To get the final buffer, add one solution to the other while
monitoring the pH.

In a third method, you can determine the exact amount of acid
and conjugate base needed to make a buffer of a certain pH,
using the Henderson-Hasselbach equation:

where pH is the concentration of [H+], pKa is the acid dissociation
constant, and  are concentrations of the conjugate
base and starting acid.

Calculating the pH of a Bu�er Solution
The pH of a buffer solution can be calculated from the equilibrium
constant and the initial concentration of the acid.

Learning Objectives

Calculate the pH of a buffer made only from a weak acid.

Key Takeaways

Key Points

The strength of a weak acid ( buffer ) is usually represented as an equilibrium constant.

The acid-dissociation equilibrium constant, which measures the propensity of an acid to dissociate, is

pH = p + log( )Ka
][A−

[HA]

[A−] and [HA]
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The acid-dissociation equilibrium constant, which measures the propensity of an acid to dissociate, is
described using the equation: .

Using Ka and the equilibrium equation, you can solve for the concentration of [H+].
The concentration of [H+] can then be used to calculate the pH of a solution, as part of the equation: pH =
-log([H+]).

Key Terms

equilibrium: The state of a reaction in which the rates of the forward (reactant to product) and reverse
(product to reactant) reactions are the same.

What Does pH Mean in a Bu�er?

In chemistry, pH is a measure of the hydrogen ion (H+) concentration in a solution. The pH of a buffer can be
calculated from the concentrations of the various components of the reaction. The balanced equation for a buffer is:

The strength of a weak acid is usually represented as an equilibrium constant. The acid-dissociation equilibrium
constant (Ka), which measures the propensity of an acid to dissociate, for the reaction is:

The greater [H+] x [A–] is than [HA], the greater the value of Ka, the more the formation of H+ is favored, and the
lower the pH of the solution.

ICE Tables: A Useful Tool For Solving Equilibrium Problems

ICE (Initial, Change, Equilibrium) tables are very helpful tools for understanding equilibrium and for calculating the
pH of a buffer solution. They consist of using the initial concentrations of reactants and products, the change they
undergo during the reaction, and their equilibrium concentrations. Consider, for example, the following problem:

Calculate the pH of a buffer solution that initially consists of 0.0500 M NH3 and 0.0350 M NH4
+. (Note: Ka for NH4

+

is 5.6 x 10-10). The equation for the reaction is as follows:

We know that initially there is 0.0350 M NH4
+ and 0.0500 M NH3. Before the reaction occurs, no H+ is present so it

starts at 0.

ICE table – initial: ICE table for the buffer solution of NH4+ and NH3 with the starting concentrations.

During the reaction, the NH4
+ will dissociate into H+ and NH3. Because the reaction has a 1:1 stoichiometry, the

amount that NH4
+ loses is equal to the amounts that H+ and NH3 will gain. This change is represented by the letter

x in the following table.

=Ka
][ ][H+ A−

[HA]

HA ⇌ +H+ A−

=Ka
[ ][ ]H+ A−

[HA]

⇌ +NH+
4 H+ NH3
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ICE table – change: Describes the change in concentration that occurs during the reaction.

Therefore the equilibrium concentrations will look like this:

ICE table – equilibrium: Describes the final concentration of the reactants and products at equilibrium.

Apply the equilibrium values to the expression for Ka.

Assuming x is negligible compared to 0.0500 and 0.0350 the equation is reduced to:

Solving for x (H+):

x = [H+] = 3.92 x 10-10

pH = -log(3.92 x 10-10)

pH = 9.41

The Henderson-Hasselbalch Equation

The Henderson–Hasselbalch equation connects the measurable value of the pH of a solution with the theoretical
value pKa.

Learning Objectives

Calculate the pH of a buffer system using the Henderson-Hasselbalch equation.

Key Takeaways

Key Points

The Henderson-Hasselbalch equation is useful for estimating the pH of a buffer solution and finding the
equilibrium pH in an acid – base reaction.
The formula for the Henderson–Hasselbalch equation is: , where pH is the

concentration of [H+], pKa is the acid dissociation constant, and [A–] and [HA] are concentrations of the
conjugate base and starting acid.

The equation can be used to determine the amount of acid and conjugate base needed to make a buffer

5.6 × = =10−10 ][ ][H+ NH3

[ ]NH+
4

x(0.0500+x)

0.0350−x

5.6 × = =10−10 ][ ][H+ NH3

[ ]NH+
4

x(0.0500)

0.0350

pH = p + log( )Ka
][A−

[HA]
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The equation can be used to determine the amount of acid and conjugate base needed to make a buffer
solution of a certain pH.

Key Terms

pKa: A quantitative measure of the strength of an acid in solution; a weak acid has a pKa value in the
approximate range -2 to 12 in water and a strong acid has a pKa value of less than about -2.

The Henderson–Hasselbalch equation mathematically connects the measurable pH of a solution with the pKa
(which is equal to -log Ka) of the acid. The equation is also useful for estimating the pH of a buffer solution and
finding the equilibrium pH in an acid-base reaction. The equation can be derived from the formula of pKa for a weak
acid or buffer. The balanced equation for an acid dissociation is:

The acid dissociation constant is:

After taking the log of the entire equation and rearranging it, the result is:

This equation can be rewritten as:

Distributing the negative sign gives the final version of the Henderson-Hasselbalch equation:

In an alternate application, the equation can be used to determine the amount of acid and conjugate base needed to
make a buffer of a certain pH. With a given pH and known pKa, the solution of the Henderson-Hasselbalch equation
gives the logarithm of a ratio which can be solved by performing the antilogarithm of pH/pKa:

An example of how to use the Henderson-Hasselbalch equation to solve for the pH of a buffer solution is as follows:

What is the pH of a buffer solution consisting of 0.0350 M NH3 and 0.0500 M NH4
+ (Ka for NH4

+ is 5.6 x 10-10)? The
equation for the reaction is:

Assuming that the change in concentrations is negligible in order for the system to reach equilibrium, the
Henderson-Hasselbalch equation will be:

pH = 9.095

HA ⇌ +H+ A−

=Ka
[ ][ ]H+ A−

[HA]

log( ) = log[ ] + log( )Ka H+ ][A−

[HA]

−p = −pH + log( )Ka
[ ]A−

[HA]

pH = p + log( )Ka
][A−

[HA]

=10pH−pKa
[base]

[acid]

⇌ +NH+
4 H+ NH3

pH = p + log( )Ka
[ ]NH3

[ ]NH+
4

pH = 9.25 + log( )0.0350
0.0500
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Calculating Changes in a Bu�er Solution

The changed pH of a buffer solution in response to the addition of an acid or a base can be calculated.

Learning Objectives

Calculate the final pH of a solution generated by the addition of a strong acid or base to a buffer.

Key Takeaways

Key Points

If the concentrations of the weak acid and its conjugate base in a buffer solution are reasonably high,
then the solution is resistant to changes in hydrogen ion concentration, or pH.
The change in pH of a buffer solution with an added acid or base can be calculated by combining the
balanced equation for the reaction and the equilibrium acid dissociation constant (Ka).
Comparing the final pH of a solution with and without the buffer components shows the effectiveness of
the buffer in resisting a change in pH.

Key Terms

pH: The negative of the logarithm to base 10 of the concentration of hydrogen ions, measured in moles
per liter; a measure of acidity or alkalinity of a substance, which takes numerical values from 0 (maximum
acidity) through 7 (neutral) to 14 (maximum alkalinity).
acid dissociation constant: Quantitative measure of the strength of an acid in solution; typically written
as a ratio of the equilibrium concentrations of products to reactants.

If the concentrations of a solution of a weak acid and its conjugate base are reasonably high, then the solution is
resistant to changes in hydrogen ion concentration. These solutions are known as buffers. It is possible to calculate
how the pH of the solution will change in response to the addition of an acid or a base to a buffer solution.

Calculating Changes in a Bu�er Solution, Example 1:

A solution is 0.050 M in acetic acid (HC2H3O2) and 0.050 M NaC2H3O2. Calculate the change in pH when 0.001
mole of hydrochloric acid (HCl) is added to a liter of solution, assuming that the volume increase upon adding
the HCl is negligible. Compare this to the pH if the same amount of HCl is added to a liter of pure water.

Step 1:

Recall that sodium acetate, 
NaC2H3O2, dissociates into its component ions, Na+ and C2H3O2

– (the acetate ion) upon dissolution in water.
Therefore, the solution will contain both acetic acid and acetate ions.
Before adding HCl, the acetic acid equilibrium constant is:

(assuming that x is small compared to 0.050 M in the equilibrium concentrations)
Therefore:

(aq) ⇋ (aq) + (aq)HC2 H3O2 H+ C2 H3O−
2

= =Ka
] ][H+ [C2H3O2

−

[H ]C2H3O2

x(0.050)

(0.050)

x = [ ] = = 1.76 × 1 MH+ Ka 0−5

pH = = 4.75pK
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In this example, ignoring the x in the [C2H3O2
–] and [HC2H3O2] terms was justified because the value is small

compared to 0.050.

Step 2:

The added protons from HCl combine with the acetate ions to form more acetic acid:

Since all of the H+ will be consumed, the new concentrations will be  and 
 before the new equilibrium is to be established. Then, we consider the equilibrium

conentrations for the dissociation of acetic acid, as in Step 1:

we have,

In the presence of the acetic acid-acetate buffer system, the pH only drops from 4.75 to 4.74 upon addition of
0.001 mol of strong acid HCl, a difference of only 0.01 pH unit.

Step 3:

Adding 0.001 M HCl to pure water, the pH is:

In the absence of HC2H3O2 and C2H3O2
–
, the same concentration of HCl would produce a pH of 3.00.

Calculating Changes in a Bu�er Solution, Example 2:

A formic acid buffer is prepared with 0.010 M each of formic acid (HCOOH) and sodium formate (NaCOOH).
The Ka for formic acid is 1.8 x 10-4. What is the pH of the solution? What is the pH if 0.0020 M of solid sodium
hydroxide (NaOH) is added to a liter of buffer? What would be the pH of the sodium hydroxide solution without
the buffer? What would the pH have been after adding sodium hydroxide if the buffer concentrations had been
0.10 M instead of 0.010 M?

Step 1:

Solving for the buffer pH:

Assuming x is negligible, the Ka expression looks like:

1.8 x 10-4 = x = [H+]

pH = -log [H+] = 3.74
Buffer: pH = 3.74

Step 2:

a

pH = = 4.75pKa

+ (from HCl) →C2 H3O−
2 H+ HC2 H3O2

[ ] = 0.051MHC2 H3O2

[ ] = 0.049MC2 H3O−
2

(aq) ⇋ (aq) + (aq)HC2 H3O2 H+ C2 H3O−
2

=Ka
x(0.049)

(0.051)

x = [ ] = (1.76 × 1 ) = 1.83 × 1 MH+ 0−5 0.051
0.049

0−5

pH = −log([ ]) = 4.74H+

pH = −log([ ]) = 3.00H+

HCOOH ⇋ +H+ HCOO−

=Ka
x(0.010)

(0.010)
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Solving for the buffer pH after 0.0020 M NaOH has been added:

The concentration of HCOOH would change from 0.010 M to 0.0080 M and the concentration of HCOO– would
change from 0.010 M to 0.0120 M.

After adding NaOH, solving for  and then calculating the pH = 3.92. The pH went up from 3.74 to 3.92
upon addition of 0.002 M of NaOH.

Step 3:

Solving for the pH of a 0.0020 M solution of NaOH:
pOH = -log (0.0020)
pOH = 2.70
pH = 14 – pOH
pH = 11.30
Without buffer: pH = 11.30

Step 4:

Solving for the pH of the buffer solution if 0.1000 M solutions of the weak acid and its conjugate base had been
used and the same amount of NaOH had been added:

The concentration of HCOOH would change from 0.1000 M to 0.0980 M and the concentration of HCOO– would
change from 0.1000 M to 0.1020 M.

pH if 0.1000 M concentrations had been used = 3.77
This shows the dramatic effect of the formic acid-formate buffer in keeping the solution acidic in spite of the
added base. It also shows the importance of using high buffer component concentrations so that the buffering
capacity of the solution is not exceeded.

Bu�ers Containing a Base and Conjugate Acid
An alkaline buffer can be made from a mixture of the base and its conjugate acid, but the formulas for determining
pH take a different form.

Learning Objectives

Calculate the pH of an alkaline buffer system consisting of a weak base and its conjugate acid.

Key Takeaways

Key Points

The pH of bases is usually calculated using the hydroxide ion (OH–) concentration to find the pOH first.
The formula for pOH is pOH=-log[OH-]. A base dissociation constant (Kb) indicates the strength of the
base.
The pH of a basic solution can be calculated by using the equation: pH = 14.00 – pOH.

+ HCOOH → O +OH− H2 HCOO−

=Ka
x(0.0120)

(0.0080)

x = [ ]H+

=Ka
x(0.1020)

(0.0980)
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Ammonia to ammonium ion: Two-dimensional image depicting the
association of proton (H+) with the weak base ammonia (NH3) to form its

conjugate acid, ammonium ion (NH4
+).

Key Terms

alkaline: Having a pH greater than 7.
buffers: A weak acid or base used to maintain the acidity (pH) of a solution near a chosen value and
which prevent a rapid change in pH when acids or bases are added to the solution.

A base is a substance that decreases the hydrogen ion (H+) concentration of a solution. In the more generalized
Brønsted-Lowry definition, the hydroxide ion (OH–) is the base because it is the substance that combines with the
proton. Ammonia and some organic nitrogen compounds can combine with protons in solution and act as Brønsted-
Lowry bases. These compounds are generally weaker bases than the hydroxide ion because they have less
attraction for protons. For example, when ammonia competes with OH– for protons in an aqueous solution, it is only
partially successful. It can combine with only a portion of the H+ ions, so it will have a measurable equilibrium
constant. Reactions with weak bases result in a relatively low pH compared to strong bases. Bases range from a pH
of greater than 7 (7 is neutral like pure water) to 14 (though some bases are greater than 14).

An alkaline buffer can be made from a mixture of a base and its conjugate acid, similar to the way in which weak
acids and their conjugate bases can be used to make a buffer.

Calculating the pH of a Base

The pH of bases is usually calculated using the
OH– concentration to find the pOH first. This is
done because the H+ concentration is not a part
of the reaction, while the OH– concentration is.
The formula for pOH is:

By multiplying a conjugate acid (such as NH4
+)

and a conjugate base (such as NH3) the
following is given:

The pH can be calculated using the formula:

Weak bases exist in chemical equilibrium much in the same way as weak acids do. A base dissociation constant
(Kb) indicates the strength of the base. For example, when ammonia is put in water, the following equilibrium is set
up:

Bases that have a large Kb will ionize more completely, meaning they are stronger bases. NaOH (sodium hydroxide)
is a stronger base than (CH3CH2)2NH (diethylamine) which is a stronger base than NH3 (ammonia). As the bases

pOH = −log([O ])H−

× = ×Ka Kb
[ ][N ]H3O+ H3

[N ]H+
4

[N ][ ]H+
4 OH−

[N ]H3

× = [ ][ ] =Ka Kb H3O+ OH− Kw

) + ) = log( )log(Ka log(Kb Kw

+ = p = 14.00pKa pKb Kw

pH = 14 − pOH

N + O ⇌ N +H3 H2 H+
4 OH−

=Kb
[N ][ ]H+

4 OH−

[N ]H3
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get weaker, the Kb values get smaller.

Example:

Calculate the pH of a buffer solution consisting of 0.051 M NH3 and 0.037 M NH4
+. The Kb for NH3 = 1.8 x 10-5.

Assuming the change (x) is negligible to 0.051 M and 0.037 M solutions:

1.8 x 10-5

x = [OH–] = 2.48 x 10-5

pOH = 4.61

pH = 14 – 4.61 = 9.39
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BUFFER EFFECTIVENESS

Relative Amounts of Acid and Base
The pH of a buffer depends on the ratio [base]/[acid] rather than on the particular concentration of a specific
solution.

Learning Objectives

Calculate the relative amounts of a weak acid and its conjugate base that must be used to generate a buffer
solution of desired pH.

Key Takeaways

Key Points

Buffers should be made using an acid and its conjugate base (or a base and its conjugate acid ); the pair
should have a Ka very similar to the desired pH.
The exact ratio of the conjugate base to the acid for a desired pH can be determined from the Ka value
and the Henderson-Hasselbalch equation.
A buffer is most effective when the amounts of acid and conjugate base are approximately equal.
As a general rule of thumb, the relative amounts of acid and base should not differ by more than tenfold.

Key Terms

conjugate base: The species that is created after the donation of a proton.
conjugate acid: The species created when a base accepts a proton.
conjugate acid-base pair: Two molecular entities differing only by a single proton.

A buffer is an aqueous solution consisting of a mixture of a weak acid and its conjugate base or a weak base and its
conjugate acid. A buffer’s pH changes very little when a small amount of strong acid or base is added to it. It is
therefore used to prevent change in the pH of a solution upon addition of another acid or base.

The pH of a buffer depends on the ratio [base]/[acid] rather than on the particular concentration of a specific
solution. The exact ratio of the base to the acid for a desired pH can be determined from the Ka value and the
Henderson-Hasselbalch equation.

For example:

Suppose you wish to prepare a buffer solution to keep the pH at 4.30. You can use one of these acid/conjugate
base pairs:

HSO4
–/SO4

2- (Ka = 1.2×10-2)
HC2H3O2/C2H3O2

– (Ka = 1.8×10-5)
HCN/CN– (Ka = 4.0×10-10)

Which pair should be used? What amount of acid and base should you use to create the buffer?
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Acetic acid: Pure, laboratory-grade acetic acid.

Solution:

The desired pH = 4.30, so:

[H+] = 10-pH = 10-4.30 = 5.0 x 10-5 M

Of the acids listed, the Ka value for acetic acid is closest to the desired hydrogen ion concentration. Therefore, you
need only to adjust the ratio of [C2H3O2

–]/[HC2H3O2] to get the desired final hydrogen ion concentration. The pKa of
acetic acid is

You can then use the Henderson-Hasselbalch equation:

To satisfy the expression, the ratio of
[C2H3O2

–]/[HC2H3O2] must be 0.36 to 1. Therefore, if
you add 0.36 mol of sodium acetate and 1.00 mol acetic
acid (or any other pair of amounts such that the ratio is
still 0.36 to 1) to enough water to make 1.0 L of solution,
the solution will be a buffer with a pH of 4.30.

Extrapolating further from this, a buffer is most effective
when the concentrations of acid and conjugate base (or
base and conjugate acid) are approximately equal—in
other words, when the log [base]/[acid] equals 0 and the
pH equals the pKa. This is due to the change that occurs
when another acid or base is added to the buffer. The
change is minimized if the concentrations of acid and
conjugate base are equal. The more the ratio needs to
differ to achieve the desired pH, the less effective the
buffer. As a general rule of thumb, the relative amounts of
acid and base in a buffer should not differ by more than
tenfold.

Absolute Concentrations of the
Acid and Conjugate Base

For an effective buffer, there must be enough
acid/conjugate base to consume all newly added ions so
that the pH is maintained.

Learning Objectives

Calculate the final pH of a solution when a strong acid or base is added to a buffer solution.

= − (1.8 ⋅ ) = 4.74pKa log10 10−5

pH = + ( )pKa log10
[base]

[acid]

4.30 = 4.74 + ( )log10

[ ]C2H3O−
2

[ ]HC2H3O2

−0.44 = ( )log10

[ ]C2H3O−
2

[ ]HC2H3O2

=0.36
1

[ ]C2H3O−
2

[ ]HC2H3O2
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Key Takeaways

Key Points

The pH of an effective buffer changes very little when a small amount of strong acid or base is added to it.
The change in the pH of a buffer upon the addition of an acid or base can be calculated using the
balanced equation and the formula for the equilibrium acid dissociation constant.
Any buffer will lose its effectiveness if too much strong acid or base is added.

Key Terms

conjugate acid: The species created when a base accepts a proton.
conjugate base: The species that is created after the donation of a proton.
acid dissociation constant: Quantitative measure of the strength of an acid in solution; typically written
as a ratio of the equilibrium concentrations.

Identifying Acid and Conjugate Base Pairs

A buffer is an aqueous solution consisting of a mixture of a weak acid and its conjugate base or a weak base and its
conjugate acid. Therefore, it is very important to be able to identify acid and conjugate base pairs. The conjugate
acid is created by accepting (adding) a proton (H+) donated by the conjugate base.

http://www.youtube.com/watch?v=AMW9fe2Pp0I&stop=110

8.1.3 Deduce the formula of the conjugate acid/base of any Brønsted-Lowry base/acid IB Chemistry SL –
YouTube: Remember: A conjugate ACID is made by ADDING a proton (H+). So check the equation and see what
product has had a proton added—it’s the conjugate acid. The conjugate base is the other product, which has had a
proton removed.

A buffer’s pH changes very little when a small amount of strong acid or base is added to it. Therefore, it can be used
to prevent change in the pH of a solution. Buffer solutions are used as a means of keeping pH at a nearly constant
value in a wide variety of situations.

One of the main requirements of a buffer is that it have the capacity to control pH after the addition of a reasonable
amount of acid or base. In other words, there must be a large-enough concentration of acetic acid in an acetic
acid/acetate ion buffer, for example, to consume all of the hydroxide ions that may be added.
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Hydrochloric acid: A container of concentrated
hydrochloric acid (HCl).

Calculating the Final pH

A concentrated buffer can neutralize more added acid or base than a dilute buffer, because it contains more
acid/conjugate base. However, any buffer will lose its effectiveness if too much strong acid or base is added.

Example:

Calculate the pH change when you add 1.0 mL of 1.0 M HCl to 1.0 L of acetic acid/sodium acetate buffer with
[HC2H3O2] = 0.70 M and [C2H3O2

–] = 0.60 M.

Next, calculate the pH change for a buffer with [HC2H3O2] = 7 mM (7 x 10-3 molar) and [C2H3O2
–] = 6 mM (6 x

10-3 molar). The Ka for acetic acid is 1.8 x 10-5.

Solution:

The balanced equation for the buffer is:

The ICE table for the reaction is:

ICE table for the reaction of acetic acid in water: ICE table showing the concentrations of acetic acid, a hydrogen ion, and the
acetate ion.

⇌ +HC2 H3O2 H+ C2 H3O−
2
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The acid dissociation constant is:

Solving for x using the quadratic equation, we get [H+] = 2.1 x 10-5 M. Therefore, the pH for the buffer with an
acid/base concentration of 0.7/0.6M is 4.68.

HCl is a strong acid that is fully ionized in water. We only need to account for the fact that it supplies [H+] and
reacts completely with the base in solution. The change in the concentrations after the reaction is:

ICE table for the addition of HCl to a solution of acetic acid: Acetic acid after the HCl is added.

Once again, using the acid dissociation constant, we can solve for x to get [H+] = 2.11 x 10-5 M. Therefore, the
pH for the buffer with an acid/base concentration of 0.7/0.6M after the addition of HCl is 4.68.
Finally, we repeat the calculation for the buffer with 7/6 mM after the addition of HCl. We know from the
Henderson-Hasselbalch equation that the ratio of the concentration of the buffer determines the pH rather than
the concentration. Therefore, the pH of the weaker buffer before the addition of HCl is the same.

ICE table for the addition of HCl to acetic acid using smaller initial concentrations.: ICE table for the buffer solution of
acetic acid with 7/6 mM after the addition of HCl.

Using the same equations as above, we get [H+] = 2.80 x 10-5 M, which gives a pH of 4.54. In this case, the pH
changes more dramatically.

Bu�er Range and Capacity

A buffer’s capacity is the pH range where it works as an effective buffer, preventing large changes in pH upon
addition of an acid or base.

Learning Objectives

Discuss correlation between the pKa of the conjugate acid of a buffer solution and the effective range of the
corresponding buffer.

Key Takeaways

Key Points

When H+ is added to a buffer, the conjugate base will accept a proton (H+), thereby “absorbing” the H+.
Similarly, when OH– is added, the weak acid will donate a proton (H+).
The buffering region is about 1 pH unit on either side of the pKaof the conjugate acid.
A titration curve visually demonstrates buffer capacity, where the middle part of the curve is flat because
the addition of base or acid does not affect the pH of the solution drastically.

= = = 1.8 ×Ka
[ ][ ]H+ CH3CO−

2

H]CH3CO2

(x)(0.60+x)

0.70−x
10−5

(from HCl) + ↔H+ C2 H3O−
2 HC2 H3O2
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Key Terms

conjugate base: The species that is created after the donation of a proton.
equivalence point: The point in a chemical reaction at which chemically equivalent quantities of acid and
base have been mixed.
conjugate acid: The species created when a base accepts a proton.
conjugate acid-base pair: Two molecular entities differing by a single proton.

A buffer solution usually contains a weak acid and its conjugate base. When H+ is added to a buffer, the weak acid’s
conjugate base will accept a proton (H+), thereby “absorbing” the H+ before the pH of the solution lowers
significantly. Similarly, when OH– is added, the weak acid will donate a proton (H+) to its conjugate base, thereby
resisting any increase in pH before shifting to a new equilibrium point. In biological systems, buffers prevent the
fluctuation of pH via processes that produce acid or base by-products to maintain an optimal pH.

Each conjugate acid-base pair has a characteristic pH range where it works as an effective buffer. The buffering
region is about 1 pH unit on either side of the pKa of the conjugate acid. The midpoint of the buffering region is when
one-half of the acid reacts to dissociation and where the concentration of the proton donor (acid) equals that of the
proton acceptor (base). In other words, the pH of the equimolar solution of acid (e.g., when the ratio of the
concentration of acid and conjugate base is 1:1) is equal to the pKa. This represents the point in the titration that is
halfway to the equivalence point. This region is the most effective for resisting large changes in pH when either acid
or base is added.

A titration curve visually demonstrates buffer capacity. The middle part of the curve is flat because the addition of
base or acid does not affect the pH of the solution drastically. This is the buffer zone. However, once the curve
extends out of the buffer region, it will increase tremendously when a small amount of acid or base added to the
buffer system. If too much acid is added to the buffer, or if the concentration is too strong, extra protons remain free
and the pH will fall sharply. This effect demonstrates the buffer capacity of the solution.

Titration curve for the addition of NaOH to oxalic acid: Shows the equivalence point and maximized
buffering region for the addition of NaOH to oxalic acid.
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ACID-BASE TITRATIONS

Strong Acid-Strong Base Titrations
A strong acid will react with a strong base to form a neutral (pH = 7) solution.

Learning Objectives

Calculate the concentration of an unknown strong acid given the amount of base necessary to titrate it.

Key Takeaways

Key Points

An acid – base titration is used to determine the unknown concentration of an acid or base by neutralizing
it with an acid or base of known concentration.
Neutralization is the reaction between an acid and a base, producing a salt and a neutralized base.
A strong acid yields a weak conjugate base (A–), so a strong acid is also described as an acid whose
conjugate base is a much weaker base than water.

Key Terms

strong acid: A strong acid is one that completely ionizes (dissociates) in water; in other words, one mole
of a strong acid (HA) dissolves in water yielding one mole of H+ and one mole of the conjugate base, A−.
titration: The determination of the concentration of some substance in a solution by slowly adding
measured amounts of some other substance (normally using a burette) until a reaction is shown to be
complete—for instance, by the color change of an indicator.
stoichiometry: The calculation of relative quantities or reactants and products in chemical reactions.
strong base: A strong base is a basic chemical compound that is able to deprotonate very weak acids in
an acid-base reaction. Common examples of strong bases are the hydroxides of alkali metals and
alkaline earth metals, such as NaOH and Ca(OH)2. Very strong bases are even able to deprotonate very
weakly acidic C–H groups in the absence of water.

An acid-base titration is used to determine the unknown concentration of an acid or base by neutralizing it with an
acid or base of known concentration. Using the stoichiometry of the reaction, the unknown concentration can be
determined. It makes use of the neutralization reaction that occurs between acids and bases and the knowledge of
how acids and bases will react if their formulas are known.

Stages of a Strong Acid-Strong Base Titration

A strong acid- strong base titration is performed using a phenolphthalein indicator. Phenolphtalein is chosen
because it changes color in a pH range between 8.3 – 10. It will appear pink in basic solutions and clear in acidic
solutions. In the case of a strong acid-strong base titration, this pH transition would take place within a fraction of a
drop of actual neutralization, since the strength of the base is high.

The addition of reactants is done from a burette. The reactant of unknown concentration is deposited into an
Erlenmeyer flask and is called the analyte. The other reactant of known concentration remains in a burette to be
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delivered during the reaction. It is known as the titrant. The indicator—phenolphthalein, in this case—has been
added to the analyte in the Erlenmeyer flask.

Titration: Titration of an acid-base
system using phenolphthalein as an
indicator.

Neutralization is the reaction between an acid and a base, producing a salt and neutralized base. For example,
hydrochloric acid and sodium hydroxide form sodium chloride and water:

Neutralization is the basis of titration. A pH indicator shows the equivalence point —the point at which the equivalent
number of moles of a base have been added to an acid. It is often wrongly assumed that neutralization should result
in a solution with pH 7.0; this is only the case in a strong acid and strong base titration.

Example:

What is the unknown concentration of a 25.00 mL HCl sample that requires 40.00 mL of 0.450 M NaOH to reach
the equivalence point in a titration?

Step 1: First calculate the number of moles of NaOH added during the titration.

Step 2: Use stoichiometry to figure out the moles of HCl in the analyte.
The mole ratio between HCl and NaOH in the balanced equation is 1:1.

Step 3: Calculate the molar concentration of HCL in the 25.00 mL sample.
Molarity of HCl = 

Weak Acid-Strong Base Titrations
A weak acid will react with a strong base to form a basic (pH > 7) solution.

Learning Objectives

HCl(aq) + NaOH(aq) → O(l) + NaCl(aq)H2

HCl(aq) + NaOH(aq) → O(l) + NaCl(aq)H2

0.450 NaOH × 0.0400L = 0.018 moles NaOHmoles
L

0.018 moles NaOH × = 0.018 moles HCl1 mole HCl
1 mole NaOH

= 0.72 Molar HCl0.018 moles HCl
0.025 L HCl
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Distinguish a weak acid-strong base titration from other types of titrations.

Key Takeaways

Key Points

In an acid – base titration, the titration curve reflects the strengths of the corresponding acid and base.
If one reagent is a weak acid or base and the other is a strong acid or base, the titration curve is irregular,
and the pH shifts less with small additions of titrant near the equivalence point.
Acid-base titrations depend on the neutralization between an acid and a base when mixed in solution.
The endpoint and the equivalence point are not exactly the same: the equivalence point is determined by
the stoichiometry of the reaction, while the endpoint is just the color change from the indicator.

Key Terms

stoichiometry: The study and calculation of quantitative (measurable) relationships of the reactants and
products in chemical reactions (chemical equations).
buffer: A solution used to stabilize the pH (acidity) of a liquid.
pH: The negative of the logarithm to base 10 of the concentration of hydrogen ions, measured in moles
per liter; a measure of acidity or alkalinity of a substance, which takes numerical values from 0 (maximum
acidity) through 7 (neutral) to 14 (maximum alkalinity).
equivalence point: The point in a chemical reaction at which chemically equivalent quantities of acid and
base have been mixed.

Titrations are reactions between specifically selected reactants—in this case, a strong base and a weak acid. A
titration curve reflects the strength of the corresponding acid and base, showing the pH change during titration. The
titration curve demonstrating the pH change during the titration of the strong base with a weak acid shows that at
the beginning, the pH changes very slowly and gradually. This indicates the formation of a buffer system as the
titration approaches the equivalence point.

At the equivalence point and beyond, the curve is typical of a titration of, for example, NaOH and HCl. When the
NaOH is in excess, the pH change is the same as in any system dominated by NaOH.

Titration of a weak Acid with a strong base: This figure depicts the pH
changes during a titration of a weak acid with a strong base.

The initial pH of the solution at the beginning of the titration is approximately that of the weak acid in water. At the
equivalence point, all of the weak acid is neutralized and converted to its conjugate base (the number of moles of
H+ = added number of moles of OH–). However, the pH at the equivalence point does not equal 7. This is due to the
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production of conjugate base during the titration. The resulting solution is slightly basic. The endpoint and the
equivalence point are not exactly the same: the equivalence point is determined by the stoichiometry of the reaction,
while the endpoint is just the color change from the indicator.

Example:

The titration of acetic acid (HC2H3O2) with NaOH.

During this titration, as the OH– reacts with the H+ from acetic acid, the acetate ion (C2H3O2
–) is formed. This

conjugate base reacts with water to form a slightly basic solution.

Strong Acid-Weak Base Titrations

A strong acid will react with a weak base to form an acidic (pH < 7) solution.

Learning Objectives

Recall that strong acid-weak base titrations can be performed with either serving as the titrant.

Key Takeaways

Key Points

The titration is typically performed as an acid into base.
Following the titration with a pH meter in real time generates a curve showing the equivalence point.
If the approximate pH of the equivalence point is known, a colorimetric indicator can be used in the
titration.

Key Terms

buffer: A solution used to stabilize the pH (acidity) of a liquid.
titration: The determination of the concentration of some substance in a solution by slowly adding
measured amounts of some other substance (normally using a burette) until a reaction is shown to be
complete—for instance, by the color change of an indicator.
equivalence point: The point in a chemical reaction at which chemically equivalent quantities of acid and
base have been mixed.

An example of a strong acid – weak base titration is the reaction between ammonia (a weak base) and hydrochloric
acid (a strong acid) in the aqueous phase:

The acid is typically titrated into the base. A small amount of the acid solution of known concentration is placed in
the burette (this solution is called the titrant ). A known volume of base with unknown concentration is placed into an
Erlenmeyer flask (the analyte), and, if pH measurements can be obtained via electrode, a graph of pH vs. volume of
titrant can be made (titration curve).

In the case of titrating the acid into the base for a strong acid-weak base titration, the pH of the base will ordinarily
start high and drop rapidly with the additions of acid. As the equivalence point is approached, the pH will change

+ → O +HC2 H3O2 OH− H2 C2 H3O−
2

+ O → +C2 H3O−
2 H2 HC2 H3O2 OH−

(aq) + HCl(aq) → (aq) + (aq)NH3 NH+
4 Cl−
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Titration of a weak base with a strong acid: A depiction of the pH
change during a titration of HCl solution into an ammonia solution. The
curve depicts the change in pH (on the y-axis) vs. the volume of HCl
added in mL (on the x-axis).

more gradually, until finally one drop will cause a rapid pH transition through the equivalence point. If a chemical
indicator is used—methyl orange would be a good choice in this case—it changes from its basic to its acidic color.

In strong acid-weak base titrations, the pH at the
equivalence point is not 7 but below it. This is due
to the production of a conjugate acid during the
titration; it will react with water to produce
hydronium (H3O+) ions.

In the example of the titration of HCl into ammonia
solution, the conjugate acid formed (NH4

+) reacts
as follows:

Polyprotic Acid Titrations
Polyprotic acids, also known as polybasic acids,
are able to donate more than one proton per acid
molecule.

Learning Objectives

Recall the general shape of a pH vs equivalents graph generated by titrating a polyprotic acid.

Key Takeaways

Key Points

A diprotic acid contains two protons (H+) and can produce two hydrogen ions in solution.
Certain types of polyprotic acids have more specific names, such as diprotic acid (two potential protons to
donate) and triprotic acid (three potential protons to donate).
Although the subsequent loss of each sequential hydrogen ion is increasingly less favorable, all of the
conjugate bases are present in solution.

Key Terms

titration: The determination of the concentration of some substance in a solution by slowly adding
measured amounts of some other substance (normally using a burette) until a reaction is shown to be
complete—for instance, by the color change of an indicator.
monoprotic acid: One that is able to donate one hydrogen ion per molecule during the process of
dissociation.
polybasic: Containing two or more replaceable hydrogen atoms.
polyprotic: Of an acid (or a base) that can donate (or accept) more than one proton; polybasic.

Monoprotic Acids

Monoprotic acids are acids able to donate one proton per molecule during the process of dissociation (sometimes
called ionization) as shown below (symbolized by HA):

+ O → +NH+
4 H2 H3O+ NH3

+ ⇌ +HA(aq) H2O(l) H3O+
(aq) A(aq)
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Common examples of monoprotic acids in mineral acids include hydrochloric acid (HCl) and nitric acid (HNO3). On
the other hand, for organic acids the term mainly indicates the presence of one carboxylic acid group, and
sometimes these acids are known as monocarboxylic acid.

Polyprotic Acids

Polyprotic acid are able to donate more than one proton per acid molecule, in contrast to monoprotic acids that only
donate one proton per molecule. Certain types of polyprotic acids have more specific names, such as diprotic acid
(two potential protons to donate) and triprotic acid (three potential protons to donate).

For example, oxalic acid, also called ethanedioic acid, is diprotic, having two protons to donate.

Oxaliic Acid Showing consecutive losses of H+: This image shows how Oxalic Acid will lose two protons in successive
dissociations.

If a dilute solution of oxalic acid were titrated with a sodium hydroxide solution, the protons would react in a stepwise
neutralization reaction.

Neutralization of a diprotic acid: Oxalic acid undergoes stepwise
neutralization by sodium hydroxide solution.

If the pH of this titration were recorded and plotted against the volume of NaOH added, a very clear picture of the
stepwise neutralization emerges, with very distinct equivalence points on the titration curves.
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Titration curve for diprotic acid: The titration of
dilute oxalic acid with sodium hydroxide (NaOH)
shows two distinct neutralization points due to the two
protons.

Oxalic acid is an example of an acid able to enter into a reaction with two available protons, having different Ka
values for the dissociation (ionization) of each proton.

A diprotic acid dissociation: The diprotic acid has two
associated values of Ka, one for each proton.

Likewise, a triprotic system can be envisioned. Each reaction proceeds with its unique value of Ka.

Triprotic acid dissociation: Triprotic acids can make three
distinct proton donations, each with a unique Ka.

An example of a triprotic acid is orthophosphoric acid (H3PO4), usually just called phosphoric acid. All three protons
can be successively lost to yield H2PO4

−, then HPO4
2-, and finally PO4

3- the phosphate ion. Another example of a
triprotic acid is citric acid, which can successively lose three protons to finally form the citrate ion.

Acid-Base Indicators

An indicator is a weak acid (or a weak base) that has different colors in its dissociated and undissociated states.

Learning Objectives

Explain which, of a given series, would be the best acid-base indicator for a given titration.

Key Takeaways

Key Points

In general, a molecule that changes color with the pH of the environment it is in can be used as an
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pH measuring strips: pH can be
determined to a reasonable level
of accuracy by treating a strip with
the solution to be tested and then
observing the color sequence on
the treated area.

In general, a molecule that changes color with the pH of the environment it is in can be used as an
indicator.
In the reaction , adding acid shifts the indicator equilibrium to the left.
In the reaction , adding base shifts the indicator equilibrium to the right.
For optimal accuracy, the color difference between the two colored species should be as clear as
possible, and the narrower the pH range of the color change the better.

Key Terms

pH indicator: An acid-base indicator.
titration: The determination of the concentration of some substance in a solution by slowly adding
measured amounts of some other substance (normally using a burette) until a reaction is shown to be
complete—for instance, by the color change of an indicator
indicator: A halochromic chemical compound that is added in small amounts to a solution so that the pH
(acidity or basicity) of the solution can be determined visually.
pH: The negative of the logarithm to base 10 of the concentration of hydrogen ions, measured in moles
per liter; a measure of acidity or alkalinity of a substance, which takes numerical values from 0 (maximum
acidity) through 7 (neutral) to 14 (maximum alkalinity).

There are many methods to determine the pH of a solution and to determine the
point of equivalence when mixing acids and bases. These methods range from the
use of litmus paper, indicator paper, specifically designed electrodes, and the use
of colored molecules in solution. Other than the electrodes, all of the methods are
visual and rely on some fundamental changes that occur in a molecule when the
pH of its environment changes. In general, a molecule that changes color with the
pH of the environment it is in can be used as an indicator.

In the equation:

the weak acid HIn is shown in equilibrium with its ionized anion In–. In this reaction,
adding acid shifts the indicator equilibrium to the left. Conversely, adding a base
shifts the indicator equilibrium to the right.

In the case of the indicator methyl orange, the HIn is colored red and the ionized
In– form is yellow.

In this example:

For methyl orange, Ka = 1.6 X 10-4 and pKa = 3.8. The neutral (red) and
dissociated (yellow) forms of the indicator are present at equal concentrations
when the pH = 3.8. The eye is sensitive to color changes over a range of
concentration ratios of approximately 100 or over two pH units. Below pH 2.8, a solution containing methyl orange is
red; above approximately 4.8, it is clearly yellow.

pH indicators are frequently employed in titrations in analytical chemistry and biology to determine the extent of a
chemical reaction. Because of the subjective choice (determination) of color, pH indicators are susceptible to
imprecise readings. For applications requiring precise measurement of pH, a pH meter is frequently used.
Sometimes a blend of different indicators is used to achieve several smooth color changes over a wide range of pH
values. These commercial indicators (e.g., universal indicator and Hydrion papers) are used when only rough
knowledge of pH is necessary. Indicators usually exhibit intermediate colors at pH values inside a specific transition
range. For example, phenol red exhibits an orange color between pH 6.8 and pH 8.4. The transition range may shift
slightly depending on the concentration of the indicator in the solution and on the temperature at which it is used.

HIn ⇌ +H+ In−

HIn ⇌ +H+ In−

HIn ⇌ +H+ In−

=Ka
[ ][ ]H+ In−

[HIn]
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Methyl orange: The molecule methyl orange is commonly used as an indicator in acid-base equilibrium reactions. In 
base form, on the left in the figure, the color is yellow. Adding a proton yields the structure on the right, colored red. Note 
that this color change occurs over the pH range from approximately 3-4.
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Common acid-base indicators: Common indicators for pH indication or titration endpoints is given, with high, low, and transition
pH colors.

When viewed on the pH scale itself, the color transitions as determined by their transition ranges becomes clearer
and the context of the indicator sensitivity over ranges of pH is laid out more informatively.

Example:

In the titration of a weak acid with a strong base, which indicator would be the best choice?
A. Methyl Orange
B. Bromocresol Green
C. Phenolphtalein
The correct answer is C. In the titration of a weak acid with a strong base, the conjugate base of the weak acid
will make the pH at the equivalence point greater than 7. Therefore, you would want an indicator to change in
that pH range. Both methyl orange and bromocresol green change color in an acidic pH range, while
phenolphtalein changes in a basic pH.
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SOLUBILITY EQUILIBRIA

Solubility Product
The solubility product is the equilibrium constant representing the maximum amount of solid that can be dissolved in
aqueous solution.

Learning Objectives

Calculate the solubility product constant of an aqueous solution.

Key Takeaways

Key Points

The general form of the solubility product constant (Ksp) for the equation:  is 
.

The smaller the solubility product, the lower the solubility. Solubility products are useful in predicting
whether a precipitate will form under specified conditions.
In an ICE table, the solubility of the solid is equal to the change (x) in the equilibrium calculation.

Key Terms

precipitate: A solid that exits the liquid phase of a solution.
solubility: The amount of a substance that will dissolve in a given amount of solvent to give a saturated
solution under specified conditions.

The solubility product constant (Ksp) is the equilibrium constant for a solid that dissolves in an aqueous solution. All
of the rules for determining equilibrium constants continue to apply. An equilibrium constant is the ratio of the
concentration of the products of a reaction divided by the concentration of the reactants once the reaction has
reached equilibrium. Consider this reaction:

The equilibrium expression for the reaction is:

Because the AgCl is a solid, its concentration before and after the reaction is the same. The equilibrium equation
can therefore be rearranged as:

For substances in which the ions are not in a 1:1 ratio, the stoichiometric coefficients of the reaction become the
exponents for the ions in the solubility-product expression:

aA(s) ⇌ bB(aq) + cC(aq)
= [B [CKsp ]b ]c

AgCl(s) → (aq) + (aq)Ag+ Cl−

=Keq
[ ][ ]Ag+ Cl−

[AgCl]

= [ ][ ]Ksp Ag+ Cl−

⇌ + 2  gives   = [ ][2+ − 2+ − 2
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Calculating the Solubility Product

At a certain temperature, the solubility of Fe(OH)2 in water is 7.7 x 10-6 mol/L (M).

Its Ksp can be calculated based on the equilibrium equation:

Therefore, the solubility product expression is:

One mole of dissolved Fe(OH)2 produces one mole of Fe2+ and two moles of OH–, so therefore:

ICE table for the solubility of Fe(OH)2: The solubility of Fe(OH)2 is 7.7 x 10-6 M, this is equal to the value of the change (x) in
the table.

 where x = 7.7 x 10-6

Uses of Solubility Product

Solubility products are useful in predicting whether a precipitate will form under specified conditions. It is also helpful
in choosing conditions under which two chemical substances in solution can be separated by fractional precipitation.
The solubility product of a number of substances have been experimentally determined and can be used to predict
solubility at a specified temperature.

⇌ + 2  gives   = [ ][PbCl2 Pb2+ Cl− Ksp Pb2+ Cl−]2

( ⇌ 3 +  gives   = [ [Ba3 PO4)2 Ba2+ 2PO4
2− Ksp Ba2+]3 PO4

2− ]2

Fe(OH ⇌ + 2)2 Fe2+ OH−

= [ ][Ksp Fe2+ OH−]2

= x(2xKsp )2

[ ] = 7.7 ×Fe2+ 10−6

[ ] = 2 × 7.7 × = 1.54 ×OH− 10−6 10−5

= [ ][Ksp Fe2+ OH−]2

= 7.7 × × (1.54 ×Ksp 10−6 10−5)2

= 1.83 ×Ksp 10−15
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Solubility product constants of common ions: The solubility product constants of a number of substances. Substances
are grouped by anion and listed in the order of decreasing Ksp; anions are listed roughly in order of decreasing solubility.

Molar Solubility and Relative Solubility
Molar solubility is the number of moles of a solute that can be dissolved per liter of solution before the solution
becomes saturated.

Learning Objectives

Calculate the molar solubility of a compound in water and the relative molar solubility of compounds

Key Takeaways

Key Points

A substance ‘s solubility product (Ksp) is the ratio of concentrations at equilibrium.
The molar solubility of a compound can be calculated directly from its solubility product.
Even if the solubility products of two compounds are similar, their molar solubilities can be very different.
Scientists take advantage of the relative solubilities of compounds to separate or identify them.
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Scientists take advantage of the relative solubilities of compounds to separate or identify them.

Key Terms

molar solubility: The number of moles of a substance (the solute) that can be dissolved per liter of
solution before the solution becomes saturated.
liter: A non-SI metric system unit of volume equal to 1 cubic decimeter (dm3), 1,000 cubic centimeters
(cm3) or 1/1,000 cubic meter (m3)
saturated solution: One in which the solvent can dissolve no more of a specific solute at a particular
temperature.
saturated: Containing all the solute that can normally be dissolved at a given temperature.

Molar Solubility

A substance’s solubility product (Ksp) is the ratio of concentrations at equilibrium. Molar solubility, which is directly
related to the solubility product, is the number of moles of the solute that can be dissolved per liter of solution before
the solution becomes saturated. Once a solution is saturated, any additional solute precipitates out of the solution.
The units are molarity (M), or mole liter-1 (mol/L).

Calculating Molar Solubility

The relation between the molar solubility and the solubility product means that one can be used to find the other.

Example 1:

The Ksp for AgI is 8.5 x 10-17 at 25 °C. What is the molar solubility? (Let s = the solubility of the compound in water,
usually defined as x in an ICE table.)

Solution:

The balanced equation for the reaction is:

The formula for Ksp is:

Ksp = [Ag+][I–]

Ksp = s2 = 8.5 x 10-17

where s is the concentration of each ion at equilibrium. Now, solve for s:

s2 = 8.5 x 10-17

s = 

s = 9.0 x 10-9 mol/L

The molar solubility of AgI is 9.0 x 10-9 mol/L.

Example 2:

The solubility products for cadmium carbonate (CdCO3) and silver carbonate (Ag2CO3) are almost exactly the
same. Compare their molar solubilities in water at 25 °C.

Solution:

AgI(s) ↔ (aq) + (aq)Ag+ I−

8.5 × 10−17− −−−−−−−−
√
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For cadmium carbonate:

Ksp = [Cd2+][CO3
2-]

s2 = 5.2 x 10-12

s = 2.3 x 10-6 mol/L

For silver carbonate, the expression is slightly different. Since each mole of salt produces two moles of Ag+ ions, the
value of Ag+ is 2s:

Ksp = [Ag+]2[CO32-]

(2s)2s = 8.2 x 10-12

4s3 = 8.2 x 10-12

s = 1.3 x 10-4 mol/L

Although cadmium carbonate and silver carbonate have nearly the same solubility products, their solubilities in
mol/L differ by a factor of 100. The solubility of silver carbonate is sensitive to the square of the metal-ion
concentration because two silver ions per carbonate ion are necessary to build the solid crystal. Therefore, the form
of the solubility product expression is different.

Relative Solubility

If compounds have different solubilities, or relative solubilities, they can be separated. For example, in the process
of extraction, scientists take something dissolved in one liquid and force it to become dissolved in another liquid.
Caffeine must be extracted from coffee beans in order to be used in beverages such as soda. Typically, the caffeine
is dissolved in carbon dioxide that has been heated to over 300 K and pressurized to 73 atm, making it a liquid.
Then, the temperature is lowered (lowering the solubility of the caffeine in carbon dioxide), and water is added. The
system is allowed to reach equilibrium. Since caffeine is more soluble in water than it is in carbon dioxide, the
majority of it goes into the water.

A technique called paper chromatography also takes advantage of the relative solubilities of compounds. In paper
chromatography, a small amount of the mixture is placed onto the paper approximately 1 cm from the edge. Then,
the paper is suspended in a small quantity of the solvent in a closed container. As the solvent rises up the paper, the
components in the mixture separate based on relative solubility. As the solvent nears the top, a mark is made to
record the level, and the paper is removed and dried. Some components are colored and can be seen with the
naked eye, but some need to be stained or irradiated with an ultraviolet lamp. The solute will always move at the
same fraction of the distance of the solvent as long as temperature is held constant. The distance that the solute
travels in a particular solvent can be used to identify the compound.

(s) ↔ (aq) + (aq)CdCO3 Cd2+ CO3 2+

(s) ↔ 2 (aq) + (aq)Ag2CO3 Ag+ CO2−
3
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Schematic of paper chromatography: Paper chromatography is an
analytical chemistry technique for separating and identifying mixtures.
Samples are spotted on the bottom of the paper. The end of the paper is
placed in solvent. The solvent travels up the paper through capillary
action. Mixtures are separated by their relative solubility in the solvent.

Predicting Precipitation Reactions
A set of rules can be used to predict whether a combination of cations and anions in solution will recombine and
precipitate.

Learning Objectives

Use the rules of solubility to determine whether a precipitate forms when two solutes are mixed.

Key Takeaways

Key Points

Sometimes ions in solution react with each other to form a new substance that is insoluble (does not
dissolve), called a precipitate.
A set of rules can be used to predict whether salts will precipitate.
The property of certain ions to precipitate can be used to isolate a particular ion from the solution.

Key Terms

insoluble: That which cannot be dissolved.
spectator ion: An ion that exists as a reactant and a product in a chemical reaction.
precipitate: To come out of a liquid solution into solid form.
precipitate: A solid that exits the liquid phase of a solution.
anion: A negatively charged ion, as opposed to a cation.
cation: A positively charged ion, as opposed to an anion.
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Precipitation Reactions

Sometimes ions in solution react with each other to form a new substance that precipitates; this reaction is called a
precipitation reaction. A precipitate will form if any combination of cations and anions can become a solid.

Rules of Precipitation

Note that soluble compounds will dissolve in water and insoluble compounds will not.

The following list summarizes the combinations that will form precipitates in solution:

Nitrates (NO3
–): All are soluble.

Potassium (K+), sodium (Na+), and ammonium (NH4
+) salts: All are soluble.

Chlorides (Cl–), bromides (Br–), and iodides (I–): All are soluble except silver (Ag+), lead (II) (Pb2+), and
mercury (II) (Hg2+) salts.
Sulfates (SO4

2-): All are soluble except lead (II) (Pb2+), barium (Ba2+), and calcium (Ca2+).
Carbonates (CO3

2-): All are insoluble except those of potassium (K+), sodium (Na+), and ammonium (NH4
+).

Compounds with fluorine: All are soluble except magnesium (Mg2+), calcium (Ca2+), strontium (Sr2+), barium
(Ba2+), and lead(II) (Pb2+).
Perchlorates (ClO4

–) and acetates (C2H3O2
–): All are soluble.

Metal hydroxides (OH–) and oxides (O2-): Most are insoluble.
Salts of phosphates (PO4

3-), oxalates (C2O4
2-), chromates (CrO4

2-), and sulfides (S2-): Generally insoluble.

Example of Precipitation Reaction

Imagine you have two test tubes and three solutions: copper (II) chloride (CuCl2) solution, sodium carbonate
(Na2CO3) solution, and sodium sulfate (Na2SO4) solution. You put 5 mL of copper (II) chloride into tubes 1 and 2.
You add 5 mL of sodium carbonate in tube 1. A precipitate, which looks like light blue specks of dust, forms. You
carefully add the sodium sulphate solution into tube 2. No precipitate forms. The solution stays light blue. What
happened?
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Precipitation experiment: Example set up for precipitation experiment.

For reaction 1, you have the following ions in your solution: Cu2+, Cl−, Na+, and CO3
2-. The product that forms may

be insoluble, in which case a precipitate will form, or soluble, in which case the solution will be clear. Let’s see how
the ions in this example could have combined with each other:

You can automatically exclude the reactions where sodium carbonate and copper (II) chloride are the products
because these were the initial reactants. The balanced chemical equation is:

You know that sodium chloride (NaCl) is soluble in water, so the remaining product (copper carbonate) must be the
one that is insoluble. According to the rules of precipitation, the only soluble carbonates (CO3

2-) are potassium (K+),
sodium (Na+), and ammonium (NH4

+). Therefore Na2CO3 will remain in solution, but CuCO3 will precipitate out.

Notice how the sodium and chloride ions remain unchanged during the reaction. They are called spectator ions.
They can be removed from the equation yielding the overall precipitation reaction:

Reaction 2 has Cu2+, Cl−, Na+, and SO4
2- in solution. The possible combinations of the ions are as follows:

+ →Cu2+ CO3 2− CuCO3

+ 2 →Cu2+ Cl− CuCl2

+ → NaClNa+ Cl−

2 + →Na+ CO3 2− Na2CO3

2 + + + → + 2 + 2Na+ Cu2+ CO3 2− Cl− CuCO3 Na+ Cl−

+ →Cu2+ CO3 2− CuCO3

+ →Cu2+ SO4  2− CuSO4

+ → NaCl+ −
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Once again, the reactions where sodium sulfate and copper (II) chloride are the products can be excluded, since
they were the initial reactants. The balanced chemical equation is:

If we determine which of these salts are soluble and which are insoluble according to the rules, we see that most
chlorides and most sulfates are soluble. This is why no precipitate forms in this second reaction. Even when the ions
recombine, they immediately separate and go back into solution.

Application of Precipitation Reactions

Precipitation reactions are often used to isolate a particular ion from the solution. The process allows for selective
removal of ions through properties of solubility. The property is used to separate ions in a method called fractional
precipitation.

The E�ect of pH on Solubility
By changing the pH of the solution, you can change the charge state of the solute.

Learning Objectives

Describe the effect of pH on the solubility of a particular molecule.

Key Takeaways

Key Points

If the pH of the solution is such that a particular molecule carries no net electric charge, the solute often
has minimal solubility and precipitates out of the solution.
The pH at which the net charge of the solute is neutral is called the isoelectric point.
At a pH below a molecule’s pI, that molecule will carry a net positive charge; at a pH above its pI, the
molecule will carry a net negative charge.
Isoelectric focusing can be used to separate different compounds in a mixture, particularly proteins.

Key Terms

cathode: The electrode of an electrochemical cell at which reduction occurs.
anode: The electrode of an electrochemical cell at which oxidation occurs.
isoelectric point: The pH at which a particular molecule or surface carries no net electrical charge

Solubility is A�ected by pH

The pH of an aqueous solution can affect the solubility of the solute. By changing the pH of the solution, you can
change the charge state of the solute. If the pH of the solution is such that a particular molecule carries no net
electric charge, the solute often has minimal solubility and precipitates out of the solution. The pH at which the net
charge is neutral is called the isoelectric point, or pI (sometimes abbreviated to IEP).

+ → NaClNa+ Cl−

+ 2 →Cu2 Cl− CuCl2

2 + →Na+ SO4  2− Na2SO4

2 + + + 2 → 2 + + + 2Na+ SO4  2− Cu2+ Cl− Na+ SO4  2− Cu2+ Cl−
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Using pI to Separate Compounds

As an example, proteins are composed of linked compounds called amino acids. Amino acids all contain the same
backbone, which has both an acidic and a basic group. Each amino acid also has a functional group attached to the
backbone. These functional groups can be positive, negative, neutral, or polar in nature. The backbone and
functional groups give a protein its overall charge. At a pH below the protein’s pI, a protein will carry a net positive
charge; above its pI, it will carry a net negative charge. Proteins can therefore be separated according to their
isoelectric point.

Amino acid backbone as a zwitterion: The backbone of all amino acids contains both acidic
(carboxylic acid fragment) and basic (amine fragment) centers. The isomer on the right is a zwitterion.
The R indicates where the amino acid specific group is attached.

In a method called isoelectric focusing, proteins are run through a gel that has a pH gradient. The gels are set in a
buffer in a container with a negatively charged electrode ( cathode ) on one end and a positively charged electrode
(anode) on the other. When the proteins are added to the solution and current is applied, they migrate toward the
electrode with the opposite charge (remember that opposites attract).

For example, a protein that is in a pH region below its isoelectric point will be positively charged and so will migrate
towards the cathode (negative charge). As it migrates through a gradient of increasing pH, however, the protein’s
overall charge will decrease until the protein reaches the pH region that corresponds to its pI. At this point, it has no
net charge, and so it stops moving in the gel. The proteins become focused into sharp stationary bands with each
protein positioned at a point in the pH gradient corresponding to its pI. This technique is capable of extremely high
resolution and can separate proteins that differ by as little as a single charge.
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Isoelectric focusing: Overview of an isoelectric focusing experiment to separate proteins based on the
differences in their solubilities at different pH values.
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Chemist analyzing unknown sample: U.S. Army scientists
analyze unknown samples to determine whether hazardous
chemical or biological warfare agents are present. Samples
come from around the world.

Ion Separation by Fractional Precipitation

Fractional precipitation can be used to determine which ions are present in a solution by taking advantage of their
different solubilities.

Learning Objectives

Calculate the amount of an assay that will be required to ensure precipitation.

Key Takeaways

Key Points

Fractional precipitation tests for certain ions using color change, solid formation, and other visible
changes.
Chlorides, bromides, and iodides can be detected by adding a small amount of silver nitrate solution.
Sulfates can be detected with barium chloride solution.
Carbonates can be detected with a small amount of acid.

Key Terms

precipitation: A reaction that leads to the formation of a heavier solid in a lighter liquid; the precipitate so
formed at the bottom of the container.
distilled water: Water that has been purified by distillation.

Fractional Precipitation

Chemists are often presented with a sample and are asked to figure out what chemicals are in the compound or
solution. One of the methods that can be applied to the solution is fractional precipitation. Fractional precipitation
takes advantage of the different solubilities of ions to determine which ions are present in a solution. Testing for
certain ions is accomplished using color change, solid formation, and other visible changes.

Example 1: Chloride or Carbonate
Identi�cation

Prepare a solution of the unknown salt using distilled
water and add a small amount of silver nitrate (AgNO3)
solution. If a white precipitate forms, the salt is either a
chloride or a carbonate. Why?

If there is chlorine in the solution, the balanced reaction
would be:

Silver chloride (AgCl) is not soluble and forms a white
precipitate.

If there is carbonate in the solution, the balanced equation
for the reaction would be:

+ + → AgCl +Cl− Ag+ NO−
3 NO−

3

+ 2 + 2 → + 22− + − −
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Silver carbonate (Ag2CO3) is also not soluble in water.

So how does one tell if the precipitate is a carbonate or a chloride? Treat the precipitate with a small amount of
concentrated nitric acid (HNO3). If the precipitate remains unchanged, then the salt is a chloride. If carbon dioxide is
formed and the precipitate disappears, the salt is a carbonate. Here are the balanced equations:

 (no reaction; precipitate is unchanged)

In the above reaction, the silver carbonate is used up and the precipitate will disappear.

Example 2: Bromide or Iodide Identi�cation

Bromides and iodides also form precipitates when they are reacted with silver nitrate, but both precipitates are pale
yellow. To determine whether the precipitate is a bromide or iodide, use water with chlorine dissolved in it and the
organic solvent carbon tetrachloride (CCl4). Chlorine water frees the bromine and iodine atoms as a gas. The
bromine gas turns the CCl4 a reddish brown:

 (reddish brown colored solution)

The iodine gas turns the CCl4 purple:

 (purple colored solution)

Using Ksp in Fractional Precipitation

Solubility products (Ksp) can be used to complement the above methods. Knowing about the solubility of the ions
can help determine how much of the assay compound needs to be added to guarantee precipitation.

For example, consider a solution the has 0.01 M barium chloride (BaCl2) and 0.02 M strontium chloride (SrCl2). Can
either Ba2+ or Sr2+ be precipitated selectively with concentrated sodium sulfate (Na2SO4) solution? Which ion will
precipitate first?

To find the solution, consider that the barium sulfate (BaSO4) solubility is given by:

Rearrange the equation to solve for the concentration of SO4
2-. This will give you the value that the sulfate ion

concentration must reach to precipitate BaSO4.

With 0.01 M of Ba2+, barium sulfate will not precipitate until the sulfate ion concentration increases to:

[SO4
2-] = 1.5 x 10-7

+ 2 + 2 → + 2CO3
2− Ag+ NO−

3 Ag2CO3 NO−
3

AgCl(s) + (l) →HNO3

(s) + 2 (l) → 2 (aq) + 2 (aq) + O(l) + (g)Ag2CO3 HNO3 Ag+ NO−
3 H2 CO2

2 + → 2 +Br− Cl2 Cl− Br2

+ →Br2 CCl4

2 + → 2 +I− Cl2 Cl− I2

+ →I2 CCl4

= [ ][ ] = 1.5 ×Ksp Ba2+ SO4
2− 10−9

[ ] =SO4  2− Ksp

[ ]Ba2+

[ ] =SO4  2− 1.5×10−9

0.01
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The Ksp for strontium sulfate (SrSO4) is 7.6 x 10-7.Strontium sulfate will precipitate when the sulfate concentration
is:

[SO4
2-] = 3.8 x 10-5

If the sulfate ion is slowly added to the container containing both the Ba2+ and Sr2+ ions, the barium sulfate will
precipitate first. This is because it requires a lower concentration of the sulfate ion (1.5 x 10-7 < 3.8 x 10-5) to
precipitate.

E�ect of a Common Ion on Solubility

Adding a common ion decreases the solubility of a solute, causing it to precipitate.

Learning Objectives

Calculate the molar solubility of a compound in solution containing a common ion.

Key Takeaways

Key Points

Adding a common ion decreases the solubility of a solute.
The common-ion effect can be used to separate compounds or remove impurities from a mixture.
Different common ions have different effects on the solubility of a solute based on the stoichiometry of the
balanced equation.

Key Terms

precipitate: A solid that exits the liquid phase of a solution.
precipitate: To come out of a liquid solution into solid form.
limestone: An abundant rock of marine and fresh-water sediments; primarily composed of calcite
(CaCO₃); it occurs in a variety of forms, both crystalline and amorphous

Adding a Common Ion

If you have a solution and solute in equilibrium, adding a common ion (an ion that is common with the dissolving
solid) decreases the solubility of the solute. This is because Le Chatelier’s principle states the reaction will shift
toward the left (toward the reactants ) to relieve the stress of the excess product. When equilibrium is shifted toward
the reactants, the solute precipitates.

= [ ][ ] = 7.6 ×Ksp Sr2+ SO4
2− 10−7

[ ] =SO4  2− 7.6×10−7

0.02
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Lithium hydroxide with carbonate growths: Lithium hydroxide forms less-
soluble lithium carbonate, which precipitates because of the common ion effect.

Scientists take advantage of this property when purifying water. In areas where water sources are high in chalk or
limestone, drinking water contains excess calcium carbonate CaCO3. In the water treatment process, sodium
carbonate salt is added to precipitate the calcium carbonate. The very pure and finely divided precipitate of calcium
carbonate that is generated is used in the manufacture of toothpaste.

Example:

What is the solubility at 25°C of calcium fluoride (CaF2): (a) in pure water; (b) in 0.10 M calcium chloride (CaCl2);
and (c) in 0.10 M sodium fluoride (NaF)?
Solution:

(a) If the solubility in pure water is s, then

[Ca2+] = s and [F–] = 2s

Ksp = s(2s)2 = 4s3 = 3.9 x 10-11

s = 2.1 x 10-4 M
(b) Here the calcium ion concentration is the sum of the concentrations of calcium ions from the 0.10 M calcium
chloride and from the calcium fluoride whose solubility we are seeking:

[Ca2+] = 0.10 + s

[F–] = 2s

Ksp = (0.10 + s)(2s)2 = 3.9 x 10-11

Can we simplify this equation? With such a small solubility product for CaF2, you can predict its solubility <<
0.10 moles per liter. If our prediction is valid, we can simplify the solubility-product equation:

Ksp = 0.10 (2s)2 = 0.40s2 = 3.9 x 10-11

s2 =  = 9.75 x 10-11

s = 9.9 x 10-6 M
If we go back and compare, only 4.7 percent as much CaF2 will dissolve in 0.10 M CaCl2 as in pure water:

↔ + 2CaF2 Ca2+ F−

= [ ]Ksp Ca2+ [ ]F− 2

3.90×10−11

0.40

(9.9× )−6
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 x 100 = 4.7%

Therefore, the approximation that s is small compared to 0.10 M was reasonable.
(c) In 0.10 M NaF:

[Ca2+] = s

[F–] = 0.10 + 2s
since fluoride ions are in NaF as well as in CaF2.

The solubility-product equation is:

Ksp = s(2s + 0.10)2 = 3.9 x 10-11

Again, the equation can be simplified. The 2s term is << 0.10 moles per liter, and therefore:

Ksp = s(0.10)2 = 3.9 x 10-11

s = 3.9 x 10-9 M
This approximation is also valid, since only 0.0019 percent as much CaF2 will dissolve in 0.10 M NaF as in pure
water. Fluoride is more effective than calcium as a common ion because it has a second-power effect on the
solubility equilibrium.
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COMPLEX ION EQUILIBRIA AND SOLUBILITY

Complex Ion Equilibria and Solubility
Formation of a complex ion between a metal cation and a ligand can increase salt solubility.

Learning Objectives

Recall the effect that complex ion formation has on solubility.

Key Takeaways

Key Points

A complex ion is an ion comprising one or more ligands attached to a central metal cation (typically a
transition metal) with a dative covalent bond.
The number of lone pairs of electrons which a cation can accept is known as the coordination number of
the cation.
The equilibrium constant of a complex ion can be determined by monitoring a change of color that
typically takes place during formation of a complex ion.
Formation of a complex ion can increase the solubility of a salt.

Key Terms

ion product constant for water: The result of multiplying the concentration of hydroxide times the
concentration of hydronium ion, typically equal to 10−14.
formation constant: A measure of the strength of the interaction between the reagents that come
together to form the complex.
Dative bond: Two-center, 2-electron covalent bond in which the two electrons derive from the same
atom.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.
coordination number: In chemistry and crystallography, the number of ligands surrounding a central
metal atom in a coordination compound.

Complex Ions

A complex ion is an ion comprising one or more ligands attached to a central metal cation with a dative bond. A
ligand is a species which can use its lone pair of electrons to form a dative covalent bond with a transition metal.
Examples of ligands are H2O, NH3, Cl–, OH–, CN–.

Cations that form complex ions must have two features:

A high charge density, which attracts electrons from ligands.
Empty orbitals of low energy, enabling them to accept the lone pair of electrons from ligands.
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Cations of d-block metals (transition metals) are small, have a high charge, and have available empty 3d and 4s
orbitals of low energy. They form complex ions readily when their partially filled d subshell accepts donated electron
pairs from other ions or molecules. The number of lone pairs of electrons a cation can accept is known as the
coordination number of the cation. This number depends on the size and electronic configuration of that cation and
on the size and charge of the ligand. Six is the most common coordination number, although 4 and 2 are also
known. Examples of complex ions are [Fe(H2O)6]2+, [CoCl4]2-, [Cu(NH3)4(H2O)2]2+, [V(H2O)6]3+. Note that the
formula of the ion is always written inside square brackets with the overall charge written outside the brackets.

Complex Ion Equilibria

When two reactants are mixed, the reaction typically does not go to completion. Rather, the reaction will form
products until a state is reached in which the concentrations of the reactants and products remain constant. At this
point, the rate of formation of the products is equal to the rate of formation of the reactants. The reactants and
products are in chemical equilibrium and will remain in this state until affected by some external force. The
equilibrium constant (Kc) for the reaction relates the concentration of the reactants and products. For example, here
is the reaction between the iron (III) ion and thiocyanate ion:

When solutions containing Fe3+ ion and thiocyanate ion are mixed, the deep red thiocyanatoiron (III) ion ([
FeSCN]2+) is formed. As a result of the reaction, the starting concentrations of Fe3+ and SCN− will decrease. For
every mole of [ FeSCN]2+ that is formed, one mole of Fe3+ and one mole of SCN− will react. The equilibrium
constant expression (Kc), according to the Law of Chemical Equilibrium, for this reaction is formulated as follows:

In this case, square brackets are used to indicate concentration in mol/liter or molarity (M).

The value of Kc is constant at a given temperature. This means that mixtures containing Fe3+ and SCN− will react
until the above equation is satisfied. The same value of the Kc will be obtained no matter what initial amounts of
Fe3+ and SCN− were used. To find Kc for this reaction experimentally, spectrophotometry can be used to measure
the appearance of red color—indicating the forming [FeSCN]2+ ion. The amount of light absorbed by the red
complex is measured at 447 nm, the wavelength at which the complex most strongly absorbs. The absorbance (A)
of the complex is proportional to its concentration (M) and can be measured directly on the spectrophotometer:

The Beer-Lambert Law relates the amount of light being absorbed to the concentration of the substance absorbing
the light and the path length through which the light passes:

In this equation, the measured absorbance (A) is related to the molar absorptivity constant (ε), the path length (b),
and the molar concentration (c) of the absorbing species. The equation shows how the concentration is directly
proportional to absorbance.

Complex Ion Formation and Solubility

Formation of a chemical complex has an effect on solubility. A well-known example is the addition of a concentrated
solution of ammonia (NH3) to a suspension of silver chloride (AgCl), in which dissolution is favored by the formation
of an ammine (NH3) complex.

The equilibrium constant for this reaction is:

(aq) + (aq) → (aq)Fe3+ SCN− FeSCN2+

=Kc
[ ]FeSCN2+

[ ][ ]Fe3+ SCN−

A = kM

A = ϵbc

AgCl(s) + 2 (aq) → [Ag( (aq) + (aq)NH3 NH3)2]+ Cl−

[Ag( ][ ])+ −
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This equation shows that as the ammonia forms a complex with the AgCl, more of the solid will dissolve as the
reaction proceeds toward the products. This will increase the solubility of AgCl in solution.

The Solubility of Amphoteric Metal Hydroxides

Amphoteric metal hydroxides behave as bases and acids, dissolving in excess alkali.

Learning Objectives

Recall the solubility properties of amphoteric metal hydroxides.

Key Takeaways

Key Points

Hydroxides of the metals of Group 3 and higher tend to be weakly basic and most display an amphoteric
nature, meaning that they can neutralize acids and bases.
Amphoteric metal hydroxides can form a series of oxyanions (anions containing oxygen), depending on
the number of protons removed by hydroxide ions.
Most amphoteric compounds are also amphiprotic, meaning that they can act as either a proton donor or
a proton acceptor.

Key Terms

amphoteric: Having the characteristics of both an acid and a base, and capable of reacting as either;
amphiprotic.
amphiprotic: Being able to both donate and accept a proton, and thus being able to react both as an
acid and a base; amphoteric.

Amphoteric Metal Hydroxides

The oxides and hydroxides of the metals in Group 3 and higher tend to be weakly basic and mostly display an
amphoteric nature. Most of these compounds are so slightly soluble in water that their acidic or basic character is
only obvious in their reactions with strong acids or bases. In general, these compounds tend to be more basic than
acidic; thus, the oxides and hydroxides of aluminum, iron, and zinc all dissolve in mildly acidic solution:

;

=Kc
[Ag( ][ ]NH3)+

2 Cl−

[NH3 ]2

Al(OH + 3 → (aq) + 3 O)3 H+ Al3+ H2

Al(OH (s) + → Al(OH (aq))3 OH− )−
4
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Aluminum hydroxide solid: Aluminum hydroxide is an amphoteric metal hydroxide.

;

The product ions in the second set of reactions (after the semi-colon) are complex ions, known as aluminate and
zincate.

Amphoteric Versus Amphiprotic

An amphoteric substance is one that can act as either an acid or a base. An amphiprotic substance can act as
either a proton donor or a proton acceptor. Since acids are proton donors while bases are proton acceptors, it
therefore follows that all amphiprotic compounds are also amphoteric. An example of an amphoteric compound that
is not amphiprotic is ZnO, which can act as an acid even though it has no protons to donate.

An example of an amphoteric and amphiprotic substance is beryllium hydroxide (Be(OH)2):

As a base, it accepts a proton from HCl, forming beryllium chloride (BeCl2) and water.

In the second example, Be(OH)2 forms a complex ion when excess hydroxide ions are available.
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Zn(OH + 3 → (aq) + 2 O)2 H+ Zn2+ H2

Zn(OH (s) + 2 → Zn(OH (aq))2 OH− )4−
3

Be(OH + 2HCl → + 2 O)2 BeCl2 H2

Be(OH + 2NaOH → [Be(OH ], forming complex ion [Be(OH)2 Na2 )4 )4]2−
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QUALITATIVE CHEMICAL ANALYSIS

Solubility Product Principle and Qualitative Analysis
Solubility product principle is used in qualitative analysis to determine composition of a compound by separation of
ions in a solution.

Learning Objectives

Describe the application of the solubility product principle in the qualitative analysis of a solution.

Key Takeaways

Key Points

In qualitative analysis, a solution is treated with various reagents to test for the presence of certain ions.
Solubility – product constants can be used to devise methods for separating ions in a solution by
selective precipitation.
Cations are usually classified into six groups, where each group has a common reagent which can be
used to separate them from the solution.

Key Terms

Qualitative inorganic analysis: A method of analytical chemistry which seeks to find elemental
composition of inorganic compounds.
qualitative analysis: Determination of the identity of the chemical species in a sample.
precipitation: A reaction that leads to the formation of a heavier solid in a lighter liquid; the precipitate so
formed at the bottom of the container.

Qualitative Analysis

Classical qualitative inorganic analysis is a method of analytical chemistry that seeks to find the elemental
composition of inorganic compounds. It is mainly focused on detecting ions in an aqueous solution. The solution is
treated with various reagents to test for reactions characteristic of certain ions, which may cause color change, solid
forming, and other visible changes.

Solubility Product Principle and Qualitative Analysis

Solubility-product constants can be used to devise methods for separating ions in a solution by selective
precipitation. Selective precipitation is used to form a solid with one of the ions in solution without disturbing the
other ions. You can continue this method to effectively separate all of the ions in a solution. The entire traditional
qualitative-analysis scheme is based on the use of these equilibrium constants to determine the correct precipitating
ions and the correct strategy.

Qualitative Analysis of Cations
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Solution Supernate

PrecipitateSuspension

Chemical precipitation: Precipitation is the
formation of a solid in a solution or inside
another solid during a chemical reaction or by
diffusion in a solid. Precipitation is used in
qualitative chemical analysis.

Cations are usually classified into six groups. Each group has a common
reagent that can be used to separate them from the solution. Because
cationic analysis is based on the solubility products of the ions,
meaningful results can be obtained only if separation is performed in a
specified sequence. This is due to the fact that some ions of one group
may also react with the reagent of another group. For example, both Ba2+

and Sr2+ will react with the SO4
2- ion to form a solid. Therefore,

mathematical calculations should be done before choosing the SO4
2- ion

for selective precipitation in a solution that may contain both Ba2+ and
Sr2+.

Example:

A solution is 0.010M in barium chloride (BaCl2) and 0.020M in strontium chloride (SrCl2). Can either Ba2+ or
Sr2+ be precipitated selectively with concentrated sodium sulfate (Na2SO4) solution? Which ion will precipitate
first? (For simplicity, assume that the Na2SO4 solution is so concentrated that the volume change in the Ba-Sr
solution can be neglected.)

Solution:

The barium sulfate solubility is given by:

Ksp = [Ba2+][SO4
2-] = 1.5 x 10-9

With 0.010 of Ba2+, precipitation of barium sulfate will not occur until the sulfate ion concentration
increases to:

[SO4
2-] =  = 1.5 x 10-7

Strontium sulfate will precipitate when the sulfate concentration is:

This signifies that as the sulfate ion (SO4
2-) is added to solution and its concentration increases, barium will

precipitate first.
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THERMODYNAMICS

THE LAWS OF THERMODYNAMICS

The Three Laws of Thermodynamics
The laws of thermodynamics define fundamental physical quantities (temperature, energy, and entropy) that
characterize thermodynamic systems.

Learning Objectives

Discuss the three laws of thermodynamics.

Key Takeaways

Key Points

The first law, also known as Law of Conservation of Energy, states that energy cannot be created or
destroyed in an isolated system.
The second law of thermodynamics states that the entropy of any isolated system always increases.
The third law of thermodynamics states that the entropy of a system approaches a constant value as the
temperature approaches absolute zero.

Key Terms

absolute zero: The lowest temperature that is theoretically possible.
entropy: A thermodynamic property that is the measure of a system’s thermal energy per unit of
temperature that is unavailable for doing useful work.

System or Surroundings

In order to avoid confusion, scientists discuss thermodynamic values in reference to a system and its surroundings.
Everything that is not a part of the system constitutes its surroundings. The system and surroundings are separated
by a boundary. For example, if the system is one mole of a gas in a container, then the boundary is simply the inner
wall of the container itself. Everything outside of the boundary is considered the surroundings, which would include
the container itself.

The boundary must be clearly defined, so one can clearly say whether a given part of the world is in the system or in
the surroundings. If matter is not able to pass across the boundary, then the system is said to be closed; otherwise,
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it is open. A closed system may still exchange energy with the surroundings unless the system is an isolated one, in
which case neither matter nor energy can pass across the boundary.

SYSTEM

SURROUNDINGS

BOUNDARY
A Thermodynamic System: A diagram of a thermodynamic system

The First Law of Thermodynamics

The first law of thermodynamics, also known as Law of Conservation of Energy, states that energy can neither be
created nor destroyed; energy can only be transferred or changed from one form to another. For example, turning
on a light would seem to produce energy; however, it is electrical energy that is converted.

A way of expressing the first law of thermodynamics is that any change in the internal energy (∆E) of a system is
given by the sum of the heat (q) that flows across its boundaries and the work (w) done on the system by the
surroundings:

This law says that there are two kinds of processes, heat and work, that can lead to a change in the internal energy
of a system. Since both heat and work can be measured and quantified, this is the same as saying that any change
in the energy of a system must result in a corresponding change in the energy of the surroundings outside the
system. In other words, energy cannot be created or destroyed. If heat flows into a system or the surroundings do
work on it, the internal energy increases and the sign of q and w are positive. Conversely, heat flow out of the
system or work done by the system (on the surroundings) will be at the expense of the internal energy, and q and w
will therefore be negative.

The Second Law of Thermodynamics

The second law of thermodynamics says that the entropy of any isolated system always increases. Isolated systems
spontaneously evolve towards thermal equilibrium—the state of maximum entropy of the system. More simply put:
the entropy of the universe (the ultimate isolated system) only increases and never decreases.

A simple way to think of the second law of thermodynamics is that a room, if not cleaned and tidied, will invariably
become more messy and disorderly with time – regardless of how careful one is to keep it clean. When the room is
cleaned, its entropy decreases, but the effort to clean it has resulted in an increase in entropy outside the room that
exceeds the entropy lost.

ΔE = q + w
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The Third Law of Thermodynamics

The third law of thermodynamics states that the entropy of a system approaches a constant value as the
temperature approaches absolute zero. The entropy of a system at absolute zero is typically zero, and in all cases is
determined only by the number of different ground states it has. Specifically, the entropy of a pure crystalline
substance (perfect order) at absolute zero temperature is zero. This statement holds true if the perfect crystal has
only one state with minimum energy.

Spontaneous and Nonspontaneous Processes

Spontaneous processes do not require energy input to proceed, whereas nonspontaneous processes do.

Learning Objectives

Describe the differences between spontaneous and nonspontaneous processes.

Key Takeaways

Key Points

A spontaneous process is capable of proceeding in a given direction without needing to be driven by an
outside source of energy.
The laws of thermodynamics govern the direction of a spontaneous process, ensuring that if a sufficiently
large number of individual interactions are involved, then the direction will always be in the direction of
increased entropy.
An endergonic reaction (also called a nonspontaneous reaction) is a chemical reaction in which the
standard change in free energy is positive and energy is absorbed.
Endergonic processes can be pushed or pulled by coupling them to highly exergonic reactions.

Key Terms

exergonic: Describing a reaction that releases energy to its surroundings.
entropy: A thermodynamic property that is the measure of a system’s thermal energy per unit
temperature that is unavailable for doing useful work.
endergonic: Describing a reaction that absorbs energy from its surroundings.

There are two types of processes (or reactions): spontaneous and non-spontaneous. Spontaneous changes, also
called natural processes, proceed when left to themselves, and in the absence of any attempt to drive them in
reverse. The sign convention of changes in free energy follows the general convention for thermodynamic
measurements. This means a release of free energy from the system corresponds to a negative change in free
energy, but to a positive change for the surroundings. Examples include:

a smell diffusing in a room
ice melting in lukewarm water
salt dissolving in water
iron rusting.

The laws of thermodynamics govern the direction of a spontaneous process, ensuring that if a sufficiently large
number of individual interactions (like atoms colliding) are involved, then the direction will always be in the direction
of increased entropy.

The Second Law of Thermodynamics
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The second law of thermodynamics states that for any spontaneous process, the overall ΔS must be greater than or
equal to zero; yet, spontaneous chemical reactions can result in a negative change in entropy. This does not
contradict the second law, however, since such a reaction must have a sufficiently large negative change in enthalpy
(heat energy). The increase in temperature of the reaction surroundings results in a sufficiently large increase in
entropy, such that the overall change in entropy is positive. That is, the ΔS of the surroundings increases enough
because of the exothermicity of the reaction so that it overcompensates for the negative ΔS of the system. Since the
overall ΔS = ΔSsurroundings + ΔSsystem, the overall change in entropy is still positive.

Spontaneous Processes

Spontaneity does not imply that the reaction proceeds with great speed. For example, the decay of diamonds into
graphite is a spontaneous process that occurs very slowly, taking millions of years. The rate of a reaction is
independent of its spontaneity, and instead depends on the chemical kinetics of the reaction. Every reactant in a
spontaneous process has a tendency to form the corresponding product. This tendency is related to stability.

Nonspontaneous Processes

An endergonic reaction (also called a nonspontaneous reaction or an unfavorable reaction) is a chemical reaction in
which the standard change in free energy is positive, and energy is absorbed. The total amount of energy is a loss
(it takes more energy to start the reaction than what is gotten out of it) so the total energy is a negative net result.
Endergonic reactions can also be pushed by coupling them to another reaction, which is strongly exergonic, through
a shared intermediate.Saul Steinberg from The New Yorker illustrates a nonspontaneous process here.
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ENTROPY

Microstates and Entropy
Energy can be shared between microstates of a system. With more available microstates, the entropy of a system
increases.

Learning Objectives

Describe the relationship between entropy and microstates.

Key Takeaways

Key Points

The entropy of an isolated system always increases or remains constant.
The more such states available to the system with appreciable probability, the greater the entropy.
Fundamentally, the number of microstates is a measure of the potential disorder of the system.

Key Terms

entropy: A thermodynamic property that is the measure of a system’s thermal energy per unit
temperature that is unavailable for doing useful work.
microstate: The specific detailed microscopic configuration of a system.

http://www.youtube.com/watch?v=0_NPaSC1I0g&stop=79

Entropy of the Playroom: Andrew Vanden Heuvel explores the concept of entropy while cleaning the playroom.

Second Law of Thermodynamics

In classical thermodynamics, the second law of thermodynamics states that the entropy of an isolated system
always increases or remains constant. Therefore, entropy is also a measure of the tendency of a process, such as a
chemical reaction, to be entropically favored or to proceed in a particular direction. It determines that thermal energy
always flows spontaneously from regions of higher temperature to regions of lower temperature, in the form of heat.

These processes reduce the state of order of the initial systems. As a result, entropy (denoted by S) is an
expression of disorder or randomness. Thermodynamic entropy has the dimension of energy divided by
temperature, which has a unit of joules per kelvin (J/K) in the International System of Units.

The interpretation of entropy is the measure of uncertainty, which remains about a system after its observable
macroscopic properties, such as temperature, pressure, and volume, have been taken into account. For a given set
of macroscopic variables, the entropy measures the degree to which the probability of the system is spread out over
different possible microstates. In contrast to the macrostate, which characterizes plainly observable average
quantities (temperature, for example), a microstate specifies all molecular details about the system, including the
position and velocity of every molecule. With more available microstates, the entropy of a system increases. This is
the basis of an alternative (and more fundamental) definition of entropy:
S = klnΩ
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in which k is the Boltzmann constant (the gas constant per molecule, 1.38 x 10–23  ) and Ω (omega) is the number
of microstates that correspond to a given macrostate of the system. The more such microstates, the greater is the
probability of the system being in the corresponding macrostate. For any physically realizable macrostate, the
quantity Ω is an unimaginably large number.

Even though it is beyond human comprehension to compare numbers that seem to verge on infinity, the thermal
energy contained in actual physical systems manages to discover the largest of these quantities with no difficulty at
all, quickly settling in to the most probable macrostate for a given set of conditions.

Phase changes and entropy

In terms of energy, when a solid becomes a liquid or a liquid a vapor, kinetic energy from the surroundings is
changed to ‘potential energy‘ in the substance (phase change energy). This energy is released back to the
surroundings when the surroundings become cooler than the substance’s boiling or melting temperature,
respectively. Phase-change energy increases the entropy of a substance or system because it is energy that must
be spread out in the system from the surroundings so that the substance can exist as a liquid or vapor at a
temperature above its melting or boiling point. Therefore, the entropy of a solid is less than the entropy of a liquid,
which is much less than the entropy of a gas:

Ssolid < Sliquid << Sgas

Changes in Energy

The concept of entropy can be described qualitatively as a measure of energy dispersal at a specific temperature.

Learning Objectives

Discuss the concept of entropy.

Key Takeaways

Key Points

Increases in entropy correspond to irreversible changes in a system, because some energy is expended
as heat, limiting the amount of work a system can do.
Any process where the system gives up energy ΔE, and its entropy falls by ΔS, a quantity at least TR (
temperature of the surroundings ) multiplied by  of that energy must be given up to the system’s
surroundings as unusable heat.
The dispersal of energy from warmer to cooler always results in a net increase in entropy.

Key Terms

quantized: Expressed or existing only in terms of discrete quanta; limited by the restrictions of
quantization.

Entropy

The concept of entropy evolved in order to explain why some processes (permitted by conservation laws) occur
spontaneously while their time reversals (also permitted by conservation laws) do not; systems tend to progress in

S = klnΩ

J
K

ΔS
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Example of increasing entropy: Ice melting in a warm room is a common
example of increasing entropy.

the direction of increasing entropy. For isolated systems, entropy never decreases. This fact has several important
consequences in science: first, it prohibits “perpetual motion” machines; and second, it implies the arrow of entropy
has the same direction as the arrow of time. Increases in entropy correspond to irreversible changes in a system.
This is because some energy is expended as heat, limiting the amount of work a system can do.

In classical thermodynamics the entropy is interpreted as a state function of a thermodynamic system. A state
function is a property depending only on the current state of the system, independent of how that state came to be
achieved. The state function has the important property that in any process where the system gives up energy ΔE,
and its entropy falls by ΔS, a quantity at least TR ΔS of that energy must be given up to the system’s surroundings
as unusable heat (TR is the temperature of the system’s external surroundings). Otherwise the process will not go
forward. The entropy of a system is defined only if it is in thermodynamic equilibrium. In a thermodynamic system,
pressure, density, and temperature tend to become uniform over time because this equilibrium state has a higher
probability (more possible combinations of microstates) than any other.

Ice Water and Entropy

For example, consider ice water in a glass. The
difference in temperature between a warm
room (the surroundings) and a cold glass of ice
and water (the system and not part of the
room) begins to equalize. This is because the
thermal energy from the warm surroundings
spreads to the cooler system of ice and water.
Over time, the temperature of the glass and its
contents and the temperature of the room
become equal. The entropy of the room
decreases as some of its energy is dispersed
to the ice and water. However, the entropy of
the system of ice and water has increased
more than the entropy of the surrounding room
has decreased.

In an isolated system such as the room and ice
water taken together, the dispersal of energy
from warmer to cooler always results in a net
increase in entropy. Thus, when the “universe”
of the room and ice water system has reached
a temperature equilibrium, the entropy change
from the initial state is at a maximum. The
entropy of the thermodynamic system is a
measure of how far the equalization has
progressed.

The second law of thermodynamics shows that
in an isolated system internal portions at
different temperatures will tend to adjust to a
single uniform temperature and thus produce
equilibrium. A recently developed educational
approach avoids ambiguous terms and
describes such spreading out of energy as
dispersal. Physical chemist Peter Atkins, for
example, who previously wrote of dispersal
leading to a disordered state, now writes that
“spontaneous changes are always
accompanied by a dispersal of energy”.

Standard Entropy

The standard entropy of a substance (its entropy at 1 atmospheric pressure) helps determine if a reaction will take
place spontaneously.
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Learning Objectives

Define standard entropy.

Key Takeaways

Key Points

Entropies generally increase with molecular weight; for noble gases this is a direct reflection of the
principle that translational quantum states are more closely packed in heavier molecules.
Entropies can also show the additional effects of rotational quantum levels (in diatomic molecules) as well
as the manner in which the atoms are bound to one another ( solids ).
There is a general inverse correlation between the hardness of a solid and its entropy.
The entropy of a solid is less than the entropy of a liquid which is much less than the entropy of a gas.

Key Terms

standard entropy: Entropy of a substance at 1 atm pressure.

De�ning Standard Entropy

The standard entropy of a substance is its entropy at 1 atm pressure. The values found in the table are normally
those for 298K, and are expressed in units of . Some typical standard entropy values for gaseous substances
include:

He: 126 
Xe: 170 
O2: 205 
CO2: 213 
H2O(g): 187 

Scientists conventionally set the energies of formation of elements in their standard states to zero. Entropy,
however, measures not energy itself, but its dispersal among the various quantum states available to accept it, and
these exist even in pure elements.

Comparing Entropy

It is apparent that entropies generally increase with molecular weight. For the noble gases, this is a direct reflection
of the principle that translational quantum states are more closely packed in heavier molecules, allowing them to be
occupied. The entropies of the diatomic and polyatomic molecules show the additional effects of rotational quantum
levels.

Entropy in Solids

The entropies of solid elements are strongly influenced by the type of atom packing in the solid. Although both
diamond and graphite are types of carbon, their entropies differ significantly. Graphite, which is built up of loosely-
bound stacks of hexagonal sheets, soaks up thermal energy twice as well as diamond. The carbon atoms in
diamond are tightly locked in a three-dimensional lattice, preventing them from vibrating around their equilibrium
positions.

J
K⋅mole

J
K⋅mole

J
K⋅mole

J
K⋅mole

J
K⋅mole

J
K⋅mole
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There is an inverse correlation between the hardness of a solid and its entropy. For example, sodium, which can be
cut with a knife, has almost twice the entropy of iron, which cannot be easily cut. These trends are consistent with
the principle that the more disordered a substance, the greater its entropy.

Entropy in Gases and Liquids

Gases, which serve as efficient vehicles for spreading thermal energy over a large volume of space, have much
higher entropies than condensed phases. Similarly, liquids have higher entropies than solids because molecules in
a liquid can interact in many different ways.

The standard entropy of reaction helps determine whether the reaction will take place spontaneously. According to
the second law of thermodynamics, a spontaneous reaction always results in an increase in total entropy of the
system and its surroundings:

Changes in the Entropy of Surroundings
Irreversible reactions result in a change in entropy to the surroundings.

Learning Objectives

Distinguish whether or not entropy of surroundings changes in various reactions

Key Takeaways

Key Points

An example of an irreversible change is the conversion of mechanical work into frictional heat; there is no
way, by reversing the motion of a weight along a surface, that the heat released due to friction can be
restored to the system.
The reversible expansion of a gas can be achieved by reducing the external pressure in a series of small
steps.
A reversible change is one carried out in such as way that, when undone, both the system and
surroundings (that is, the world) remain unchanged.
Whether or not work is done on or by the surroundings will determine the change in entropy.

Key Terms

surroundings: All parts of the universe that are not within the thermodynamic system of interest.

Reversible vs. Irreversible Processes

A change is said to occur reversibly when it can be carried out in a series of infinitesimal steps. Each of the steps
can be undone by making a similarly minute change to the conditions that bring about the change. For example:

The reversible expansion of a gas can be achieved by reducing the external pressure in a series of
infinitesimal steps; reversing any step will restore the system and its surroundings to their previous state.
Similarly, heat can be transferred reversibly between two bodies by changing the temperature difference
between them in infinitesimal steps, each of which can be undone by reversing the temperature difference.

The most widely cited example of an irreversible change is the expansion of a gas into a vacuum. Although the
system can always be restored to its original state by recompressing the gas, this would require that the

Δ = Δ + ΔStotal Ssystem Ssurroundings

744



surroundings perform work on the gas. Since the gas does no work on the surroundings in a free expansion (the
external pressure is zero, so PΔV = 0,), there will be a permanent change in the surroundings. Another example of
an irreversible change is the conversion of mechanical work into frictional heat; there is no way, by reversing the
motion of a weight along a surface, that the heat released due to friction can be restored to the system.

Consider a glass of ice water in a room. The heat from the surroundings (entropy) goes into the ice water and the
ice melts. The entropy of the ice water increases while the entropy of the surroundings decreases.

The Third Law of Thermodynamics and Absolute Energy

The third law of thermodynamics states that the entropy of a system approaches a constant value as the
temperature approaches absolute zero.

Learning Objectives

Recall the third law of thermodynamics.

Key Takeaways

Key Points

At zero temperature the system must be in a state with the minimum thermal energy.
Mathematically, the absolute entropy of any system at zero temperature is the natural log of the number
of ground states times Boltzmann’s constant kB.
For the entropy at absolute zero to be zero, the magnetic moments of a perfectly ordered crystal must
themselves be perfectly ordered.

Key Terms

paramagnetic: attracted to the poles of a magnet
ferromagnetic: the basic mechanism by which certain materials form permanent magnets, or are
attracted to magnets
third law of thermodynamics: a law which states that the entropy of a perfect crystal at absolute zero is
exactly equal to zero

The Basic Law

The third law of thermodynamics states that the entropy of a system approaches a constant value as the
temperature approaches zero. The entropy of a system at absolute zero is typically zero, and in all cases is
determined only by the number of different ground states it has. Specifically, the entropy of a pure crystalline
substance at absolute zero temperature is zero.

At zero temperature the system must be in a state with the minimum thermal energy. This statement holds true if the
perfect crystal has only one state with minimum energy. Entropy is related to the number of possible microstates
according to , where S is the entropy of the system, kB is Boltzmann’s constant, and Ω is the number of
microstates (e.g. possible configurations of atoms).

At absolute zero there is only 1 microstate possible (Ω=1) and ln(1) = 0. A more general form of the third law applies
to systems such as glasses that may have more than one minimum energy state: the entropy of a system
approaches a constant value as the temperature approaches zero. The constant value (not necessarily zero) is
called the residual entropy of the system. Physically, the law implies that it is impossible for any procedure to bring a
system to the absolute zero of temperature in a finite number of steps.

S = (Ω)kBln
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Entropy as a Function of Temperature: The
entropy (S) of a substance (compound or
element) as a function of temperature (T).

Absolute Entropy

The entropy determined relative to this point (absolute zero) is the
absolute entropy. Mathematically, the absolute entropy of any system at
zero temperature is the natural log of the number of ground states
times Boltzmann’s constant kB. The entropy of a perfect crystal lattice
is zero, provided that its ground state is unique (only one), because
ln(1) = 0.

An example of a system which does not have a unique ground state is
one containing half-integer spins, for which there are two degenerate
ground states. For such systems, the entropy at zero temperature is at
least ln(2)kB, which is negligible on a macroscopic scale.

In addition, glasses and solid solutions retain large entropy at absolute
zero, because they are large collections of nearly degenerate states, in
which they become trapped out of equilibrium. For the entropy at
absolute zero to be zero, the magnetic moments of a perfectly ordered
crystal must themselves be perfectly ordered. Only ferromagnetic,
antiferromagnetic, and diamagnetic materials can satisfy this condition.

Materials that remain paramagnetic at absolute zero, by contrast, may have many nearly-degenerate ground states,
as in a spin glass, or may retain dynamic disorder, as is the case in a spin liquid.
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GIBBS FREE ENERGY

Standard Free Energy Changes
The standard Gibbs Free Energy is calculated using the free energy of formation of each component of a reaction at
standard pressure.

Learning Objectives

Calculate the change in standard free energy for a particular reaction.

Key Takeaways

Key Points

The standard free energy of a substance represents the free energy change associated with the
formation of the substance from the elements in their most stable forms as they exist under standard
conditions.
Combine the standard enthalpy of formation and the standard entropy of a substance to get its standard
free energy of formation.

 can be used to determine standard free energy
change of a reaction.

Key Terms

enthalpy: In thermodynamics, a measure of the heat content of a chemical or physical system.
entropy: A thermodynamic property that is the measure of a system’s thermal energy per unit
temperature that is unavailable for doing useful work.
free energy of formation: The change of free energy that accompanies the formation of 1 mole of a
substance in its standard state from its constituent elements in their standard states.

Reviewing Standard States

The concept of standard states is especially important in the case of free energy, so take a moment to review it. For
most practical purposes, the following definitions of standard states are acceptable:

Gases: 1 atmosphere partial pressure.
Pure liquids: the liquid under a total pressure of 1 atm.
Solutes: an effective concentration of 1 Molar.
Solids: the pure solid under 1 atm pressure.

Note also that there is actually no “standard temperature “, but because most thermodynamics tables list values for
298.15 K (25° C), this temperature is usually implied. These same definitions apply to standard enthalpies and
internal energies. Don’t confuse these thermodynamic standard states with the “standard temperature and pressure”
(STP) widely employed in gas law calculations.

Δ (rxn) = ΣΔ (products) − ΣΔ (reactants)G∘ G∘
f G∘

f
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Calculating Gibbs Free Energy

In order to make use of Gibbs energies to predict chemical changes, it is necessary to know the free energies of the
individual components of the reaction. To accomplish this, combine the standard enthalpy and the standard entropy
of a substance to get the standard free energy of a reaction:

Recall that the symbol ° refers to the standard state of a substance measured under the conditions of 1 atm
pressure or an effective concentration of 1 Molar and a temperature of 298K. The other factor to keep in mind is that
enthalpy values are normally given in  while entropy values are given in . The energy units will need to
be the same in order to solve the equation properly.

The standard Gibbs free energy of the reaction can also be determined according to:

As with standard heats of formation, the standard free energy of a substance represents the free energy change
associated with the formation of the substance from the elements in their most stable forms as they exist under the
standard conditions of 1 atm pressure and 298K. Standard Gibbs free energies of formation are normally found
directly from tables. Once the values for all the reactants and products are known, the standard Gibbs free energy
change for the reaction can be found. Most tables of thermodynamic values list ΔGf°’s for common substances.
They can, of course, always be found from values of  and .

Gibbs Energy of Formation: The standard Gibbs free energy
of formation of a compound is the change of Gibbs free
energy that accompanies the formation of 1 mole of that
substance from its component elements, at their standard
states.

Example Problem: Calculate the  for the following equation using the values in the table:

*Remember that substances in elemental form (such as O2) have  values equal to zero. It is also important to
remember that the table provides per mole values. If the balanced equation calls for more than one mole the 
must be multiplied.

Δ = Δ − TΔG∘ H∘ S∘

kJ
mole

J
K×mole

Δ (rxn) = ΣΔ (products) − ΣΔ (reactants)G∘ G∘
f G∘

f

ΔH∘
f ΔS∘

f

ΔG0
rxn

+ →CO(g)
1
2

O2(g) CO2(g)

Δ (rxn) = ΣΔ (products) − ΣΔ (reactants)G∘ G∘
f G∘

f

ΔGo
f

ΔGo
f

Δ (rxn) = (−394.4 kJ) − (−137.2 kJ + 0 kJ)G∘

Δ (rxn) = −257.2 kJG∘
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Free Energy Changes in Chemical Reactions
ΔG determines the direction and extent of chemical change.

Learning Objectives

Recall the possible free energy changes for chemical reactions.

Key Takeaways

Key Points

If the free energy of the reactants is greater than that of the products, the entropy of the world will
increase when the reaction takes place as written, and so the reaction will tend to take place
spontaneously.
If the free energy of the products exceeds that of the reactants, then the reaction will not take place.
An important consequence of the one-way downward path of the free energy is that once it reaches its
minimum possible value, net change comes to a halt.
In a spontaneous change, Gibbs energy always decreases and never increases.

Key Terms

spontaneous change: A spontaneous process is the time-evolution of a system in which it releases free
energy (usually as heat) and moves to a lower, more thermodynamically stable energy state.

The Direction and Extent of Chemical Change

ΔG determines the direction and extent of chemical change. Remember that ΔG is meaningful only for changes in
which the temperature and pressure remain constant. These are the conditions under which most reactions are
carried out in the laboratory. The system is usually open to the atmosphere (constant pressure) and the process is
started and ended at room temperature (after any heat that has been added or which was liberated by the reaction
has dissipated.)

The importance of the Gibbs function can hardly be over-stated: it determines whether a given chemical change is
thermodynamically possible. Thus, if the free energy of the reactants is greater than that of the products, the entropy
of the world will increase and the reaction takes place spontaneously. Conversely, if the free energy of the products
exceeds that of the reactants, the reaction will not take place.

In a spontaneous change, Gibbs energy always decreases and never increases. This of course reflects the fact that
the entropy of the world behaves in the exact opposite way (owing to the negative sign in the TΔS term). Here is an
example:

Water below zero degrees Celsius undergoes a decrease in its entropy, but the heat released into the surroundings
more than compensates for this so the entropy of the world increases, the free energy of the H2O diminishes, and
the process proceeds spontaneously.

An important consequence of the one-way downward path of the free energy is that once it reaches its minimum
possible value, net change comes to a halt. This, of course, represents the state of chemical equilibrium. These
relations are summarized as follows:

Δ (rxn) = −257.2 kJG∘

O(liquid) → O(ice)H2 H2

ΔG < 0
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: The reaction will occur spontaneously to the right.
: The reaction will occur spontaneously to the left.
: The reaction is at equilibrium and will not proceed in either direction.

Conditions for Spontaneous Change

Recall the condition for spontaneous change:

ΔG = ΔH – TΔS < 0

where ΔG = change in Gibbs free energy, ΔH = change in enthalpy, T = absolute temperature, and ΔS = change in
entropy

It is apparent that the temperature dependence of ΔG depends almost entirely on the entropy change associated
with the process. (it is appropriate to say “almost” because the values of ΔH and ΔS are themselves slightly
temperature dependent; both gradually increase with temperature). In particular, notice that in the above equation
the sign of the entropy change determines whether the reaction becomes more or less spontaneous as the
temperature is raised.

For any given reaction, the sign of ΔH can also be positive or negative. This means that there are four possibilities
for the influence that temperature can have on the spontaneity of a process:

Case 1: ΔH < 0 and ΔS > 0

Under these conditions, both the ΔH and TΔS terms will be negative, so ΔG will be negative regardless of the
temperature. An exothermic reaction whose entropy increases will be spontaneous at all temperatures.

Case 2: ΔH < 0 and ΔS < 0

If the reaction is sufficiently exothermic it can force ΔG to be negative only at temperatures below which |TΔS| < |
ΔH|. This means that there is a temperature defined by  at which the reaction is at equilibrium; the reaction
will only proceed spontaneously below this temperature. The freezing of a liquid or the condensation of a gas are
the most common examples of this condition.

Case 3: ΔH > 0 and ΔS > 0

This is the reverse of the previous case; the entropy increase must overcome the handicap of an endothermic
process so that TΔS > ΔH. Since the effect of the temperature is to “magnify” the influence of a positive ΔS, the
process will be spontaneous at temperatures above . (Think of melting and boiling. )

Case 4: ΔH > 0 and ΔS < 0

With both ΔH and ΔS working against it, this kind of process will not proceed spontaneously at any temperature.
Substance A always has a greater number of accessible energy states, and is therefore always the preferred form.

Free Energy Changes for Nonstandard States
A single reaction can have an infinite number of ΔG values, reflecting the infinite possible compositions between
reactants and products.

Learning Objectives

Differentiate between free changes for standard and nonstandard states.

ΔG < 0
ΔG > 0
ΔG = 0

T = ΔH
ΔS

T = ΔH
ΔS
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ΔG vs. G°: ΔG is plotted on a vertical axis for two hypothetical reactions
having opposite signs of ΔG°.

Key Takeaways

Key Points

ΔG° and ΔGf° refer to single, specific chemical changes in which all components ( reactants and products
) are in their standard states.
The physical meaning of ΔG is that it tells us how far the free energy of the system has changed from G°
of the pure reactants.
When ΔG reaches its minimum value, the composition of the system is at its equilibrium value.

Key Terms

free energy: The difference between the internal energy of a system and the product of its entropy and
absolute temperature.
equilibrium: The state of a reaction in which the rates of the forward and reverse reactions are the same.

The apparent similarity of the terms ,  and  makes it easy to overlook the distinctions between them;
the similarity is a major source of confusion. The most important thing to remember is that the terms and 
refer to single, specific chemical changes in which all components (reactants and products) are in their standard
states.

Plotting

The distinction is nicely illustrated in this diagram, in which  is plotted on a vertical axis for two hypothetical
reactions having opposite signs of . The horizontal axis schematically expresses the relative concentrations of
reactants and products at any point of the process. Note that the origin corresponds to the composition at which half
of the reactants have been converted into products.

Take careful note of the following:

The red line on the left plots the values
of  for the  > 0 reaction.
Notice that there are an infinite number
of these values, depending on the
progress of the reaction. In contrast,
there is only a single value (point 2) of 

, corresponding to the
composition at which  = 0 (point 1).
At this point, some products have been
formed, but the composition is still
dominated by reactants.
If the reaction begins at a composition
to the left of point 1 on the diagram, 

 will be negative and the
composition will move to the right.
Similarly, if the reaction begins with a
composition to the right of point 1 on
the diagram,  will be positive and
the composition will move to the left.
The plot on the right is for the  < 0 reaction, for which is shown at point 4 on the diagram. At its
equilibrium point (point 3), there are more products than reactants. If the reaction starts at a composition to
the right of point 3 on the diagram, the composition will tend to move to the left. If the initial composition is to
the left of point 3 on diagram, the reaction will tend to proceed to the right.
What would happen if  were 0? The equilibrium point of such a reaction would be at the origin,
corresponding to half the reactants being converted to products.

The important principle to understand is that a negative  does not mean that the reactants will be completely
transformed into products. By the same token, a positive  does not mean that no products are formed at all.

ΔG ΔG∘ ΔG∘
f

ΔG∘ ΔG∘
f

ΔG
ΔG∘

ΔG ΔG∘

ΔG∘

ΔG

ΔG

ΔG

ΔG∘ ΔG∘

ΔG∘

ΔG∘

ΔG∘
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Possible Values

In contrast, the composition of a chemical reaction system undergoes continual change until the equilibrium state is
reached. Therefore, a single reaction can have an infinite number of  values, reflecting the infinite possible
compositions between the extremes of pure reactants and pure products.

In the example of a reaction , depicted in the following diagram, the standard free energy of the products
(point 2) is smaller than that of the reactants (point 1), so the reaction will take place spontaneously. This does not
mean that each mole of pure A will be converted into one mole of pure B.

Nonstandard state free energy change: Graph of .
A single reaction can have an infinite number of  values.

The physical meaning of  is that it tells us how far the free energy of the system has changed from G° of the
pure reactants (point 1). As the reaction proceeds to the right, the composition changes, and  begins to fall.
When the composition reaches point 3,  reaches its minimum value, and further reaction would cause it to rise.
But because free energy can only decrease but never increase, this does not happen. The composition of the
system remains permanently at its equilibrium value.

Pressure and Free Energy

Gibbs free energy is dependent on pressure.

Learning Objectives

Discuss the relationship between free energy and pressure.

Key Takeaways

Key Points

Gibbs energy (also referred to as ∆G) is also the chemical potential that is minimized when a system
reaches equilibrium at constant pressure and temperature.
The Gibbs free energy equation is dependent on pressure.

ΔG

A → B

G(T, p) = f(ξ)
ΔG

ΔG
ΔG

ΔG
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Gibbs free energy equation: The Gibbs free energy
equation is dependent on pressure.

The Gibbs free energy equation is dependent on pressure.
It is a convenient criterion of spontaneity for processes with constant pressure and temperature.

Key Terms

chemical potential: In thermodynamics, chemical potential, also known as partial molar free energy, is a
form of potential energy that can be absorbed or released during a chemical reaction.

Gibbs free energy measures the useful work obtainable from a thermodynamic system at a constant temperature
and pressure. Just as in mechanics, where potential energy is defined as capacity to do work, similarly different
potentials have different meanings. The Gibbs free energy is the maximum amount of non-expansion work that can
be extracted from a closed system.

When a system changes from an initial state to a final state, the
Gibbs free energy (ΔG) equals the work exchanged by the system
with its surroundings, minus the work of the pressure force. Gibbs
energy (also referred to as ∆G) is also the chemical potential that is
minimized when a system reaches equilibrium at constant pressure
and temperature. As such, it is a convenient criterion of spontaneity
for processes with constant pressure and temperature. Therefore,
Gibbs free energy is most useful for thermochemical processes at
constant temperature and pressure.

Free Energy and Work

The Gibbs free energy is the maximum amount of non-expansion work that can be extracted from a closed system.

Learning Objectives

Identify the relationship between Gibbs free energy and work.

Key Takeaways

Key Points

When a system changes from a well-defined initial state to a well-defined final state, the Gibbs free
energy, ΔG, equals the work done/exchanged by the system with its surroundings, minus the work of the
pressure forces.
“Useful” work is most commonly electrical work (moving electric charge through a potential difference).

Key Terms

work: In thermodynamics, work performed by a closed system is the energy transferred to another
system that is measured by the external generalized mechanical constraints on the system.

Gibb’s Free Energy and “Useful” Work

Gibbs energy is the maximum useful work that a system can do on its surroundings when the process occurring
within the system is reversible at constant temperature and pressure. As in mechanics, where potential energy is
defined as capacity to do work, different potentials have different meanings. The Gibbs free energy is the maximum
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Work Diagram: The reversible condition implies wmax and qmin. The
impossibility of extracting all of the internal energy as work is essentially a
statement of the Second Law.

amount of non-expansion work that can be extracted from a closed system. The work is done at the expense of the
system’s internal energy. Energy that is not extracted as work is exchanged with the surroundings as heat.

The appellation “free energy” for G has
led to so much confusion that many
scientists now refer to it simply as the
“Gibbs energy. ” The “free” part of the
older name reflects the steam-engine
origins of thermodynamics, with its
interest in converting heat into work. ΔG
is the maximum amount of energy which
can be “freed” from the system to perform
useful work. “Useful” in this case, refers to
the work not associated with the
expansion of the system. This is most
commonly electrical work (moving electric
charge through a potential difference), but
other forms of work are also possible. For
instance, examples of useful, non-expansion work in biological organisms include muscle contraction and the
transmission of nerve impulses.
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ELECTROCHEMISTRY

OXIDATION-REDUCTION EQUATIONS

Balancing Redox Equations
Balancing redox reactions depends on conservation of mass and electrons; the exact method varies with basic or
acidic solutions.

Learning Objectives

Produce a balanced redox equation from an unbalanced one in either acidic or basic media

Key Takeaways

Key Points

Balancing redox reactions first requires splitting the equation into the two half-reactions of reduction and
oxidation.
All atoms except oxygen and hydrogen should be balanced first.
In acidic conditions, the oxygen atoms should be balanced with water, while hydrogen atoms should be
balanced with H+.
In basic conditions, the oxygen atoms should be balanced with OH–, while the hydrogen atoms should be
balanced with water.
The fully balanced reaction should have both half-reactions added back together.

Key Terms

base: A proton acceptor, or an electron pair donor.
spectator ion: An ion that exists as a reactant and a product in a chemical equation.
acid: An electron pair acceptor; generally capable of donating hydrogen ions.

Understanding Redox

Redox (oxidation-reduction) reactions include all chemical reactions in which atoms have their oxidation states
changed. Oxidation is the loss of electrons —or the increase in oxidation state—by a molecule, atom, or ion.
Reduction is the gain of electrons—or the decrease in oxidation state—by a molecule, atom, or ion. To remember
this, think that LEO the lion says GER (Loss of Electrons is Oxidation; Gain of Electrons is Reduction).
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Describing the overall electrochemical reaction for a redox process requires balancing the component half-reactions
for oxidation and reduction.

Simple Redox Reactions

Follow these rules to balance simple redox equations:

1. Write the oxidation and reduction half-reactions for the species that is reduced or oxidized.
2. Multiply the half-reactions by the appropriate number so that they have equal numbers of electrons.
3. Add the two equations to cancel out the electrons. The equation should be balanced.

An example is given below of the reaction of iron(III) sulfate with magnesium.

Unbalanced reaction: Mg(s) + Fe2(SO4)3(aq) → Fe(s) + MgSO4(aq)

This reaction is split into two half-reactions, one that involves oxidation and one that involves reduction.

Reduction: Fe3+(aq) + 3e– → Fe(s)
Oxidation: Mg(s) → Mg2+(aq) + 2e–

This pair of half-reactions can be balanced by ensuring that both have the same number of electrons. To do this,
multiply the oxidation half-reaction by 3 and the reduction half-reaction by 2, so that each half-reaction has 6e–.

2 Fe3+(aq) + 6e– → 2 Fe(s)
3 Mg(s) → 3 Mg2+(aq) + 6e–

Adding these two half reactions together gives the balanced equation:

2 Fe3+(aq) + 3 Mg(s) → 2 Fe(s) + 3 Mg2+(aq)

Notice that the sulfate ion (SO4
2-) is ignored. This is because it does not take part in the reaction; it is a spectator

ion.

Complex Redox Reactions

For reactions in aqueous solution, these reactions can be more complex, and involve adding H+, OH−, and H2O in
addition to electrons to compensate for oxidation changes.

Follow these steps when balancing acidic complex redox equations:

1. Write the oxidation and reduction half-reactions for the species including the element that is reduced or
oxidized.

2. Balance both reactions for all elements except oxygen and hydrogen.
3. If the oxygen atoms are not balanced in either reaction, add water molecules to the side missing the oxygen.

If the hydrogen atoms are not balanced, add hydrogen ions (H+).
4. Multiply the half-reactions by the appropriate number so that they have equal numbers of electrons.
5. Add the two equations to cancel out the electrons. The equation should be balanced.

If the reaction occurs in a base, proceed as if it is in an acid environment, but after step 4, add a hydroxide ion to
both sides of the equation for each hydrogen ion added. Then, combine the hydroxide and hydrogen ions to form
water. Next, cancel all of the water molecules that appear on both sides.

Both acidic and basic media conditions will now be explored more in depth.

Acidic Media

In acidic media, H+ ions and water are added to half-reactions to balance the overall reaction. For example, when
manganese(II) reacts with sodium bismuthate:

Unbalanced reaction: Mn2+(aq) + BiO3
–(s) → Bi3+(aq) + MnO4

− (aq)
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Step 1: Write the oxidation and reduction half-reactions for the species including the element that is reduced or
oxidized.

Reduction:  (Bi goes from a +5 to a +3)

Oxidation:  (Mn goes from a +2 to a +5)

Step 2: Balance both reactions for all elements except oxygen and hydrogen.

In this case, both Bi and Mn are already balanced.

Step 3: If the oxygen atoms are not balanced in either reaction, add water molecules to the side missing the oxygen.
If the hydrogen atoms are not balanced, add hydrogen ions (H+).

Reduction: 

Oxidation: 

Step 4: Multiply the half-reactions by the appropriate number so that they have equal numbers of electrons.

We need to multiply the reduction half-reaction by 5 and the oxidation half-reaction by 2.

Reduction: 

Oxidation: 

Step 5: Add the two equations to cancel out the electrons. The equation should be balanced.

Cancel like species:

Check the balanced equation:

14 H on left and 14 H on right

5 Bi on left and 5 Bi on right

2 Mn on left and 2 Mn on right

15 O on left and 15 O on right

13+ charge on left and 13+ charge on right

Basic Media

In basic media, OH− ions and water are added to half reactions to balance the overall reaction. For example, take
the reaction between potassium permanganate and sodium sulfite:

Unbalanced reaction: MnO4
– + SO3

2- + H2O → MnO2 +SO4
2- + OH–

As in acidic media, the unbalanced reaction can be separated into its two half-reactions, each representing either
reduction or oxidation.

Reduction: 3 e− + 2 H2O + MnO4
− → MnO2 + 4 OH−

Oxidation: 2 OH− + SO3
2− → SO4

2− + H2O + 2 e−

Balancing the number of electrons in the two half-reactions gives:

6 e− + 4 H O + 2 MnO − → 2 MnO  + 8 OH−

6 + → + 3 OH+ BiO−
3 Bi3+ H2

→Mn2+ MnO−
4

2 + 6 + → + 3 Oe− H+ BiO−
3 Bi3+ H2

4 O + → + 8 + 5H2 Mn2+ MnO−
4 H+ e−

10 + 30 + 5 → 5 + 15 Oe− H+ BiO−
3 Bi3+ H2

8 O + 2 → 2 + 16 + 10H2 Mn2+ MnO−
4 H+ e−

10 + 30 + 5 + 8 O + 2 → 5 + 15 O + 2 + 16 + 10e− H+ BiO−
3 H2 Mn2+ Bi3+ H2 MnO−

4 H+ e−

14 + 5 + 2 → 5 + 7 O + 2H+ BiO−
3 Mn2+ Bi3+ H2 MnO−

4
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6 e− + 4 H2O + 2 MnO4
− → 2 MnO2 + 8 OH−

6 OH− + 3 SO3
2− → 3 SO4

2− + 3 H2O + 6 e−

Adding these two half-reactions together gives the balanced equation:

2 MnO4
– + 3 SO3

2- + H2O → 2 MnO2 + 3 SO4
2- + 2 OH–

http://www.youtube.com/watch?v=6zU-JnURp0Y&stop=1093

Balancing redox equations: An alternative method for balancing reduction/oxidation (redox) reactions. It consists
of four steps that, if followed, can balance any redox equation. Six examples are given.
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ELECTROCHEMICAL CELLS

Voltaic Cells
A voltaic cell is a device that produces an electric current from energy released by a spontaneous redox reaction in
two half-cells.

Learning Objectives

Recall that reduction happens at the cathode and oxidation happens at the anode in a voltaic cell

Key Takeaways

Key Points

Oxidation describes the loss of electrons by a molecule, atom, or ion.
Reduction describes the gain of electrons by a molecule, atom, or ion.
The electrons always flow from the anode to the cathode.
The half-cells are connected by a salt bridge that allows the ions in the solution to move from one half-cell
to the other, so that the reaction can continue.

Key Terms

redox: A reversible chemical reaction in which one reaction is an oxidation and the reverse is a reduction.
half-cell: Either of the two parts of an electrochemical cell containing an electrode and an electrolyte.
voltaic cell: A cell, such as in a battery, in which an irreversible chemical reaction generates electricity; a
cell that cannot be recharged.

An electrochemical cell is a device that produces an electric current from energy released by a spontaneous redox
reaction. This kind of cell includes the galvanic, or voltaic, cell, named after Luigi Galvani and Alessandro Volta.
These scientists conducted several experiments on chemical reactions and electric current during the late 18th
century.

Electrochemical cells have two conductive electrodes, called the anode and the cathode. The anode is defined as
the electrode where oxidation occurs. The cathode is the electrode where reduction takes place. Electrodes can be
made from any sufficiently conductive materials, such as metals, semiconductors, graphite, and even conductive
polymers. In between these electrodes is the electrolyte, which contains ions that can freely move.

The voltaic cell uses two different metal electrodes, each in an electrolyte solution. The anode will undergo oxidation
and the cathode will undergo reduction. The metal of the anode will oxidize, going from an oxidation state of 0 (in
the solid form) to a positive oxidation state, and it will become an ion. At the cathode, the metal ion in the solution
will accept one or more electrons from the cathode, and the ion’s oxidation state will reduce to 0. This forms a solid
metal that deposits on the cathode. The two electrodes must be electrically connected to each other, allowing for a
flow of electrons that leave the metal of the anode and flow through this connection to the ions at the surface of the
cathode. This flow of electrons is an electrical current that can be used to do work, such as turn a motor or power a
light.

759



A galvanic, or voltaic, cell: The cell consists of two half-
cells connected via a salt bridge or permeable
membrane. The electrodes are immersed in electrolyte
solutions and connected through an electrical load.

Example Reaction

The operating principle of the voltaic cell is a simultaneous oxidation and reduction reaction, called a redox reaction.
This redox reaction consists of two half-reactions. In a typical voltaic cell, the redox pair is copper and zinc,
represented in the following half-cell reactions:

Zinc electrode (anode): Zn(s) → Zn2+(aq) + 2 e–

Copper electrode (cathode): Cu2+(aq) + 2 e– → Cu(s)

The cells are constructed in separate beakers. The metal electrodes are immersed in electrolyte solutions. Each
half-cell is connected by a salt bridge, which allows for the free transport of ionic species between the two cells.
When the circuit is complete, the current flows and the cell “produces” electrical energy.

Copper readily oxidizes zinc; the anode is zinc and the
cathode is copper. The anions in the solutions are sulfates of
the respective metals. When an electrically conducting device
connects the electrodes, the electrochemical reaction is:

Zn + Cu2+ → Zn2+ + Cu

The zinc electrode produces two electrons as it is oxidized (
), which travel through the wire to the

copper cathode. The electrons then find the Cu2+ in solution
and the copper is reduced to copper metal (

). During the reaction, the zinc electrode
will be used and the metal will shrink in size, while the copper
electrode will become larger due to the deposited Cu that is
being produced. A salt bridge is necessary to keep the charge
flowing through the cell. Without a salt bridge, the electrons
produced at the anode would build up at the cathode and the
reaction would stop running.

Voltaic cells are typically used as a source of electrical power.
By their nature, they produce direct current. A battery is a set
of voltaic cells that are connected in parallel. For instance, a lead–acid battery has cells with the anodes composed
of lead and cathodes composed of lead dioxide.

Electrolytic Cells
Electrolysis uses electrical energy to induce a chemical reaction, which then takes place in an electrolytic cell.

Learning Objectives

Recall the three components necessary to construct an electrolytic cell

Key Takeaways

Key Points

Electrometallurgy is the process of reducing metals from metallic compounds to obtain the pure form of
the metal using electrolysis.
Electrolysis can sometimes be thought of as running a non-spontaneous galvanic cell.
Electrodes of metal, graphite, and semiconductor material are widely used in electrolysis.

Other systems that utilize the electrolytic process are used to produce metallic sodium and potassium,

Zn → + 2Zn2+ e−

+ 2 → CuCu2+ e−
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Other systems that utilize the electrolytic process are used to produce metallic sodium and potassium,
chlorine gas, sodium hydroxide, and potassium and sodium chlorate.

Key Terms

electrolysis: The chemical change produced by passing an electric current through a conducting solution
or a molten salt.
electrolytic: Of, relating to, or using electrolysis.

In chemistry and manufacturing, electrolysis is a method of using a direct electric current (DC) to drive an otherwise
non-spontaneous chemical reaction. Electrolysis is commercially important as a stage in the process of separating
elements from naturally occurring sources such as ore.

Electrolysis is the passage of a direct electric current through an ionic substance that is either molten or dissolved in
a suitable solvent, resulting in chemical reactions at the electrodes and separation of the materials.

Electrolysis can sometimes be thought of as running a non-spontaneous galvanic cell. Depending on how freely
elements give up electrons (oxidation) and how energetically favorable it is for elements to receive electrons
(reduction), the reaction may not be spontaneous. By externally supplying the energy to overcome the energy
barrier to spontaneous reaction, the desired reaction is “allowed” to run under special circumstances.

The main components required to perform electrolysis are:

An electrolyte: a substance containing free ions that carry electric current. If the ions are not mobile, as in a
solid salt, then electrolysis cannot occur.
A direct current (DC) supply: provides the energy necessary to create or discharge the ions in the electrolyte.
Electric current is carried by electrons in the external circuit.
Two electrodes: an electrical conductor that provides the physical interface between the electrical circuit
providing the energy and the electrolyte.

A typical electrolysis cell: A cell used in elementary
chemical experiments to produce gas as a reaction
product and to measure its volume.
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Electrodes of metal, graphite, and semiconductor material are widely used. Choosing a suitable electrode depends
on the chemical reactivity between the electrode and electrolyte, and the cost of manufacture.

Other systems that utilize the electrolytic process are used to produce metallic sodium and potassium, chlorine gas,
sodium hydroxide, and potassium and sodium chlorate.

Electrochemical Cell Notation

Cell notation is shorthand that expresses a certain reaction in an electrochemical cell.

Learning Objectives

Produce the appropriate electrochemical cell notation for a given electrochemical reaction

Key Takeaways

Key Points

The cell anode and cathode ( half-cells ) are separated by two bars or slashes, which represent a salt
bridge.
The anode is placed on the left and the cathode is placed on the right.
Individual solid, liquid, or aqueous phases within each half-cell are written separated by a single bar.
Concentrations of dissolved species can be written in the parentheses after the phase notation (s, l, g, or
aq).

Key Terms

half-cell: Either of the two parts of an electrochemical cell containing an electrode and an electrolyte.
electrode: The terminal through which electric current passes between metallic and nonmetallic parts of
an electric circuit. In electrolysis, the electrodes are placed in the solution separately.

Cell Notation

Recall that standard cell potentials can be calculated from potentials E0
cell for both oxidation and reduction

reactions. A positive cell potential indicates that the reaction proceeds spontaneously in the direction in which the
reaction is written. Conversely, a reaction with a negative cell potential proceeds spontaneously in the reverse
direction.

Cell notations are a shorthand description of voltaic or galvanic (spontaneous) cells. The reaction conditions (
pressure, temperature, concentration, etc.), the anode, the cathode, and the electrode components are all described
in this unique shorthand.

Recall that oxidation takes place at the anode and reduction takes place at the cathode. When the anode and
cathode are connected by a wire, electrons flow from anode to cathode.

Using the arrangement of components, let’s put a cell together.

One beaker contains 0.15 M Cd(NO3)2 and a Cd metal electrode. The other beaker contains 0.20 M AgNO3 and a
Ag metal electrode. The net ionic equation for the reaction is written:

= +Eo
cell Eo

reduction Eo
oxidation

2 (aq) + Cd(s) ⇌ (aq) + 2Ag(s)Ag+ Cd2+
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A typical galvanic cell: A typical arrangement
of half-cells linked to form a galvanic cell.

In the reaction, the silver ion is reduced by gaining an electron, and
solid Ag is the cathode. The cadmium is oxidized by losing electrons,
and solid Cd is the anode.

The anode reaction is:

The cathode reaction is:

Cell Notation Rules

1. The anode half-cell is described first; the cathode half-cell follows. Within a given half-cell, the reactants are
specified first and the products last. The description of the oxidation reaction is first, and the reduction reaction is
last; when you read it, your eyes move in the direction of electron flow. Spectator ions are not included.

2. A single vertical line ( | ) is drawn between two chemical species that are in different phases but in physical
contact with each other (e.g., solid electrode | liquid with electrolyte ). A double vertical line ( || ) represents a salt
bridge or porous membrane separating the individual half-cells.

3. The phase of each chemical (s, l, g, aq) is shown in parentheses. If the electrolytes in the cells are not at
standard conditions, concentrations and/or pressure, they are included in parentheses with the phase notation. If no
concentration or pressure is noted, the electrolytes in the cells are assumed to be at standard conditions (1.00 M or
1.00 atm and 298 K).

Using these rules, the notation for the cell we put together is:

Cd (s) | Cd2+ (aq, 0.15 M) || Ag+ (aq, 0.20 M) | Ag (s)
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STANDARD REDUCTION POTENTIALS

Standard Reduction Potentials
Standard reduction potentials provide a systematic measurement for different molecules’ tendency to be reduced.

Learning Objectives

Recall that a positive reduction potential indicates a thermodynamically favorable reaction relative to the
reduction of a proton to hydrogen

Key Takeaways

Key Points

A reduction potential measures the tendency of a molecule to be reduced by taking up new electrons.
The standard reduction potential is the reduction potential of a molecule under specific, standard
conditions.
Standard reduction potentials can be useful in determining the directionality of a reaction.
The reduction potential of a given species can be considered to be the negative of the oxidation potential.

Key Terms

reduce: To add electrons/hydrogen or to remove oxygen.
standard hydrogen electrode: A redox electrode which forms the basis of the thermodynamic scale of
oxidation-reduction potentials; used as a standard against which other electrodes are measured.

Reduction Potential

Reduction potential (also known as redox potential, oxidation/reduction potential, or Eh) measures the tendency of a
chemical species to acquire electrons and thereby be reduced. Reduction potential is measured in volts (V) or
millivolts (mV). Each species has its own intrinsic reduction potential. The more positive the potential, the greater
the species’ affinity for electrons, or the more the species tends to be reduced.
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Oxidation-reduction in a galvanic cell: In this galvanic cell, zinc reduces
copper cations. The reaction yields zinc cations and neutral copper metal.

The standard reduction potential (E0) is measured under standard conditions:

25 °C
1 M concentration for each ion participating in the reaction
Partial pressure of 1 atm for each gas that is part of the reaction
Metals in their pure states

Standard Reduction Potential

The standard reduction potential is defined relative to a standard hydrogen electrode (SHE) reference electrode,
which is arbitrarily given a potential of 0.00 volts. The values below in parentheses are standard reduction potentials
for half-reactions measured at 25 °C, 1 atmosphere, and with a pH of 7 in aqueous solution.

CH3COOH + 2H+ + 2e– → CH3CHO + H2O (-0.58)
2H+ + 2 e– → H2 (0.0)
O2 + 2H+ + 2e– → H2O2 (+0.7)
O2 + 4H+ + 4e– → 2H2O (+1.64)

Since the reduction potential measures the intrinsic tendency for a species to undergo reduction, comparing
standard reduction potential for two processes can be useful for determining how a reaction will proceed.

Historically, many countries, including the United States and Canada, used standard oxidation potentials rather than
reduction potentials in their calculations. These are simply the negative of standard reduction potentials, so it is not
a difficult conversion in practice. However, because these can also be referred to as “redox potentials,” the terms
“reduction potentials” and “oxidation potentials” are preferred by the IUPAC. The two may be explicitly distinguished
by using the symbol E0

r for reduction and E0
o for oxidation.

Predicting Spontaneous Direction of a Redox Reaction

The direction of a redox reaction depends on the relative strengths of the oxidants and reductants in a solution.

Learning Objectives

Predict the direction of electron flow in a redox reaction given the reduction potentials of the two half-reactions

Key Takeaways
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Electrochemical series: In order to predict if two
reactants will take part in a spontaneous redox
reaction, it is important to know how they rank in an
electrochemical series.

Key Points

Sometimes, the direction of a redox reaction can be determined by estimating the relative strengths of the
reductants and oxidants.
In situations where an electrochemical series is not sufficient to absolutely determine the direction of a
redox reaction, the standard electrode potential, Eo, can be used.
A negative value of cell potential indicates a reducing environment, while a positive value indicates an
oxidizing environment.

Key Terms

standard electrode potential: An electrode potential measured under standard conditions (298 K, 1 atm,
and 1 M).

Predicting the Redox Half-Reactions

Generally, the direction of a redox reaction depends on the relative strengths of oxidants and reductants in a
solution. In simple situations, an electrochemical series can be very useful for determining the direction of the
reaction.

In the table provided, the most easily reduced element is Li and
the most easily oxidized is iron. This means that Li would be
written as the reduction half-reaction when compared to any other
element in this table. On the other hand, Fe would be written as
the oxidation half-reaction when compared to any other element
on this table.

Some reactions cannot be “eyeballed” in this manner. These
reactions require a more mathematical method to determine the
direction. To figure this out, it is important to consider the
standard electrode potential, which is a measure of the driving
force behind a reaction. The sign of the standard electrode
potential indicates in which direction the reaction must proceed in
order to achieve equilibrium.

For example, let’s look at the reaction between zinc and acid:

Oxidation: 

Reduction: 

Eo = 0.76 V

The positive Eo value indicates that at STP this reaction must proceed to the right in order to achieve equilibrium.
This is to say, a positive Eo value indicates a reaction has equilibrium constants that favor the products.

What happens to the standard electrode potential when the reaction is written in the reverse direction? Neither the
relative strengths of the oxidizing or reducing agents nor the magnitude of the potential will change. However, what
will change is the sign of the standard electrode potential. This means we can convert a spontaneous reaction to an
unfavorable one and vice versa. For example if we turn the zinc oxidation half-reaction around (

), the cell potential is reversed.

The relative reactivities of different half-reactions can be compared to predict the direction of electron flow. Half-
reaction equations can be combined if one is reversed to oxidation in a manner that cancels out the electrons.

Zn(s) + 2 (aq) ↔ (aq) + (g)H+ Zn2+ H2

Zn(s) → (aq) + 2   = 0.76 VZn2+ e− Eo

2 + 2 →   = 0.00 VH+ e− H2 Eo

+ 2 → Zn  = −0.76VZn2+ e− Eo
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Predicting if a Metal Will Dissolve in Acid

A metal is soluble in acid if it displaces H2 from solution, which is determined by the metal’s standard reduction
potential.

Learning Objectives

Predict whether a metal will dissolve in acid, given its reduction potential

Key Takeaways

Key Points

Some metals have stronger “replacing” power than others, indicating that they are more likely to reduce.
Although H2 is not a metal, it can still be “replaced” by some strongly reducing metals.
The tendency of a metal to “displace” hydrogen gas from acidic solution determines its solubility; if the
metal cannot displace hydrogen, it will not be oxidized and will remain insoluble.
You can determine if a metal will dissolve in acid by comparing the standard reduction potential of the
metal to that of hydrogen gas.

Key Terms

reduce: To add electrons/hydrogen or to remove oxygen.
oxidize: To increase the valence (the positive charge) of an element by removing electrons.

Activity of Metals

Some metals can be considered to be more “active” than others, in the sense that a more active metal can replace a
less active one from a solution of its salt. The classic example is of zinc displacing copper:

Here, zinc is more active than copper because it can replace copper in solution. If you immerse a piece of metallic
zinc in a solution of copper sulfate, the surface of the zinc quickly becomes covered with a coating of finely divided
copper. The blue color of the solution diminishes as copper(II) ion is being replaced.

Similar comparisons of other metals have made it possible to arrange them in order of their increasing electron -
donating, or reducing, power. This sequence is known as the electromotive, or activity, series of the metals.

Activity level 1 (highest): Li, K, Ca, Na
Activity level 2: Mg, Al, Mn, Zn, Fe
Activity level 3: Ni, Sn, Pb
Activity level 4 (lowest): Cu, Ag, Pt, Au

Activity Series

The activity series has long been used to predict the direction of oxidation -reduction reactions. Consider, for
example, the oxidation of copper by metallic zinc mentioned above. Zinc is near the top of the activity series,
meaning that this metal has a strong tendency to lose electrons. Copper, on the other hand, is a poorer electron
donor, and therefore its oxidized form, Cu, is a fairly good electron acceptor. We would therefore expect the
following reaction to proceed in the direction already indicated, rather than in the reverse direction:

Zn(s) + → + Cu(s)Cu2+ Zn2+

Zn(s) + → + Cu(s)2+ 2+
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An old-fashioned way of expressing this is to say that “zinc will replace copper from solution.”

Note that the table also takes the replacement of hydrogen (H2) into account. Although H2 is not a metal, it can still
be “replaced” by some strongly reducing metals. The tendency of a metal to “replace” hydrogen gas from acidic
solution will determine its solubility in that solution.

Reduction Potentials

Each half-cell is associated with a potential difference whose magnitude depends on the nature of the particular
electrode reaction and on the concentrations of the dissolved species. The sign of this potential difference depends
on the direction (oxidation or reduction) in which the electrode reaction proceeds. In order to express them in a
uniform way, we follow the rule that half-cell potentials are always defined for the reduction direction. Therefore, the
half-cell potential for the Zn/Zn2+ electrode always refers to the reduction reaction:

In the cell Zn (s) | Zn2+ (aq) || Cu2+ (aq) | Cu (s), the zinc appears on the left side, indicating that it is being oxidized,
not reduced. For this reason, the potential difference contributed by the left half-cell has the opposite sign to its
conventional reduction half-cell potential. These values can be determined using standard reduction potentials,
which can often be looked up. Using the standard reduction potentials of a reaction, one can determine how likely a
given metal is to accept or donate electrons. For H2, you can quantitatively deduce whether the given metal will
dissolve in aqueous solution.

Example

Will Zinc metal readily dissolve when added to HCl?
The net ionic equation for dissolving Zn in HCl would look like this:

Set up the oxidation and reduction half-reactions with their cell potential:

Adding the two half-reactions together gives the overall equation and a positive value for E0. This means the
reaction is spontaneous and Zn will dissolve in HCl.

Thermodynamics of Redox Reactions

The thermodynamics of redox reactions can be determined using their standard reduction potentials and the Nernst
equation.

Learning Objectives

Translate between the equilibrium constant/reaction quotient, the standard reduction potential, and the Gibbs
free energy change for a given redox reaction

Key Takeaways

Key Points

Redox reactions are reactions that transfer electrons between species.

Zn(s) + → + Cu(s)Cu2+ Zn2+

+ 2 → Zn(s)Zn2+ e−

Zn + 2 → +H+ Zn2+ H2

Zn → + 2     = 0.76 VZn2+ e− Eo

2 + 2 →     = 0.00 VH+ e− H2 Eo
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Walther Nernst: A portrait of Walther
Nernst.

Redox reactions are reactions that transfer electrons between species.
The Nernst equation allows us to calculate the reduction potential of a redox reaction under “non-
standard” conditions.
When the system is at equilibrium, the Nernst equation can be simplified and written in terms of the
equilibrium constant, K, which, in turn, allows for derivation of an equation to determine the change in
Gibbs free energy (  ) of the reaction.

Key Terms

Gibbs free energy: A thermodynamic potential that measures the “useful” or process-initiating work
obtainable from a thermodynamic system at a constant temperature and pressure.
standard reduction potential: The reduction potential of a reaction measured under standard
conditions: 25 °C, a 1 M concentration for each participating ion, a partial pressure of 1 atm for each gas,
and metals in pure states.

Reduction Potential

In order to calculate thermodynamic quantities like change in Gibbs free energy  for a general redox reaction, an
equation called the Nernst equation must be used. Walther Nernst was a German chemist and physicist who
developed an equation in the early 20th century to relate reduction potential, temperature, concentration, and moles
of electrons transferred.

The Nernst equation allows the reduction potential to be calculated at any
temperature and concentration of reactants and products; the standard
reaction potential must be measured at 298K and with each solution at 1M.

The Nernst equation is:

Where the terms are as follows:

E is the reduction potential for the specified non-standard state
E0 is the standard reduction potential
R and F are the gas and Faraday constants, respectively
n is the number of electrons transferred in the reaction
Q is the reaction quotient . The uppercase letters are
concentrations and the lowercase letters are stoichiometric
coefficients for the reaction 

If T is held constant at 298K, the Nernst equation can be condensed using
the values for the constants R and F:

It can be further simplified if the reaction has reached equilibrium, as in that case Q is the equilibrium constant K:

This equation allows the equilibrium constant to be calculated just from the standard reduction potential and the
number of electrons transferred in the reaction.

Gibbs Free Energy Charge

The relationship between the Gibbs free energy change and the standard reaction potential is:

ΔG

ΔG

E = − ( ) ln QE0 RT
nF

Cc Dd

AaBb

aA + bB → cC + dD

E = − ( ) ln QE0 0.0257
n

ln  K = nE0

0.0257

ΔG = −nFE0
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In this equation:

 is the change in free energy
n is the number of moles
E0 is the standard potential
F is the Faraday constant
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CELL POTENTIALS

The Nernst Equation
In electrochemistry, the Nernst equation can be used to determine the reduction potential of an electrochemical cell.

Learning Objectives

Recall the Nernst equation

Key Takeaways

Key Points

In electrochemistry, the Nernst equation can be used to determine the reduction potential of a half-cell in
an electrochemical cell.
The Nernst equation can also be used to determine the total voltage ( electromotive force ) for a full
electrochemical cell.
The Nernst equation gives a formula that relates the numerical values of the concentration gradient to the
electric gradient that balances it.

Key Terms

electrochemistry: The science of the chemistry associated with the flow of electricity, especially at the
surface of an electrode.
electrochemical cell: A container containing an electrolyte and two electrodes; used to produce direct
current electricity. One or more of them constitute a battery.
voltage: The amount of electrostatic potential between two points in space.
electromotive force: Voltage generated by a battery or by a varying magnetic field.

In electrochemistry, the Nernst equation can be used, in conjunction with other information, to determine the
reduction potential of a half-cell in an electrochemical cell. It can also be used to determine the total voltage, or
electromotive force, for a full electrochemical cell. It is named after the German physical chemist who first
formulated it, Walther Nernst.

The Nernst equation gives a formula that relates the electromotive force of a nonstandard cell to the concentrations
of species in solution:

In this equation:

E is the electromotive force of the non-standard cell
Eo is the electromotive force of the standard cell
n is the number of moles of electrons transferred in the reaction

ln Q is the natural log of , where the uppercase letters are concentrations, and the lowercase letters are
stoichiometric coefficients for the reaction: 

E = − ln QEo 0.0257
n

Cc Dd

AaBb

aA + bB → cC + dD
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Electrochemical cell: Schematic of an electrochemical cell.

Example

Find the cell potential of a galvanic cell based on the following reduction half-reactions where [Ni2+] = 0.030 M
and [Pb2+] = 0.300 M.

Ni2+ + 2 e- → Ni, E0 = -0.25 V

Pb2+ + 2 e- → Pb, E0 = -0.13 V
First, find the electromotive force for the standard cell, which assumes concentrations of 1 M.

In order for this reaction to run spontaneously (positive Eo cell) the nickel must be oxidized and therefore its
reaction needs to be reversed. The added half-reactions with the adjusted E0 cell are:

The number of moles of electrons transferred is 2 and Q is , where Pb and Ni are pure solids whose

concentrations remain constant, so they are dropped from the equation.

Concentration of Cells
Walther Nernst proposed a mathematical model to determine the effect of reactant concentration on the
electrochemical cell potential.

Learning Objectives

Discuss the implications of the Nernst equation on the electrochemical potential of a cell

Key Takeaways

+ Ni → + Pb,     = 0.12 VPb2+ Ni2+ Eo

[ ][Pb]Ni2+

[ ][Ni]Pb2+

E = − ln QEo 0.0257
n

E = 0.12V − ln0.0257
2

0.030
0.300

E = 0.15 V

772



Key Points

In the 20th century, German chemist Walther Nernst proposed a mathematical model to determine the
effect of reactant concentration on electrochemical cell potential.
In the late 19th century, Josiah Willard Gibbs formulated a theory to predict whether a chemical reaction
would be spontaneous based on free energy: .
Based on Gibbs’ work, Nernst extended the theory to include the contribution from electric potential on
charged species. The change in Gibbs free energy for an electrochemical cell can be related to the cell
potential. Gibbs’ theory is: .

Key Terms

electrochemical cell: A container containing an electrolyte and two electrodes; used to produce direct
current electricity. One or more of them constitute a battery.
free energy: The difference between the internal energy of a system and the product of its entropy and
absolute temperature.

Gibbs Free Energy and Cell Potential

The standard potential of an electrochemical cell requires standard conditions for all of the reactants. When reactant
concentrations differ from standard conditions, the cell potential will deviate from the standard potential. In the late
19th century, Josiah Willard Gibbs formulated a theory to predict whether a chemical reaction would be
spontaneous based on free energy:

Here, ΔG is the change in Gibbs free energy, T is absolute temperature, R is the gas constant, and Q is the reaction
quotient. In chemistry, a reaction quotient is a function of the activities or concentrations of the chemical species
involved in a chemical reaction. Gibbs’ key contribution was to formalize the understanding of the effect of reactant
concentration on spontaneity.

In the 20th century, German chemist Walther Nernst extended Gibbs’ theory to include the contribution from electric
potential on charged species. The change in Gibbs free energy for an electrochemical cell can be related to the cell
potential. Therefore, Gibbs’ theory is:

Here, n is the number of moles of electrons, F is the Faraday constant ( ), and ΔE is the cell potential.

ΔG = Δ + RT × ln QGo

ΔE = Δ − × ln QEo RT
nF

ΔG = Δ + RT × ln QGo

nFΔE = nFΔ − RT × ln QEo

Coulombs
mole
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Walther Nernst: A portrait of
Walther Nernst

The Nernst Equation

Finally, Nernst divided by the amount of charge transferred to arrive at a new equation that now bears his name.
The Nernst equation is:

The Nernst equation can be used to calculate the output voltage changes in a pair of half-cells under non-standard
conditions.

A typical galvanic electrochemical cell: Under standard conditions,
the output of this pair of half-cells is well known. When a change in
the concentration or activity of reactants occurs, or the temperature
or pressure changes, the output voltage changes. It is calculated via
the Nernst equation.

Free Energy and Cell Potential

ΔE = Δ − × ln QEo RT
nF
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Electrochemical cell: A demonstration
electrochemical cell setup resembling the Daniell
cell. The two half-cells are linked by a salt bridge
carrying ions between them. Electrons flow in the
external circuit.

In a galvanic cell, where a spontaneous redox reaction drives the cell to produce an electric potential, the change in
Gibbs free energy must be negative.

Learning Objectives

Calculate the change in Gibbs free energy of an electrochemical cell, and discuss its implications for whether a
redox reaction will be spontaneous

Key Takeaways

Key Points

In a galvanic cell, the Gibbs free energy is related to the potential by: ΔG°cell = −nFE°cell.
If E°cell > 0, then the process is spontaneous (galvanic cell).
If E°cell < 0, then the process is nonspontaneous ( electrolytic cell).

Key Terms

galvanic cell: Electrochemical cell that derives electrical energy from spontaneous redox reaction taking
place within the cell.
electrode potential: The potential difference of a half-reaction that occurs across a reversible cell made
up of any electrode and a standard hydrogen electrode.
Gibbs free energy: The difference between the enthalpy of a system and the product of its entropy and
absolute temperature; a measure of the useful work obtainable from a thermodynamic system at constant
temperature and pressure.
oxidizing agent: Any substance that oxidizes, or receives electrons from, another; in so doing, it
becomes reduced.

The basis for an electrochemical cell, such as the galvanic cell, is always a redox reaction that can be broken down
into two half-reactions: oxidation occurs at the anode, where there is a loss of electrons, and reduction occurs at the
cathode, where there is a gain of electrons. Electricity is generated due to the electric potential difference between
two electrodes. This is related to how easily the oxidized species gives up electrons and how badly the reduced
species wants to gain them.

In electrochemistry, the standard electrode potential, abbreviated E°,
is the measure of the individual potential of a reversible electrode at
standard state, which is with solutes at an effective concentration of
1 M, and gases at a pressure of 1 atm. The values are most often
tabulated at 25 °C (298 K).

Is It Oxidized or Reduced?

Since the standard electrode potentials are given in their ability to be
reduced, the bigger the standard reduction potentials, the easier
they are to be reduced; in other words, they are simply better
oxidizing agents. For example, F2 has a potential of 2.87 V and Li+

has a potential of -3.05 V. F2 reduces easily and is therefore a good
oxidizing agent. In contrast, Li(s) would rather undergo oxidation, so
it is a good reducing agent.

In the example of Zn2+, whose standard reduction potential is -0.76
V, it can be oxidized by any other electrode whose standard reduction potential is greater than -0.76 V and can be
reduced by any electrode with standard reduction potential less than -0.76 V.
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The Sign of the change in Gibbs Free Energy

In a galvanic cell, where a spontaneous redox reaction drives the cell to produce an electric potential, the change in
Gibbs free energy must be negative. This is the opposite of the cell potential, which is positive when electrons flow
spontaneously through the electrochemical cell. The relationship between  and  is given by the following
equation:

Here, n is the number of moles of electrons and F is the Faraday constant (96,485 ). As such, the following
rules apply:

If E°cell > 0, then the process is spontaneous (galvanic cell)
If E°cell < 0, then the process is non-spontaneous (the voltage must be supplied, as in an electrolytic cell)

Example

Calculate the change in Gibbs free energy of an electrochemical cell where the following redox reaction is taking
place:

To solve, we need to use the equation:

The number of moles of electrons transferred is 2, while the cell potential is equal to 0.12 V. One volt is 
.

Because the change in Gibbs free energy is negative, the redox process is spontaneous.

Equilibrium Constant and Cell Potential
The equilibrium constant K can be calculated using the Nernst equation.

Learning Objectives

Calculate the equilibrium constant, K, for a galvanic cell using the Nernst equation

Key Takeaways

Key Points

In an electrochemical cell, each chemical species will move from areas with higher electrochemical
potential to areas with lower electrochemical potential.
The Nernst equation can be used to determine the equilibrium reduction potential of a half-cell in an
electrochemical cell.
The Nernst equation can also be used to determine the total voltage, or electromotive force, for a full
electrochemical cell.

Key Terms

Nernst equation: Used to determine the equilibrium reduction potential of a half-cell in an

ΔGo Eo

Δ = −Go nFEo

Coulombs
mole

+ Ni → + Pb         = 0.12 VPb2+ Ni2+ Eo

Δ = −Go nFEo

1 Joule
Coulomb

Δ = −2 moles  × 96485 × 0.12Go e− Coulombs
mole

Joules
Coulomb

Δ = −23, 156 J  = −2.3 kJGo
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Nernst equation: Used to determine the equilibrium reduction potential of a half-cell in an
electrochemical cell, as well as the total voltage for a full electrochemical cell.

Electric and Chemical Potential

Each chemical species has an electrochemical potential (quantity with units of energy ) at any given location, which
represents how easy or difficult it is to add more of that species to that location. If possible, a species will move from
areas with higher electrochemical potential to areas with lower electrochemical potential. In equilibrium, the
electrochemical potential will be constant everywhere for each species. There might be a different value for each
different species.

For example, if a glass of water has sodium ions (Na+) dissolved uniformly in it, and an electric field is applied
across the water, then the sodium ions will tend to get pulled by the electric field toward one side. We say the ions
have electric potential energy, and are moving to lower their potential energy.

Likewise, if a glass of water has a lot of dissolved sugar on one side and none on the other side, each sugar
molecule will randomly diffuse around the water until there is and equal concentration of sugar everywhere. We say
that the sugar molecules have a ” chemical potential,” which is higher in the high-concentration areas, and the
molecules move to lower their chemical potential.

These two examples show that an electrical potential and a chemical potential can both give the same result: a
redistribution of the chemical species. Therefore, it makes sense to combine them into a single “potential,” the
electrochemical potential, which can directly give the net redistribution by taking both into account.

The Nernst Equation and Electrochemical Potential

In electrochemistry, the Nernst equation can be used, in conjunction with other information, to determine the
equilibrium reduction potential of a half-cell. It can also be used to determine the total voltage, or electromotive
force, for a full electrochemical cell. The Nernst equation gives a formula that relates the numerical values of the
concentration gradient to the electrical gradient that balances it.

For example, let’s say a concentration gradient was established by dissolving KCl in half of a divided vessel that
was originally full of H2O. A membrane permeable to K+ ions was introduced between the two halves. Empirically,
an equilibrium situation would arise where the chemical concentration gradient could be balanced by an electrical
gradient that opposes the movement of charge. In other words, a voltage could be applied to stop the movement of
the K+ ions.

We can also consider an example where the solutions are CuSO4 and ZnSO4. Each solution has a corresponding
metal strip in it, and a salt bridge or porous disk connecting the two solutions. This allows SO4

2- ions to flow freely
between the copper and zinc solutions. In order to calculate the standard potential, we have to look up the half-
reactions of copper and zinc.

The standard cell potential for the reaction is then +0.34 V – (-0.76 V) = +1.10 V. The polarity of the cell is
determined by knowing that zinc metal is a stronger reducing agent than copper metal. Therefore, the standard
reduction potential for zinc is more negative than that of copper. Thus, zinc metal will lose electrons to copper ions
and develop a positive electrical charge.

The cell equilibrium constant, K, can be derived from the Nernst equation:

In this equation, E is the cell potential, Eo is the standard cell potential (i.e., measured under standard conditions),
F is Faraday ‘s constant, R is the universal gas constant, T is the temperature in degrees Kelvin, Q is the reaction
quotient (which has the same algebraic from as the equilibrium constant expression, except it applies to any time
during the reaction’s progress), and n is the number of moles of electrons that are transferred in the balanced
chemical equation of the redox process.

E = − lnQEo RT
nF
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Galvanic cell: Schematic of a galvanic cell for the reaction between Zn and Cu.

The cell potential is zero at equilibrium
(E=0), and Q (the reaction quotient) can
now be designated as the equilibrium
constant K. Solving for lnK, we obtain:

Example

Calculate the equilibrium constant K, from the following reaction studied at a temperature of 298K:

In this problem, 2 moles of electrons are being transferred, F is 96485 , R is 8.31 , T is 298 K,
and Eo is 1.10 .

Plugging the values into the equation, we get:

Solving for K, we get:

K = e85.7

K = 1.68 x 1037

This is a particularly high equilibrium constant value, indicating that the equilibrium strongly favors the formation
of products (the reaction is effectively irreversible towards the formation of products).
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ln K = nFEo
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Coulombs
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Joules
K×mole

Joules
Coulomb

ln K = 2×96485×1.10
8.31×298

ln K = 85.7
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BATTERIES

Dry Cell Battery
A dry-cell battery uses an immobilized electrolyte that minimizes moisture and allows for superior portability.

Learning Objectives

Discuss the operational components of a dry cell battery and their principal benefits

Key Takeaways

Key Points

A battery contains electrochemical cells that can store chemical energy to be converted to electrical
energy.
A dry-cell battery stores energy in an immobilized electrolyte paste, which minimizes the need for water.
Common examples of dry-cell batteries include zinc-carbon batteries and alkaline batteries.

Key Terms

cathode: The electrode of an electrochemical cell at which reduction occurs.
electrolyte: A substance that, in solution or when molten, ionizes and conducts electricity.
anode: The electrode of an electrochemical cell at which oxidation occurs.

De�ning a Dry Cell

In electricity, a battery is a device consisting of one or more electrochemical cells that convert stored chemical
energy into electrical energy. The dry cell is one of many general types of electrochemical cells.

A dry cell has the electrolyte immobilized as a paste, with only enough moisture in it to allow current to flow. Unlike a
wet cell, a dry cell can operate in any orientation without spilling, as it contains no free liquid. This versatility makes
it suitable for portable equipment. By comparison, the first wet-cell batteries were typically fragile glass containers
with lead rods hanging from an open top. They, therefore, needed careful handling to avoid spillage. The
development of the dry-cell battery allowed for a major advance in battery safety and portability.

A common dry-cell battery is the zinc-carbon battery, which uses a cell that is sometimes called the Leclanché cell.
The cell is made up of an outer zinc container, which acts as the anode. The cathode is a central carbon rod,
surrounded by a mixture of carbon and manganese(IV) dioxide (MnO2). The electrolyte is a paste of ammonium
chloride (NH4Cl). A fibrous fabric separates the two electrodes, and a brass pin in the center of the cell conducts
electricity to the outside circuit.

Chemical reactions occur in every part of the battery to allow for energy storage; the reactions can be described
using balanced chemical equations that delineate the electron flow. The paste of ammonium chloride reacts
according to the following half-reaction:

2 (aq) + 2 → 2 (g) + (g)NH − NH H
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A zinc-carbon dry-cell battery: An illustration of a zinc-carbon
dry cell. In it, a zinc casing acts as the anode, surrounding a
carbon rod, which acts as a cathode. Between them, the
electrolyte paste works as the battery.

The manganese(IV) oxide in the cell removes the
hydrogen produced by the ammonium chloride, according
to the following reaction:

The combined result of these two reactions takes place at
the cathode. Adding these two reactions together, we get:

Finally, the anode half-reaction is as follows:

Therefore, the overall equation for the cell is:

The potential for the above reaction is 1.50 V.

Another example of a dry-cell battery is the alkaline battery. Alkaline batteries are almost the same as zinc-carbon
batteries, except that the electrolyte used is potassium hydroxide (KOH) rather than ammonium chloride. In some
more modern types of so-called “high-power” batteries that have a much lower capacity than standard alkaline
batteries, the ammonium chloride is replaced by zinc chloride.

Mercury Battery

Mercury batteries were a common electrochemical battery that were phased out of mainstream use in the U.S. by
the 1996 Battery Act.

Learning Objectives

Discuss the applications of a mercury-oxide battery

Key Takeaways

Key Points

Mercury batteries were very common in the 20th century and were used in many common small and
large appliances.
Advantages of the mercury battery include its long shelf life and steady voltage output.
Mercury batteries use a mercury compound as the cathode with a zinc anode.

Along with other batteries that relied on heavy metals, mercury batteries were phased out by the Battery

2 (aq) + 2 → 2 (g) + (g)NH4 e− NH3 H2

2 (s) + (g) → (s) + O(l)MnO2 H2 Mn2 O3 H2

2 (aq) + 2 (s) + 2 (s) + 2 (g) + O(l)NH4 MnO2 e→ Mn2 O3 NH3 H2

Zn(s) → + 2Zn2+ e−

Zn(s) + 2 (s) + 2 (aq) → (s) + O(l) + + 2 (g)MnO2 NH4 Mn2 O3 H2 Zn2 NH3
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Mercury watch battery: Mercury batteries are
convenient because of their size. This is a small watch
mercury battery.

Along with other batteries that relied on heavy metals, mercury batteries were phased out by the Battery
Act, which sought to decrease the environmental impact of disposable batteries.

Key Terms

anode: The electrode of an electrochemical cell at which oxidation occurs.
electrolyte: A substance that, in solution or when molten, ionizes and conducts electricity.
cathode: The electrode of an electrochemical cell at which reduction occurs.

A mercury battery, also called a mercuric oxide battery or a mercury cell, is a non-rechargeable electrochemical
battery. These batteries have been used in the shape of button cells for watches, hearing aids, and calculators, and
in larger forms for other devices, including walkie-talkies.

Mercury batteries have the advantages of a long shelf life of up
to 10 years and steady voltage output. Although these batteries
were very common in the mid-20th century, the Mercury-
Containing and Rechargeable Battery Management Act (the
Battery Act) passed in 1996 in the United States has largely
phased out mercury batteries due to environmental concerns.

Mercury batteries use either pure mercuric oxide or a mixture of
mercuric oxide with manganese dioxide as the cathode. Mercury
oxide cells are constructed with a zinc anode, a mercury oxide
cathode, and potassium hydroxide or sodium hydroxide as the
electrolyte. Since mercuric oxide is a non-conductor, some
graphite is mixed with it. This helps prevent the collection of
mercury into large droplets. During discharge, zinc oxidizes to
zinc oxide, and mercuric oxide gets reduced to elemental
mercury. A little extra mercuric oxide is put into the cell to
prevent evolution of hydrogen gas at the end of its life.

In a mercury battery, sodium hydroxide or potassium hydroxide
is used as an electrolyte. Sodium hydroxide cells have nearly
constant voltage at low discharge currents, making them ideal
for hearing aids, calculators, and electronic watches. Potassium
hydroxide cells, in turn, provide constant voltage at higher

currents, making them suitable for applications requiring current surges, such as photographic cameras with flash
and watches with a backlight. Potassium hydroxide cells also have better performance at lower temperatures.

The Battery Act

In 1996, the Mercury-Containing and Rechargeable Battery Management Act (the Battery Act; Public law 104-142)
was signed into law in the United States. The intended objective of the act was to reduce heavy metals in municipal
waste, streams, and ground water. This resulted from the disposal of mercury in single-use batteries, as well as of
other toxic metal content such as lead from lead-acid batteries and the cadmium in rechargeable batteries. The law
therefore sought to phase out the use of mercury in batteries due to the environmental damage it caused.

Lead Storage Battery

Lead-acid batteries provide high currents and store charge for long periods of time, making them essential for
vehicles.

Learning Objectives

Recall the chemical reaction that occurs in lead storage batteries
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Key Takeaways

Key Points

Lead- acid batteries, also known as lead storage batteries, can store a lot of charge and provide high
current for short periods of time.
The basic design of lead-acid batteries has not changed significantly since 1859 when Planté designed
them, although some improvements were made by Faure.
Lead-acid batteries are capable of being recharged, which is important for their use in cars.
Discharging the stored energy relies on both the positive and negative plates becoming lead(II) sulfate
and the electrolyte losing much of its dissolved sulfuric acid.

Key Terms

lignosulfonate: Water-soluble anionic polyelectrolyte polymers; they are byproducts from the production
of wood pulp using sulfite pulping.

Lead Batteries

A lead storage battery, also known as a lead-acid battery, is the oldest type of rechargeable battery and one of the
most common energy storage devices. These batteries were invented in 1859 by French physicist Gaston Planté,
and they are still used in a variety of applications. Most people are accustomed to using them in vehicles, where
they have the ability to provide high currents for cranking power.

Although the batteries are reliable, they have a limited life, are heavy to ship, and contain toxic materials that require
specific removal methods at the end of their useful life. Lead-acid batteries have moderate power density and good
response time. Depending on the power conversion technology incorporated, batteries can go from accepting
energy to supplying energy instantaneously. Lead-acid batteries are affected by temperature and must be
maintained in order to achieve maximum life expectancy.

Designing a Lead Battery

In Planté’s design of the lead-acid cell, the positive and negative plates were made out of two spirals of lead foil,
separated with a sheet of cloth, and coiled up. The cells initially had low capacity. A slow process of “forming” was
required to corrode the lead foils, creating lead dioxide on the plates and roughening them to increase surface area.
Planté plates are still used in some stationary applications, where the plates are mechanically grooved to increase
surface area.

Camille Alphonse Faure’s pasted-plate construction is typical of automotive batteries today. Each plate consists of a
rectangular lead grid. The holes of the grid are filled with a paste of red lead and 33 percent dilute sulfuric acid. This
porous paste allows the acid to react with the lead inside the plate, which increases the surface area. Once dry, the
plates are stacked with suitable separators and inserted into the battery container. An odd number of plates is
usually used, with one more negative plate than positive. Each alternate plate is connected.

The paste contains carbon black, barium sulfate, and lignosulfonate. The barium sulfate acts as a seed crystal for
the lead-to-lead sulfate reaction. The lignosulfonate prevents the negative plate from forming a solid mass during
the discharge cycle, and instead enables the formation of long needle-like crystals. Carbon black counteracts the
effect of inhibiting formation caused by the lignosulfonates.

Discharge Chemistry

In the discharged state, both the positive and negative plates become lead(II) sulfate (PbSO4). The electrolyte loses
much of its dissolved sulfuric acid and becomes primarily water. The discharge process is driven by the conduction
of electrons from the negative plate back into the cell at the positive plate in the external circuit.
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Lead storage battery: A diagram showing how a lead storage battery consists of
six two-volt cells connected in series. The make up of each cell is also shown.

Negative plate reaction: Pb(s) + HSO4
–

(aq) → PbSO4(s) + H+(aq) + 2e–

Positive plate reaction: PbO2(s) + HSO4
–

(aq) + 3H+(aq) + 2e– → PbSO4(s) +
2H2O(l)

Combining these two reactions, one can
determine the overall reaction:

Pb(s) + PbO2(s) + 2H+(aq) + 2HSO4
–(aq)

→ 2PbSO4(s) + 2H2O(l)

Charge Chemistry

This type of battery can be recharged. In
the charged state, each cell contains
negative plates of elemental lead (Pb)
and positive plates of lead(IV) oxide (PbO2) in an electrolyte of approximately 4.2 M sulfuric acid (H2SO4). The
charging process is driven by the forcible removal of electrons from the positive plate and the forcible introduction of
them to the negative plate by the charging source.

Negative plate reaction: PbSO4(s) + H+(aq) + 2e– → Pb(s) + HSO4
–(aq)

Positive plate reaction: PbSO4(s) + 2H2O(l) → PbO2(s) + HSO4
–(aq) + 3H+(aq) + 2e–

Combining these two reactions, the overall reaction is the reverse of the discharge reaction:

2PbSO4(s) + 2H2O(l) → Pb(s) + PbO2(s) + 2H+(aq) + 2HSO4
–(aq)

Notice how the charging reaction is the exact opposite of the discharge reaction.

Other Rechargeable Batteries
The demand for many varieties of rechargeable batteries is due to their lower cost and lower environmental impact.

Learning Objectives

Discuss the general characteristics of rechargeable batteries

Key Takeaways

Key Points

Rechargeable batteries store energy through a reversible chemical reaction, which allows charge to be
stored again after the battery has been drained.
Rechargeable batteries have lower total cost of use and environmental impact than disposable batteries,
which might be why the U.S. demand for rechargeable batteries is growing much faster than is the
demand for non-rechargeable batteries.
Common types of rechargeable batteries are lead-acid, nickel-cadmium (NiCd), nickel- metal hydride
(NiMH), lithium- ion (Li-ion), lithium-ion polymer (LiPo), and rechargeable alkaline batteries.
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Charging a battery: Diagram of charging a
battery.

Key Terms

secondary cell: An electric cell that is rechargeable because it converts chemical energy into electrical
energy by a reversible chemical reaction.
energy density: The amount of energy that can be stored relative to the volume of the battery.

Rechargeable Batteries

A rechargeable battery is a type of electrical battery that is comprised of one or more electrochemical cells. It is
known as a secondary cell because its electrochemical reactions are electrically reversible. In other words, after the
stored charge has been drained, the battery’s chemical reactions can occur again, in reverse, to store a new
charge. The U.S. demand for rechargeable batteries is growing twice as fast as the demand for non-rechargeable
batteries, in part because rechargeable batteries have lower environmental impact and total cost of use than do
disposable batteries.

Grid energy storage applications use rechargeable batteries for load-leveling. Load-leveling involves storing electric
energy for use during peak load period. By charging batteries during periods of low electrical demand for use during
periods of high demand, load-leveling helps eliminate the need for expensive peaking power plants and helps
reduce the cost of generators over more hours of operation.

Rechargeable Battery Construction

As with all batteries, rechargeable batteries consist of an anode, a cathode, and an electrolyte. During charging, the
anode material is oxidized, producing electrons, and the cathode is reduced, consuming electrons.

These electrons constitute the current flow in the external circuit. The
electrolyte may serve as a simple buffer for internal ion flow between
the electrodes, as in lithium-ion and nickel-cadmium cells, or it may be
an active participant in the electrochemical reaction, as in lead-acid
cells.

Types of Rechargeable Batteries

Several different combinations of chemicals are commonly used in
rechargeable batteries. Different types include lead-acid, nickel-
cadmium (NiCd), nickel-metal hydride (NiMH), lithium-ion (Li-ion),
lithium-ion polymer (LiPo), and rechargeable alkaline batteries.

Lead-Acid Batteries

Lead-acid batteries, invented in 1859 by French physicist Gaston Planté, are the oldest type of rechargeable
battery. Their ability to supply high-surge currents means that the cells maintain a relatively large power-to-weight
ratio. These features, along with their low cost, make them attractive for use in motor vehicles, which require high
currents.

Nickel-Metal Hydride Batteries

A nickel-metal hydride battery, abbreviated NiMH or Ni-MH, is very similar to the nickel-cadmium cell (NiCd). NiMH
batteries use positive electrodes of nickel oxyhydroxide (NiOOH), as does the NiCd, but the negative electrodes use
a hydrogen-absorbing alloy instead of cadmium. A NiMH battery can have two to three times the capacity of a NiCd
battery of equivalent size, and its energy density approaches that of a lithium-ion cell.

Lithium-Ion Batteries

784



The lithium-ion battery is a family of rechargeable batteries in which lithium ions move from the negative electrode to
the positive electrode during discharge, and back when charging. The negative electrode of a conventional lithium-
ion cell is made from carbon. The positive electrode is a metal oxide, and the electrolyte is a lithium salt in an
organic solvent. They are one of the most popular types of rechargeable battery for portable electronics, with one of
the best energy densities and only a slow loss of charge when not in use. Lithium ion batteries are more expensive
than NiCd batteries but operate over a wider temperature range while being smaller and lighter. They are fragile and
thus need a protective circuit to limit peak voltages.

Lithium-Ion Polymer Batteries

Lithium-ion polymer (LiPo) batteries are usually composed of several identical secondary cells in parallel to increase
the discharge-current capability. They are often available in series “packs” to increase the total available voltage.
Their primary distinction from lithium-ion batteries is that their lithium salt electrolyte is not held in an organic
solvent. Instead, it is in a solid polymer composite, such as polyethylene oxide or polyacrylonitrile. The advantages
of LiPo over the lithium-ion design include potentially lower cost of manufacture, adaptability to a wide variety of
packaging shapes, reliability, and ruggedness. Their major disadvantage is that they hold less charge.

Alkaline Batteries

There are also rechargeable forms of alkaline batteries, which are a type of primary battery dependent upon the
reaction between zinc (Zn) and manganese dioxide (MnO2). They are manufactured fully charged and have the
ability to carry their charge for years, longer than most NiCd and NiMH batteries, which self-discharge.
Rechargeable alkaline batteries can also have a high recharging efficiency and have less environmental impact than
disposable cells.

The Lithium-Ion Battery

Lithium-ion batteries are rechargeable batteries commonly used in consumer electronics; they rely on Li+ migration.

Learning Objectives

Discuss the chemical transformations that occur in a lithium-ion battery during charge and discharge

Key Takeaways

Key Points

Superior energy densities, no memory effect, and only a slow loss of charge when not in use make
lithium- ion batteries common for use in consumer electronics, military, electric vehicle, and aerospace
applications.
The anode is typically a lithium-containing compound and the cathode is typically a carbon-containing
compound.
The discharging reaction relies on the lithium ion from the electrolyte being extracted from the cathode
and moved to the anode, while the opposite is true in the charging reaction.

Key Terms

anode: The electrode of an electrochemical cell at which oxidation occurs.
cathode: The electrode of an electrochemical cell at which reduction occurs.
electrolyte: A substance that, in solution or when molten, ionizes and conducts electricity.
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Lithium-ion batteries (Li-ion batteries, or LIBs) are a family of rechargeable batteries in which lithium ions move from
the negative electrode to the positive electrode during discharge. The ions follow the reverse path when the battery
is charging. Li-ion batteries use a lithium compound as the electrode material.

Uses for Lithium-Ion Batteries

Lithium-ion batteries are common in consumer electronics. They are one of the most popular types of rechargeable
battery for portable electronics because they have one of the best energy densities and only a slow loss of charge
when not in use.

Laptop lithium-ion battery: The lithium-ion battery is good for use in portable
electronics, including laptops.

Beyond the field of consumer electronics, LIBs are also growing in popularity for military, electric vehicle, and
aerospace applications. Research is yielding a stream of improvements to traditional LIB technology, focusing on
energy density, durability, cost, and safety.

Types of Lithium-Ion Batteries

Chemistry, performance, cost, and safety characteristics vary with the type of LIB. Handheld electronics mostly use
LIBs based on lithium cobalt oxide (LCO), which offer high energy density but have well-known safety concerns,
especially when damaged. Lithium iron phosphate (LFP), lithium manganese oxide (LMO), and lithium nickel
manganese cobalt oxide (LiNMC) batteries offer lower energy density but longer lives and inherent safety. These
chemical compositions, or chemistries, are being widely used for powering electric tools and medical equipment.

Charging and Discharging

The three participants in the electrochemical reactions in a lithium-ion battery are the anode, the cathode, and the
electrolyte. Both the anode, which is a lithium-containing compound, and the cathode, which is a carbon-containing
compound, are materials into which lithium ions can migrate. The electrolyte is a lithium salt in an organic solvent.
When a lithium-based cell is discharging, the positive lithium ion is extracted from the cathode and inserted into the
anode, releasing stored energy in the process. When the cell is charging, the reverse occurs.

Materials for Cathodes and Anodes

The most commercially popular cathode material is graphite. The anode is generally one of three materials: a
layered oxide (such as lithium cobalt oxide), a polyanion (such as lithium iron phosphate), or a spinel (such as
lithium manganese oxide). The electrolyte is typically a mixture of organic carbonates, such as ethylene carbonate
or diethyl carbonate, containing complexes of lithium ions.
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In a lithium-ion battery, the lithium ions are transported to and from the cathode or anode. The transition metal,
cobalt (Co), oxidizes from Co3+ to Co4+ during charging and reduces from Co4+ to Co3+ during discharge.

Fuel Cells
Fuel cells are a compelling alternative to batteries, but they are still in the early stages of development.

Learning Objectives

Discuss the operation of a typical fuel cell

Key Takeaways

Key Points

A fuel cell is a device that converts the chemical energy from fuel into electricity via a chemical reaction
with oxygen or another oxidizing agent.
Batteries work in a closed system, while fuel cells require their reactants to be replenished.
Using hydrogen as the major fuel source in fuel cells has several pros and cons that have kept it
controversial for mainstream use.
Fuel cells are made up of three adjacent segments: the anode, the electrolyte, and the cathode.

Key Terms

anode: The electrode of an electrochemical cell at which oxidation occurs.
fuel cell: A device that converts the chemical energy from a fuel into electricity through a chemical
reaction with oxygen or another oxidizing agent.
cathode: The electrode of an electrochemical cell at which reduction occurs.
battery: A device that produces electricity by a chemical reaction between two substances.

Introduction and History

A fuel cell is a device that converts the chemical energy from fuel into electricity via a chemical reaction with oxygen
or another oxidizing agent. Hydrogen is the most common fuel, but hydrocarbons such as natural gas and alcohols
are sometimes used. Fuel cells are different from batteries in that they require a constant source of fuel and oxygen
to run, but they can produce electricity continually for as long as these inputs are supplied. The development of
miniature fuel cells can provide a cheap, efficient, and reusable alternative to batteries.

William Grove developed the first crude fuel cells in 1839. The first commercial use of fuel cells was in NASA space
programs to generate power for probes, satellites, and space capsules. Currently, fuel cells are used for primary and
backup power for commercial, industrial, and residential buildings and in remote or inaccessible areas. They are
used to power fuel-cell vehicles, including automobiles, buses, forklifts, airplanes, boats, motorcycles, and
submarines.

Fuel Cell Structure and Function

There are many types of fuel cells, but they all consist of an anode, which is the negative side, a cathode, which is
the positive side, and an electrolyte, which allows charges to move between the two sides of the fuel cell.

Electrons are drawn from the anode to the cathode through an external circuit, producing direct-current electricity.
Fuel cells are classified by the electrolyte they use, which is the main difference among the various types of fuel
cells. Individual fuel cells produce relatively small electrical potentials, about 0.7 volts, so cells are “stacked,” or
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Fuel cell: Fuel cells convert the chemical
energy from fuel into electricity via a chemical
reaction with oxygen or another oxidizing agent.
However, using hydrogen as the major fuel
source in fuel cells has several pros and cons
that have kept it controversial for mainstream
use.

placed in series, to increase the voltage. In addition to electricity, fuel
cells produce water, heat, and, depending on the fuel source, very
small amounts of nitrogen dioxide and other emissions. The energy
efficiency of a fuel cell is generally between 40-60 percent; it can reach
85 percent if waste heat is captured for use.

Despite the variety of fuel cell types, they all work in the same general
manner. Two chemical reactions occur at the interfaces of the three
different segments. The net result of the two reactions is that fuel is
consumed, water or carbon dioxide is produced, and an electric current
is created, which can be used to power electrical devices, normally
referred to as the “load.”

At the anode, a catalyst oxidizes the fuel, usually hydrogen, turning the
fuel into a positively charged ion and a negatively charged electron.
The electrolyte is a substance that is specifically designed so that ions
can pass through it but electrons cannot. The freed electrons travel
through a wire, creating the electric current. The ions travel through the
electrolyte to the cathode. There, the ions are reunited with the
electrons, and the two react with a third chemical, usually oxygen, to
create water or carbon dioxide.

The Pros and Cons of Fuel Cells

The use of hydrogen fuel cells is controversial in some applications.
First of all, since the energy used to produce the hydrogen is
comparable to the energy in the hydrogen, it is inefficient, and therefore expensive. If conventional power plants
were used to produce the hydrogen there would be, at best, no positive change in current pollution rates. Other
types of fuel cells don’t face this problem. For example, biological fuel cells take glucose and methanol from food
scraps and convert them into hydrogen and food for the bacteria that break it down.

There are several advantages to hydrogen fuel cells, though. If the electricity produced by clean, renewable energy
sources, such as solar and wind power, is used to produce hydrogen, the energy can be stored more easily than in
large battery complexes.

There are practical problems to be overcome as well. Although the use of fuel cells for consumer products is
probable in the near future, most current designs won’t work if oriented upside-down. Additionally, current fuel cells
cannot be scaled to the small size needed for portable devices such as cell phones. Current designs also require
venting and therefore cannot operate under water. They may not be usable on aircraft because of the risk of fuel
leaks through the vents. Finally, technologies for safe refueling of consumer fuel cells are not yet in place.

Fuel cell in a car: Fuel cells are a potential energy
source for cars that do not run on gasoline. However,
although fuel cells offer clean, renewable energy, there
are several barriers to its widespread adoption.
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ELECTROLYSIS

Predicting the Products of Electrolysis
Electrolysis is a way of separating a compound by passing an electric current through it; the products are the
compound’s component ions.

Learning Objectives

Predict the products of an electrolysis reaction

Key Takeaways

Key Points

The main components of an electrolytic cell are an electrolyte, DC current, and two electrodes.
The key process of electrolysis is the interchange of atoms and ions by the removal or addition of
electrons to the external circuit.
Oxidation of ions or neutral molecules occurs at the anode, and reduction of ions or neutral molecules
occurs at the cathode.

Key Terms

electrolyte: A substance that, in solution or when molten, ionizes and conducts electricity.
electrolysis: The chemical change produced by passing an electric current through a conducting solution
or a molten salt.

What Is Electrolysis?

In order to predict the products of electrolysis, we first need to understand what electrolysis is and how it works.
Electrolysis is a method of separating bonded elements and compounds by passing an electric current through
them. It uses a direct electric current (DC) to drive an otherwise non-spontaneous chemical reaction. Electrolysis is
very important commercially as a stage in the separation of elements from naturally occurring sources, such as
ores, using an electrolytic cell.

The main components required to achieve electrolysis are:

An electrolyte: a substance containing free ions, which are the carriers of electric current in the electrolyte. If
the ions are not mobile, as in a solid salt, then electrolysis cannot occur.
A direct current (DC) supply: provides the energy necessary to create or discharge the ions in the electrolyte.
Electric current is carried by electrons in the external circuit.
Two electrodes: an electrical conductor that provides the physical interface between the electrical circuit
providing the energy and the electrolyte.

The Interchange of Atoms and Ions
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The key process of electrolysis is the interchange of atoms and ions by the removal or addition of electrons to the
external circuit. The required products of electrolysis are in a different physical state from the electrolyte and can be
removed by some physical processes.

Each electrode attracts ions that are of the opposite charge. Positively charged ions, or cations, move toward the
electron-providing cathode, which is negative; negatively charged ions, or anions, move toward the positive anode.
You may have noticed that this is the opposite of a galvanic cell, where the anode is negative and the cathode is
positive.

At the electrodes, electrons are absorbed or released by the atoms and ions. Those atoms that gain or lose
electrons become charged ions that pass into the electrolyte. Those ions that gain or lose electrons to become
uncharged atoms separate from the electrolyte. The formation of uncharged atoms from ions is called discharging.
The energy required to cause the ions to migrate to the electrodes, and the energy to cause the change in ionic
state, is provided by the external source.

Oxidation and Reduction

Oxidation of ions or neutral molecules occurs at the anode, and reduction of ions or neutral molecules occurs at the
cathode. For example, it is possible to oxidize ferrous ions to ferric ions at the anode:

It is also possible to reduce ferricyanide ions to ferrocyanide ions at the cathode:

Neutral molecules can also react at either electrode. Electrolysis reactions involving H+ ions are fairly common in
acidic solutions. In alkaline water solutions, reactions involving hydroxide ions (OH–) are common. The substances
oxidized or reduced can also be the solvent, which is usually water, or the electrodes. It is possible to have
electrolysis involving gases.

Predicting the Products of Electrolysis

Let’s look at how to predict the products. For example, what two ions will CuSO4 break down into? The answer is
Cu2+ and SO4

2-. Let’s look more closely at this reaction.

We take two copper electrodes and place them into a solution of blue copper sulfate (CuSO4) and then turn the
current on. We notice that the the initial blue color of the solution remains unchanged, but it appears that copper has
been deposited on one of the electrodes but dissolved on the other. This is because Cu2+ ions are attracted to the
negatively charged cathode, and since the the cathode is putting out electrons, the Cu2+ becomes reduced to form
copper metal, which is deposited on the electrode. The reaction at this electrode is:

At the positive anode, copper metal is oxidized to form Cu2+ ions. This is why it appears that the copper has
dissolved from the electrode. The reaction at this electrode is:

We just saw electric current used to split CuSO4 into its component ions. This is all it takes to predict the products of
electrolysis; all you have to do is break down a compound into its component ions.

Electrolysis of Sodium Chloride

Two commonly used methods of electrolysis involve molten sodium chloride and aqueous sodium chloride, which
give different products.

(aq) → (aq) +Fe2+ Fe3+ e−

Fe(CN + → Fe(CN)3−
6 e− )4−

6

(aq) + 2 → Cu(s)Cu2+ e−

Cu(s) → (aq) + 2Cu2+ e−
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Electrolysis of copper sulfate: Two copper electrodes are placed in a 
solution of blue copper sulfate and are connected to a source of 
electrical current. The current is turned on for a period of time.

Learning Objectives

Predict the products of electrolysis of sodium chloride under molten and aqueous conditions

Key Takeaways

Key Points

Sodium metal and chlorine gas can be obtained with the electrolysis of molten sodium chloride.
Electrolysis of aqueous sodium chloride yields hydrogen and chlorine, with aqueous sodium hydroxide
remaining in solution.
The reason for the difference is that the reduction of Na+ (E° = –2.7 v) is energetically more difficult than
the reduction of water (–1.23 v).

Key Terms

anode: The electrode of an electrochemical cell at which oxidation occurs.
cathode: The electrode of an electrochemical cell at which reduction occurs.

Electrolysis of NaCl

As we have covered, electrolysis is the passage of a direct electric current through an ionic substance that is either
molten or dissolved in a suitable solvent. This results in chemical reactions at the electrodes and the separation of
materials. Two commonly used methods of electrolysis involve molten sodium chloride and aqueous sodium
chloride. You might think that both methods would give you the same products, but this not the case. Let’s go
through each of the methods to understand the different processes.
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Electrolysis of Molten NaCl

If sodium chloride is melted (above 801 °C), two electrodes are inserted into the melt, and an electric current is
passed through the molten salt, then chemical reactions take place at the electrodes.

Electrolysis cell for molten sodium chloride: A commercial electrolysis cell for
the production of metallic sodium and chlorine gas from molten NaCl. Liquid
sodium floats to the top of the melt above the cathode and is drained off into a
storage tank. Chlorine gas bubbles out of the melt above the anode.

Sodium ions migrate to the cathode, where electrons enter the melt and are reduced to sodium metal:

Chloride ions migrate the other way, toward the anode. They give up their electrons to the anode and are oxidized to
chlorine gas:

The overall reaction is the breakdown of sodium chloride into its elements:

Electrolysis of Aqueous NaCl

What happens when we have an aqueous solution of sodium chloride? Well, we can’t forget that we have to factor
water into the equation. Since water can be both oxidized and reduced, it competes with the dissolved Na+ and Cl–
ions. Rather than producing sodium, hydrogen is produced.

+ → NaNa+ e−

→ +Cl− 1
2

Cl2 e−

2NaCl → 2Na(s) + (g)Cl2
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Electrolysis of aqueous sodium chloride: Electrolysis of aqueous NaCl results in hydrogen and chloride gas.
At the anode (A), chloride (Cl-) is oxidized to chlorine. The ion-selective membrane (B) allows the counterion Na+
to freely flow across, but prevents anions such as hydroxide (OH-) and chloride from diffusing across. At the
cathode (C), water is reduced to hydroxide and hydrogen gas. The net process is the electrolysis of an aqueous
solution of NaCl into industrially useful products sodium hydroxide (NaOH) and chlorine gas.

The reaction at the cathode is:

The reaction at the anode is:

The overall reaction is as follows:

Reduction of Na+ (E° = –2.7 v) is energetically more difficult than the reduction of water (–1.23 v), so in aqueous
solution, the latter will prevail.

http://www.youtube.com/watch?v=kINjUBolU3M&stop=188

Deduce the products of the electrolysis of a molten salt: Electrolysis of a molten salt produces the elements
from the salt. So, the electrolysis of WCl4 produces W and Cl2. Metal ions receive electrons at the negative
electrode, and the non-metals lose them at the positive electrode.

Electrolysis of Water
Pure water cannot undergo significant electrolysis without an electrolyte, such as an acid or a base.

Learning Objectives

Recall the properties of an electrolyte that enable the electrolysis of water

Key Takeaways

Key Points

Electrolysis of a solution of sulfuric acid or of a salt, such as NaNO3, results in the decomposition of water

O(l) + 2 → (g) + 2H2 e− H2 OH−

→ (g) + 1Cl− 1
2

Cl2 e−

NaCl(aq) + O(l) → (aq) + (aq) + (g) + (g)H2 Na+ OH− H2
1
2

Cl2
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Electrolysis of a solution of sulfuric acid or of a salt, such as NaNO3, results in the decomposition of water
at both electrodes.
Hydrogen will appear at the cathode and oxygen will appear at the anode.
The amount of hydrogen generated is twice the number of moles of oxygen and both are proportional to
the total electrical charge conducted by the solution.

Key Terms

electrolysis: The chemical change produced by passing an electric current through a conducting solution
or a molten salt.

Pure water cannot undergo significant electrolysis without adding an electrolyte. If the object is to produce hydrogen
and oxygen, the added electrolyte must be energetically more difficult to oxidize or reduce than water itself. For
example, electrolysis of a solution of sulfuric acid or of a salt, such as NaNO3, results in the decomposition of water
at both electrodes:

Cathode: 

E = 0.00 V

Anode: 

E° = -1.23 V

Multiplying the cathode reaction by 2, in order to match the number of electrons transferred, results in this net
equation, after OH– and H+ ions combine to form water:

Net: 

E = -1.23 v

Hydrogen will appear at the cathode, the negatively charged electrode, where electrons enter the water, and oxygen
will appear at the anode, the positively charged electrode. The number of moles of hydrogen generated is twice the
number of moles of oxygen, and both are proportional to the total electrical charge conducted by the solution. The
number of electrons pushed through the water is twice the number of generated hydrogen molecules, and four times
the number of generated oxygen molecules.

Johann Ritter, who went on to invent the first electrochemical cell, was one of the first people to discover the
decomposition of water by electricity.

Electrolysis of water: Device
invented by Johann Wilhelm
Ritter to develop the electrolysis
of water.

Electrolysis Stoichiometry

O + 2 → (g) + 2H2 e− H2 OH−

2 O → (g) + 4 + 4H2 O2 H+ e−

2 O(l) → 2 (g) + (g)H2 H2 O2
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The amount of chemical change that occurs in electrolysis is stoichiometrically related to the amount of electrons
that pass through the cell.

Learning Objectives

Predict how many coulombs a given electrochemical reaction will require

Key Takeaways

Key Points

From the perspective of the voltage source and circuit outside the electrodes, the flow of electrons is
generally described in terms of electrical current using the SI units of coulombs and amperes.
It takes 96,485 coulombs to constitute a mole of electrons, a unit known as the faraday (F).
The equivalent weight of a substance is defined as the molar mass divided by the number of electrons
required to oxidize or reduce each unit of the substance.

Key Terms

coulombs: In the International System of Units, the derived unit of electric charge; the amount of electric
charge carried by a current of 1 ampere flowing for 1 second. Symbol: C.
faraday: The quantity of electricity required to deposit or liberate 1 gram equivalent weight of a substance
during electrolysis; approximately 96,487 coulombs.

Stoichiometry of an Electrolytic Cell

The extent of chemical change that occurs in an electrolytic cell is stoichiometrically related to the number of moles
of electrons that pass through the cell. From the perspective of the voltage source and circuit outside the electrodes,
the flow of electrons is generally described in terms of electrical current using the SI units of coulombs and
amperes. It takes 96,485 coulombs to constitute a mole of electrons, a unit known as the faraday (F).

This relation was first formulated by Michael Faraday in 1832, in the form of two laws of electrolysis:

1. The weights of substances formed at an electrode during electrolysis are directly proportional to the quantity
of electricity that passes through the electrolyte.

2. The weights of different substances formed by the passage of the same quantity of electricity are proportional
to the equivalent weight of each substance.

The equivalent weight of a substance is defined as the molar mass divided by the number of electrons required to
oxidize or reduce each unit of the substance. Thus, one mole of V3+ corresponds to three equivalents of this
species, and will require three faradays of charge to deposit it as metallic vanadium ( ).

Most stoichiometric problems involving electrolysis can be solved without explicit use of Faraday’s laws. The
“chemistry” in these problems is usually very elementary; the major difficulties usually stem from unfamiliarity with
the basic electrical units:

current (in amperes) is the rate of charge transport: 1 amp = 1 .
power (in watts) is the rate of energy production or consumption: 1 w = 1 .
1 kilowatt-hour = 3600 J.

Example

+ 3 → VV3+ e−

Coulombs
second

Joule
second

796



A metallic object to be plated with copper is placed in a solution of CuSO4. What mass of copper will be
deposited if a current of 0.22 amp flows through the cell for 1.5 hours?
To solve, set up a dimensional analysis equation:

The answer is 0.39 g Cu.
What if this question were asked in a different fashion? How would you go about solving it?
How many amps would it take to deposit 0.39 grams of Cu in 1.5 hours?
Again, use dimensional analysis relationships to solve:

1.5 hours is the equivalent of 5400 seconds:
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CORROSION

Corrosion
Corrosion occurs when metals deteriorate by chemical processes.

Learning Objectives

Discuss the common causes of corrosion of a metal surface

Key Takeaways

Key Points

Corrosion is a two-step process that requires three things: a metallic surface, an electrolyte, and oxygen.
During the corrosion process, surface-level metal atoms dissolve into an aqueous solution, leaving the
metal with an excess of negative charge. The resultant ions are removed by a suitable electron acceptor.
Corrosion can be thought of as metals spontaneously returning to the form of their ores through the
process of oxidation.
The conductive properties of metal enable the oxidation and reduction steps to take place at separate
sites on the metal’s surface.

Key Terms

corrosion: Erosion by chemical action, especially oxidation.

When materials deteriorate by chemical processes, the materials are said to corrode. Corrosion is commonly
discussed in reference to metals, which corrode electrochemically. This kind of corrosion is a two-step process that
requires three things: a metallic surface, an electrolyte, and oxygen. During the corrosion process, a metal atom at
the surface dissolves into an aqueous solution, leaving the metal with excess negatively charged ions. These
resultant ions are removed by a suitable electron acceptor. Corrosion can be thought of as the spontaneous return
of metals to their ores through the process of oxidation.

The conductive properties of metal enable the oxidation and reduction steps that occur during corrosion to take
place at separate sites on the metal’s surface. The conductivity allows electrons to flow from the anodic to cathodic
regions of the metal.

In a corrosion system, the metal being corroded acts as the anode of a short-circuited electrochemical cell:

The free electrons reduce the electron acceptor, resulting in any of the following cathodic steps:

Fe(s) → (aq) + 2Fe2+ e−

+ 2 O + 4 → 4O2 H2 e− OH−

+ → (g)H+ e− 1
2

H2

+ 2 → M(s)M2+ e−
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Corrosion is a nuisance: This photo of the Nandu River Iron
Bridge in Hainan, China displays evidence of damage by
corrosion.

In this cathodic step, M is a metal.

How susceptible a particular metal is to corrosion can be
determined by its reduction potential. The higher a metal’s
reduction potential, the less likely it is to be oxidized.

Corrosion is a common nuisance with real impact. We see
its effects in rusted out car frames, the bursting of water
mains and the failure of bridges.

Preventing Corrosion

Preventing corrosion reduces both the economic and
safety-related damages associated with the process.

Learning Objectives

Discuss the common preventative measures that can be taken against corrosion of a metal surface

Key Takeaways

Key Points

Three things are necessary for corrosion to occur: an electrolyte, an exposed metal surface, and
an electron acceptor.
Corrosion can be prevented by removing one of these conditions.
Coating a metal surface with paint or enamel provides a barrier between the metal and the
moisture in the environment.
The process of coating a metal surface with another metal that is more likely to be oxidized is
referred to as sacrificial coating.

 

Key Terms

electrolyte: A substance that, in solution or when molten, ionizes and conducts electricity.
sacrificial coating: A metal coating that is more likely to be oxidized than the metal it protects.
galvanize: To coat with a thin layer of metal by electrochemical means; to electroplate.

Reviewing Corrosion

We have learned that three things are required for the anodic and cathodic steps of corrosion to occur: an
electrolyte, an exposed metal surface, and an electron acceptor. It follows, then, that we can prevent corrosion by
removing one of these essential conditions. The simplest condition to remove is the exposed metal surface.

Establishing a Physical Barrier

Coating a metal surface with paint or enamel provides a barrier between the metal and the moisture in the
environment, thus removing the opportunity for both oxygen and moisture to come in contact with the metal.

799



A galvanized surface: Protecting iron alloys with a coating of a
more active metal through the process of galvanizing prevents the
alloys from corroding.

Sacri�cial Coatings

The process of coating a metal surface with another metal that is more likely to be oxidized is referred to as
sacrificial coating. The corrosion-prone iron alloy steel is commonly coated with zinc, a more active metal, in a
process known as galvanizing. Corrosion of the sacrificial zinc results in its oxidation; the iron is reduced, which
renders it cathodic and inhibits its corrosion.

A contrast to the previous scenario can be seen when
iron or an iron alloy is plated with a less active metal,
such as tin. As long as the tin coating remains intact,
corrosion is not possible. If, however, the tin coating
becomes degraded, exposing the underlying metal,
corrosion will occur. This is because the exposed iron
undergoes oxidation and is rendered anodic. The tin
accepts electrons from the oxidized iron, and the three
criteria for corrosion are met.

Cathodic Protection

Another way to protect against corrosion is to confer a
continuous negative electrical charge on a metal. This
method is referred to as cathodic protection. Cathodic
protection replicates the effects of a sacrificial coating
but with a more active metal. The source of negative
charge is usually an external direct-current power

supply. Cathodic protection is used to protect underground fuel tanks and pipelines, among other things.

Passivation

Passivation is a process through which a thin film of corrosion products builds on a metal surface to serve as a
barrier against oxidation. The formation of a passivation layer is affected by environmental pH, temperature, and
chemical conditions. The Statue of Liberty, for example, is coated with a blue-green patina caused by several
chemical reactions, which serves to protect the copper metal underneath.

Anodization

Anodization is another surface treatment that protects against corrosion. The metal to be protected is bathed in a
specific substance, and electrochemical conditions are adjusted such that uniform pores several nanometers wide
appear in the metal’s oxide film. These pores allow an oxide film, thicker than a passivation layer, to build up. The
resultant protective layer is very hard and very resilient.

Sacri�cial Anode Protection

Using the same principle as sacrificial film coating, a sacrificial anode, made of a metal more active than the metal
you want to protect, can be used to prevent corrosion on submerged or buried metal structures. The sacrificial
anode will corrode before the metal it is protecting does. However, once the sacrificial anode corrodes, it must be
replaced; otherwise, the metal it is protecting will begin to corrode as well.
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Cathodic protection prevents corrosion: Galvanic sacrificial anode attached to the
hull of a ship; here, the sacrificial anode shows corrosion but the metal it is attached to
does not. The anode, a piece of a more electrochemically “active” metal, is attached to
the vulnerable metal surface where it is exposed to an electrolyte; the potential of the
vulnerable surface is polarized to be more negative until the surface has a uniform
potential. At that stage, the driving force for the corrosion reaction with the protected
surface is removed. The galvanic anode continues to corrode, consuming the anode
material until eventually it must be replaced, but the cathodic material is protected.

Corrosion presents a real threat to the integrity of personal property as well as to that of bridges, roads, and other
public infrastructures. Understanding and implementation of strategies that prevent corrosion will decrease both the
economic and safety-related damages associated with the process.
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NUCLEAR CHEMISTRY

RADIOACTIVITY

Discovery of Radioactivity
Becquerel accidentally found that a uranium-rich mineral emitted invisible, penetrating rays that could darken a
photographic plate.

Learning Objectives

Discuss the history of the discovery of radiation

Key Takeaways

Key Points

The emission of the rays Becquerel discovered is called nuclear radioactivity, and the rays themselves
are called nuclear radiation.
A nucleus that spontaneously destroys part of its mass to emit radiation is undergoing radioactive decay.
Radiation does not vary with chemical state.
Marie and Pierre Curie discovered two new radioactive elements, which Marie named polonium and
radium.

Key Terms

radioactivity: Spontaneous emission of ionizing radiation as a consequence of a nuclear reaction, or
directly from the breakdown of an unstable nucleus.
decay: To change by undergoing fission, by emitting radiation, or by capturing or losing one or more
electrons.

Becquerel’s Pitchblende

In 1896, the French physicist Antoine Henri Becquerel accidentally found that a uranium-rich mineral called
pitchblende emitted invisible, penetrating rays that could darken a photographic plate enclosed in an opaque
envelope. While working on phosphorescent materials, he happened to place the pitchblende on black paper that he
had used to cover a piece of film. When he looked more carefully, he noticed that the film had lots of patches on it,
and that this did not happen when other elements were placed on the paper. He eventually concluded that some
rays must be coming out of the uranium crystals to produce this effect.
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This means that rays carry energy, but pitchblende emits them continuously without any energy input. This is an
apparent violation of the law of conservation of energy. It was soon evident that Becquerel’s rays originated in the
nuclei of the atoms.

The emission of these rays is called nuclear radioactivity, or simply radioactivity. The rays are called nuclear
radiation. A nucleus that spontaneously destroys part of its mass to emit radiation is said to decay. A substance or
object that emits nuclear radiation is said to be radioactive. Becquerel found radiation to be associated with certain
elements, such as uranium. Uranium is radioactive whether it is in the form of an element or compound. In addition,
radiation does not vary with temperature, pressure, or ionization state of the uranium atom. Since all of these factors
affect electrons in an atom, the radiation cannot come from electron transitions, as atomic spectra do.

Marie and Pierre Curie

In 1898, Marie Curie began her doctoral study of Becquerel’s rays. She and her husband, Pierre, soon discovered
two new radioactive elements, which she named polonium, after her native land of Poland, and radium, because it
radiates. These two new elements filled holes in the periodic table and displayed much higher levels of radioactivity
than uranium. Over four years, working under poor conditions and spending their own funds, the Curies processed
more than a ton of uranium ore to isolate a mere gram of radium salt.

Pierre and Marie Curie: Pierre and Marie Curie in their Paris laboratory, before 1907.

Radium became highly desirable because it was about two million times as radioactive as uranium. The Curies’
radium salt glowed visibly from the radiation. This radiation took its toll on them and other unaware researchers,
though.

Shortly after Marie completed her PhD, both Curies and Becquerel shared the 1903 Nobel Prize in Physics for their
work on radioactivity. Awarded the 1911 Nobel Prize in Chemistry for her discovery of two new elements, Curie
remains the only person to win Nobel Prizes in both physics and chemistry. Marie’s radioactive fingerprints on some
pages of her notebooks can still expose film.

Marie suffered from radiation-induced lesions and died of leukemia, likely caused by radiation. She was active in
research almost until her death in 1934. The following year, her daughter and son-in-law, Irene and Frederic Joliot-
Curie, were awarded the Nobel Prize in Chemistry for their discovery of artificially induced radiation.

Modes of Radioactive Decay
Radioactive decay occurs when an unstable atomic nucleus emits particles or light waves.
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Learning Objectives

Compare the relative penetrating power of the three types of nuclear radiation

Key Takeaways

Key Points

The radioactive decay products we will discuss here are alpha, beta, and gamma, ordered by their ability
to penetrate matter. Alpha denotes the largest particle, and it penetrates the least.
Alpha particles carry a positive charge, beta particles carry a negative charge, and gamma rays are
neutral.
An alpha particle is made up of two protons and two neutrons bound together.
Beta particles are high energy electrons.
Gamma rays are waves of electromagnetic energy, or photons.

Key Terms

isotope: A variant of a particular chemical element, which shares the same number of protons as other
atoms of the element, but differs in its number of neutrons.
gamma ray: High-energy wave of electromagnetic energy.
beta particle: A high energy electron released during beta decay.
alpha particle: A particle consisting of two protons and two neutrons bound together, identical to a
helium nucleus.

Radioactivity

Radioactive decay occurs when an unstable atomic nucleus loses energy by emitting energy in the form of emitted
particles or electromagnetic waves, called radiation. Isotopes are atoms of the same element (thereby having the
same number of protons) which differ in the number of neutrons in their nucleus. Some isotopes of a given element
are more unstable than others, causing a nuclear reaction which releases energy to achieve a more stable nuclear
configuration. Such isotopes are radioactive, and are referred to as “radioisotopes.”

Types of Decay

There are many types of emmitted particles and radiation that radioisotopes produce when they decay. The types
we will discuss here are: alpha, beta, and gamma (listed in increasing ability to penetrate matter). Alpha decay is
seen only in heavier elements greater than atomic number 52, tellurium. The other two types of decay are seen in
all of the elements.

Alpha, Beta, Gamma Composition

Alpha particles carry a positive charge, beta particles carry a negative charge, and gamma rays are neutral. Alpha
particles have greater mass than beta particles. By passing alpha particles through a very thin glass window and
trapping them in a discharge tube, researchers found that alpha particles are equivalent to helium (He) nuclei. Other
experiments showed the similarity between classical beta radiation and cathode rays; they are both streams of
electrons. Likewise, gamma radiation and X-rays were found to be similar high-energy electromagnetic radiation.

The three types of radiation have different levels of penetrating power. Penetrating power refers to the energy with
which the radiation particles are ejected from the atom. The higher the energy, the more the particles or light
produced by radioactive decay will penetrate a substance.
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Table of modes of radioactive decay: Radionuclides can undergo a
number of different reactions, summarized here. A nucleus with mass
number A and atomic number Z is represented as (A, Z). The column
“Daughter nucleus” indicates the difference between the new nucleus
and the original nucleus. Thus, (A − 1, Z) means that the mass number
is one less than before, but the atomic number didn’t change.

α

β

γ

Penetration of the modes of decay:
Alpha particles can be completely stopped
by a sheet of paper. Beta particles can be
stopped by aluminum shielding. Gamma
rays can only be reduced by much more
substantial mass, such as a very thick
layer of lead.

Alpha
Decay

An alpha
particle
(α\alpha)
is made
up of two
protons
and two
neutrons
bound
together.
This type
of
radiation
has a
positive
charge
(due to
the
presence
of two
protons).
An alpha
particle is sometimes represented using the chemical symbol He2+,

because it has the same structure as a helium atom missing its two electrons—hence the overall charge of +2. Their
massive size (compared to beta particles, for instance) means alpha particles have very low penetration power.
Penetration power describes how easily the particles can pass through another material. Since alpha particles have
a low penetration power, the outside layer of the human skin, for example, can block these particles.

Alpha decay occurs because the nucleus of a radioisotope has too many protons. A nucleus with too many protons
causes repulsion between these like charges. To reduce this repulsion, the nucleus emits an α particle. Examples of
this can be seen in the decay of americium (Am) to neptunium (Np).

Beta Decay

In radioactive nuclei with too many neutrons, a neutron can be converted into an electron, called beta particle. Beta
particles (β) have a higher penetration power than alpha particles (they are able to pass through thicker materials
such as paper).

During beta decay, the number of neutrons in the atom decreases by one, and the number of protons increases by
one. Effectively, a neutron was converted into a proton in the decaying nucleus, in the process releasing a beta
particle. Since the number of protons before and after the decay is different, the atom has changed into a different
element.

Gamma Decay

Some decay reactions release energy in the form of electromagnetic waves called gamma rays. Gamma radiation
(γ) is part of the electromagnetic spectrum, just like visible light. However, unlike visible light, humans cannot see
gamma rays, because they have a much higher frequency and energy than visible light. Gamma radiation has no
mass or charge. This type of radiation is able to penetrate most common substances, including metals. The only
substances that can absorb this radiation are thick lead and concrete.

Gamma decay reactions occur if the energy of the radioisotope’s nucleus is too high, and the resulting atomic
number and atomic mass remain unchanged during the course of the reaction.

Rate of Radioactive Decay
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Radioactive decay rate is exponential and is characterized by constants, such as half-life, as well the activity and
number of particles.

Learning Objectives

Apply the equation Nt=N0e−λt in the calculation of decay rates and decay constants

Key Takeaways

Key Points

The law of radioactive decay describes the statistical behavior of a large number of nuclides, rather than
individual ones.
The decay rate equation is: .
Although the parent decay distribution follows an exponential, observations of decay times will be limited
by a finite integer number of N atoms.

Key Terms

nuclide: An atomic nucleus specified by its atomic number and atomic mass.
half-life: The time required for half of the nuclei in a sample of a specific isotope to undergo radioactive
decay.

Decay Rate

The decay rate of a radioactive substance is characterized by the following constant quantities:

The half-life (t1/2) is the time taken for the activity of a given amount of a radioactive substance to decay to
half of its initial value.
The mean lifetime (τ, “tau”) is the average lifetime of a radioactive particle before decay.
The decay constant (λ, “lambda”) is the inverse of the mean lifetime.

Although these are constants, they are associated with statistically random behavior of populations of atoms.
Predictions using these constants are less accurate for small number of atoms.

There are also time-variable quantities to consider:

Total activity (A) is number of decays per unit time of a radioactive sample.
Number of particles (N) is the total number of particles in the sample.
Specific activity (SA) number of decays per unit time per amount of substance of the sample at time set to
zero (t = 0). “Amount of substance” can be the mass, volume, or moles of the initial sample.

Radioactivity is one very frequent example of exponential decay. The law of radioactive decay describes the
statistical behavior of a large number of nuclides, rather than individual ones. In the following relation, the number of
nuclides or nuclide population, N, is of course a natural number. Given a sample of a particular radioisotope, the
number of decay events, −dN, expected to occur in a small interval of time, dt, is proportional to the number of
atoms present N, that is:

N = N0e−λt

− ∝ NdN
dt
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Exponential decay: A quantity undergoing exponential decay. Larger decay constants make the quantity vanish much
more rapidly. This plot shows decay for decay constants of 25, 5, 1, 1/5, and 1/25 for x from 0 to 5.

Particular radionuclides decay at different rates, so each has its own decay constant, λ. The expected decay  is
proportional to an increment of time, dt. The constant  is put in place to make the two sides equal:

The negative sign indicates that N decreases as time increases, as each decay event follows one after another. The
solution to this first-order differential equation is the function:

Here, N0 is the value of N at time t = 0.

The SI unit of radioactive activity is the becquerel (Bq), in honor of the scientist Henri Becquerel. One Bq is defined
as one transformation, decay, or disintegration per second. Since sensible sizes of radioactive material contain
many atoms, a Bq is a tiny measure of activity; amounts giving activities on the order of GBq (gigabecquerel, 1 x
109 decays per second) or TBq (terabecquerel, 1 x 1012 decays per second) are commonly used.

Another unit of radioactivity is the curie, Ci, which was originally defined as the amount of radium emanation (radon-
222) in equilibrium with one gram of pure radium, isotope Ra-226. At present, it is equal, by definition, to the activity
of any radionuclide decaying with a disintegration rate of 3.7 × 1010 Bq, so that 1 curie (Ci) = 3.7 × 1010 Bq. The use
of Ci is currently discouraged by the SI. Low activities are also measured in disintegrations per minute (dpm).

Example

Find the decay rate ( ) of element X, with a half-life of 2350 years.
To solve, we need to use our equation:

−dN
N

λ

− = λdtdN
N

N = N0e−λt

λ

N = −λt
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Since we are dealing with the half-life we will use values for N and No that are equivalent to 0.5.

Now plug in the half-life for the time (t).

Solve for 

Half-Life of Radioactive Decay

The half-life is a parameter for the rate of decay that is related to the decay constant by: .

Learning Objectives

Calculate the half-life of a radioactive element

Key Takeaways

Key Points

The relationship between time, half-life, and the amount of radionuclide is defined by: .
The relationship between the half-life and the decay constant shows that highly radioactive substances
rapidly transform to daughter nuclides, while those that radiate weakly take longer to transform.
Since the probability of a decay event is constant, scientists can describe the decay process as a
constant time period.

Key Terms

half-life: The time required for half of the nuclei in a sample of a specific isotope to undergo radioactive
decay.

Decay Rates

Radioactive decay is a random process at the single- atom level; is impossible to predict exactly when a particular
atom will decay. However, the chance that a given atom will decay is constant over time. For a large number of
atoms, the decay rate for the collection as a whole can be computed from the measured decay constants of the
nuclides, or, equivalently, from the half-lives.

Given a sample of a particular radionuclide, the half-life is the time taken for half of its atoms to decay. The following
equation is used to predict the number of atoms (N) of a a given radioactive sample that remain after a given time
(t):

N = N0e−λt

5 = 10e−λt

5 = 10e−λ2350

λ

0.5 = e−λ×2350

ln 0.5 = −λ × 2350

λ = 2.95 ×  10−4 year−1

=t 1

2

ln2
λ

N = N0e−λt

N = N0e−λt
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Radioactive decay simulation: A
simulation of many identical atoms
undergoing radioactive decay,
starting with four atoms (left) and
400 atoms (right). The number at
the top indicates how many half-
lives have elapsed

In this equation, λ, pronounced “lambda,” is the decay constant, which is the
inverse of the mean lifetime, and N0 is the value of N at t=0. The equation
indicates that the decay constant λ has units of t-1.

The half-life is related to the decay constant. If you set N =  and t = t1/2, you
obtain the following:

Watch the video at this link.

Nuclear half-life: intro and explanation: Nuclear half-life is the time that it takes
for one half of a radioactive sample to decay. In this video, we will learn the basics
of nuclear half-life, and examine graphs and practice problems.

This relationship between the half-life and the decay constant shows that highly
radioactive substances are quickly spent, while those that radiate weakly endure
longer. Half-lives vary widely; the half-life of 209Bi is 1019 years, while unstable
nuclides can have half-lives that have been measured as short as 10−23 seconds.

Example

What is the half-life of element X if it takes 36 days to decay from 50 grams to 12.5 grams?
50 grams to 25 grams is one half-life.
25 grams to 12.5 grams is another half-life.
So, for 50 grams to decay to 12.5 grams, two half-lives, which would take 36 days total, would need to pass.
This means each half-life for element X is 18 days.

Dating Using Radioactive Decay
Radiometric dating is used to date materials using the decay rate of a radioactive isotope.

Learning Objectives

Calculate the age of a radioactive sample based on the half-life of a radioactive constituent

Key Takeaways

Key Points

The best-known techniques for radioactive dating are radiocarbon dating, potassium-argon dating and
uranium-lead dating.

After one half-life has elapsed, one half of the atoms of the nuclide in question will have decayed into a

N0

2

=t1/2
ln2
λ
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After one half-life has elapsed, one half of the atoms of the nuclide in question will have decayed into a
“daughter” nuclide.
In any material containing a radioactive nuclide, the proportion of the original nuclide to its decay products
changes in a predictable way as the original nuclide decays over time.

Key Terms

radiometric dating: A technique used to date materials such as rocks, based on a comparison between
the observed abundance of a naturally occurring radioisotope and its decay products, using known decay
rates.

Radiometric Dating

Radiometric dating, often called radioactive dating, is a technique used to determine the age of materials such as
rocks. It is based on a comparison between the observed abundance of a naturally occurring radioactive isotope
and its decay products, using known decay rates. It is the principal source of information about the absolute age of
rocks and other geological features, including the age of the Earth itself, and it can be used to date a wide range of
natural and man-made materials.

The best-known radiometric dating techniques include radiocarbon dating, potassium-argon dating, and uranium-
lead dating. By establishing geological timescales, radiometric dating provides a significant source of information
about the ages of fossils and rates of evolutionary change, and it is also used to date archaeological materials,
including ancient artifacts. The different methods of radiometric dating are accurate over different timescales, and
they are useful for different materials.

Decay

After one half-life has elapsed, one half of the atoms of the nuclide in question will have decayed into a “daughter”
nuclide, or decay product. In many cases, the daughter nuclide is radioactive, resulting in a decay chain. This chain
eventually ends with the formation of a stable, nonradioactive daughter nuclide. Each step in such a chain is
characterized by a distinct half-life. In these cases, the half-life of interest in radiometric dating is usually the longest
one in the chain. This half-life will be the rate-limiting factor in the ultimate transformation of the radioactive nuclide
into its stable daughter(s).
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Lead decay chain: Example of a radioactive decay chain from lead-212 (212Pb) to
lead-208 (208Pb). Each parent nuclide spontaneously decays into a daughter nuclide
(the decay product) via an α decay or a β decay. The final decay product, lead-208
(208Pb), is stable and can no longer undergo spontaneous radioactive decay.

Systems that have been exploited for radiometric dating have half-lives ranging from only about 10 years (e.g.,
tritium) to over 100 billion years (e.g., Samarium-147). However, in general, the half-life of a nuclide depends solely
on its nuclear properties and is essentially a constant. Therefore, in any material containing a radioactive nuclide,
the proportion of the original nuclide to its decay products changes in a predictable way as the original nuclide
decays over time. This predictability allows the relative abundances of related nuclides to be used as a clock to
measure the time it takes for the parent atom to decay into the daughter atom(s).

Accuracy and Contamination

Accurate radiometric dating generally requires that:

The parent has a long enough half-life to ensure the parent will be present in significant amounts at the time
of measurement.
The half-life of the parent is accurately known.
Enough of the daughter product is produced to be accurately measured and distinguished from the initial
amount of the daughter present in the material.

The mathematical expression that relates radioactive decay to geologic time is:

D = + N(t)( − 1)λt

811



Here, t is age of the sample; D is number of atoms of the daughter isotope in the sample; D0 is number of atoms of
the daughter isotope in the original composition; N is number of atoms of the parent isotope in the sample at time t
(the present), given by N(t) = Noe-λt; and λ is the decay constant of the parent isotope, equal to the inverse of the
radioactive half-life of the parent isotope times the natural logarithm of 2.

Example

A 100 g sample of Cs-137 is allowed to decay. Calculate the mass of Cs-137 that will be left after 90 years. The
half-life of Cs-137 is 30 years.
First half-life (30 years): 100 grams of Cs-137 decays and 50 grams are left.
Second half-life (60 years total): The remaining 50 grams of Cs-137 decay and 25 grams are left.
Third half-life (90 years total): The remaining 25 grams of Cs-137 decay and 12.5 grams are left.
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NUCLEAR REACTIONS

Balancing Nuclear Equations
To balance a nuclear equation, the mass number and atomic numbers of all particles on either side of the arrow
must be equal.

Learning Objectives

Produce a balanced nuclear equation

Key Takeaways

Key Points

A balanced nuclear equation is one where the sum of the mass numbers (the top number in notation) and
the sum of the atomic numbers balance on either side of an equation.
Nuclear equation problems will often be given such that one particle is missing.
Instead of using the full equations, in many situations a compact notation is used to describe nuclear
reactions.

Key Terms

baryon: A heavy subatomic particle created by the binding of quarks by gluons; a hadron containing
three quarks. They have half-odd integral spin and are thus fermions.

Nuclear reactions may be shown in a form similar to chemical equations, for which invariant mass, which is the
mass not considering the mass defect, must balance for each side of the equation. The transformations of particles
must follow certain conservation laws, such as conservation of charge and baryon number, which is the total atomic
mass number. An example of this notation follows:

To balance the equation above for mass, charge, and mass number, the second nucleus on the right side must have
atomic number 2 and mass number 4; it is therefore also helium-4. The complete equation therefore reads:

Or, more simply:

Compact Notation of Radioactive Decay

Instead of using the full equations in the style above, in many situations a compact notation is used to describe
nuclear reactions. This style is of the form A(b,c)D, which is equivalent to A + b gives c + D. Common light particles

Li  +   H → He  +  ?6
3  21  42

Li  +   H → He   +   He6
3  21  42  42

Li  +   H → 2 He6
3  21  42
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Lithium-6 plus deuterium gives two helium-4s.:
The visual representation of the equation we used
as an example.

are often abbreviated in this shorthand, typically p for proton, n for
neutron, d for deuteron, α representing an alpha particle or helium-
4, β for beta particle or electron, γ for gamma photon, etc. The
reaction in our example above would be written as Li-6(d,α)α.

Balancing a Radioactive Decay Equation

In balancing a nuclear equation, it is important to remember that
the sum of all the mass numbers and atomic numbers, given on the
upper left and lower left side of the element symbol, respectively,
must be equal for both sides of the equation. In addition, problems
will also often be given as word problems, so it is useful to know
the various names of radioactively emitted particles.

Example

This could be written out as uranium-235 gives thorium-231 plus what? In order to solve, we find the difference
between the atomic masses and atomic numbers in the reactant and product. The result is an atomic mass
difference of 4 and an atomic number difference of 2. This fits the description of an alpha particle. Thus, we
arrive at our answer:

Example

This could also be written out as polonium-214, plus two alpha particles, plus two electrons, give what? In order
to solve this equation, we simply add the mass numbers, 214 for polonium, plus 8 (two times four) for helium
(two alpha particles), plus zero for the electrons, to give a mass number of 222. For the atomic number, we take
84 for polonium, add 4 (two times two) for helium, then subtract two (two times -1) for two electrons lost through
beta emission, to give 86; this is the atomic number for radon (Rn). Therefore, the equation should read:

Watch the video at this link.

Writing nuclear equations: Describes how to write the nuclear equations for alpha and beta decay.

Nuclear Binding Energy and Mass Defect

A nucleus weighs less than its sum of nucleons, a quantity known as the mass defect, caused by release of energy
when the nucleus formed.

U →   Th  +   ?235
92  231

90

U →   Th +   He235
92  231

90  42

Po  +   2 He  +   e →    ?214
84  42 20

−1

Po + He + e →   Rn214
84 24

2 20
−1  222

86
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Learning Objectives

Calculate the mass defect and nuclear binding energy of an atom

Key Takeaways

Key Points

Nuclear binding energy is the energy required to split a nucleus of an atom into its components.
Nuclear binding energy is used to determine whether fission or fusion will be a favorable process.
The mass defect of a nucleus represents the mass of the energy binding the nucleus, and is the
difference between the mass of a nucleus and the sum of the masses of the nucleons of which it is
composed.

Key Terms

nucleon: One of the subatomic particles of the atomic nucleus, i.e. a proton or a neutron.
strong force: The nuclear force, a residual force responsible for the interactions between nucleons,
deriving from the color force.
mass defect: The difference between the calculated mass of the unbound system and the experimentally
measured mass of the nucleus.

Binding Energy

Nuclear binding energy is the energy required to split a nucleus of an atom into its component parts: protons and
neutrons, or, collectively, the nucleons. The binding energy of nuclei is always a positive number, since all nuclei
require net energy to separate them into individual protons and neutrons.

Mass Defect

Nuclear binding energy accounts for a noticeable difference between the actual mass of an atom’s nucleus and its
expected mass based on the sum of the masses of its non-bound components.

Recall that energy (E) and mass (m) are related by the equation:

Here, c is the speed of light. In the case of nuclei, the binding energy is so great that it accounts for a significant
amount of mass.

The actual mass is always less than the sum of the individual masses of the constituent protons and neutrons
because energy is removed when when the nucleus is formed. This energy has mass, which is removed from the
total mass of the original particles. This mass, known as the mass defect, is missing in the resulting nucleus and
represents the energy released when the nucleus is formed.

Mass defect (Md) can be calculated as the difference between observed atomic mass (mo) and that expected from
the combined masses of its protons (mp, each proton having a mass of 1.00728 amu) and neutrons (mn, 1.00867
amu):

Nuclear Binding Energy

E = mc2

= ( + ) −Md mn mp mo
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Once mass defect is known, nuclear binding energy can be calculated by converting that mass to energy by using
E=mc2. Mass must be in units of kg.

Once this energy, which is a quantity of joules for one nucleus, is known, it can be scaled into per-nucleon and per-
mole quantities. To convert to joules/mole, simply multiply by Avogadro’s number. To convert to joules per nucleon,
simply divide by the number of nucleons.

Nuclear binding energy can also apply to situations when the nucleus splits into fragments composed of more than
one nucleon; in these cases, the binding energies for the fragments, as compared to the whole, may be either
positive or negative, depending on where the parent nucleus and the daughter fragments fall on the nuclear binding
energy curve. If new binding energy is available when light nuclei fuse, or when heavy nuclei split, either of these
processes result in the release of the binding energy. This energy—available as nuclear energy—can be used to
produce nuclear power or build nuclear weapons. When a large nucleus splits into pieces, excess energy is emitted
as photons, or gamma rays, and as kinetic energy, as a number of different particles are ejected.

Nuclear binding energy is also used to determine whether fission or fusion will be a favorable process. For elements
lighter than iron-56, fusion will release energy because the nuclear binding energy increases with increasing mass.
Elements heavier than iron-56 will generally release energy upon fission, as the lighter elements produced contain
greater nuclear binding energy. As such, there is a peak at iron-56 on the nuclear binding energy curve.
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Nuclear binding energy curve: This graph shows the nuclear binding energy (in MeV) per nucleon as
a function of the number of nucleons in the nucleus. Notice that iron-56 has the most binding energy per
nucleon, making it the most stable nucleus.

The rationale for this peak in binding energy is the interplay between the coulombic repulsion of the protons in the
nucleus, because like charges repel each other, and the strong nuclear force, or strong force. The strong force is
what holds protons and neutrons together at short distances. As the size of the nucleus increases, the strong
nuclear force is only felt between nucleons that are close together, while the coulombic repulsion continues to be felt
throughout the nucleus; this leads to instability and hence the radioactivity and fissile nature of the heavier
elements.

Example

Calculate the average binding energy per mole of a U-235 isotope. Show your answer in kJ/mole.
First, you must calculate the mass defect. U-235 has 92 protons, 143 neutrons, and has an observed mass of
235.04393 amu.

= ( + ) −Md mn mp mo
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Md = (92(1.00728 amu)+143(1.00867 amu)) – 235.04393 amu

Md = 1.86564 amu

Calculate the mass in kg:

1.86564 amu x  = 3.09797 x 10-27 kg

Now calculate the energy:

E = mc2

E = 3.09797 x 10-27 kg x (2.99792458 x 108 )2

E =2.7843 x 10-10 J
Now convert to kJ per mole:

 1.6762 x 1011

Licensing & Attributions

CC licensed content, Speci�c attribution

Nuclear reaction. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Nuclear_reaction. License: CC BY-SA: Attribution-ShareAlike
baryon. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/baryon. License: CC BY-SA: Attribution-ShareAlike
File:Li6-D%20Reaction.svg%20-%20Wikipedia,%20the%20free%20encyclopedia. Provided by: Wikipedia. Located at: http://en.wikipedia.org/w/index.php?title=File:Li6-D_Reaction.svg&page=1. License: CC BY-SA: Attribution-
ShareAlike
Writing nuclear equations. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
Nuclear binding energy. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Nuclear_binding_energy. License: CC BY-SA: Attribution-ShareAlike
mass defect. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/mass%20defect. License: CC BY-SA: Attribution-ShareAlike
nucleon. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/nucleon. License: CC BY-SA: Attribution-ShareAlike
strong force. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/strong_force. License: CC BY-SA: Attribution-ShareAlike
File:Li6-D%20Reaction.svg%20-%20Wikipedia,%20the%20free%20encyclopedia. Provided by: Wikipedia. Located at: http://en.wikipedia.org/w/index.php?title=File:Li6-D_Reaction.svg&page=1. License: CC BY-SA: Attribution-
ShareAlike
Writing nuclear equations. License: Public Domain: No Known Copyright. License Terms: Standard YouTube license
File:Binding energy curve - common isotopes.svg - Wikipedia, the free encyclopedia. Provided by: Wikipedia. Located at: http://en.wikipedia.org/w/index.php?title=File:Binding_energy_curve_-_common_isotopes.svg&page=1.
License: Public Domain: No Known Copyright

1 kg

6.02214×  amu1026

m
s

2.7843 ×   × × =10−10 Joules
atom

6.02×  atoms1023

mole
1 kJ

1000 joules
kJ

mole

817

http://en.wikipedia.org/wiki/Nuclear_reaction
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/baryon
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/w/index.php?title=File:Li6-D_Reaction.svg&page=1
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Nuclear_binding_energy
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/mass%20defect
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/nucleon
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/strong_force
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/w/index.php?title=File:Li6-D_Reaction.svg&page=1
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/about/pdm
http://en.wikipedia.org/w/index.php?title=File:Binding_energy_curve_-_common_isotopes.svg&page=1
https://creativecommons.org/about/pdm


NUCLEAR TRANSMUTATION

Particle Accelerator
A particle accelerator is a device that uses electromagnetic fields to propel charged particles to high speeds within
well-defined beams.

Learning Objectives

Predict the nuclear transmutation product produced using a particle accelerator

Key Takeaways

Key Points

Particle accelerators have historically been used to smash atoms or particles together, often to induce
nuclear transmutation, which is the conversion of one element to another.
The term transmutation dates back to alchemy.
There are two basic classes of accelerators: electrostatic and oscillating field accelerators.

Key Terms

transmutation: The transformation of one element into another by a nuclear reaction.
alchemy: The ancient search for a universal panacea, and for the philosopher’s stone. The process
eventually developed into chemistry.
subatomic particle: Any of many units of matter smaller than an atom.

A particle accelerator is a device that uses electromagnetic fields to propel charged particles to high speeds and to
contain them in well-defined beams. While current particle accelerators are focused on smashing subatomic
particles together, early particle accelerators would smash entire atoms together, inducing nuclear fusion and thus
nuclear transmutation.

Nuclear transmutation is the conversion of one chemical element or isotope into another. In other words, atoms of
one element can be changed into atoms of another element by transmutation. This occurs either through nuclear
reactions in which an outside particle reacts with a nucleus, which can be supplied by a particle accelerator, or
through radioactive decay, where no outside particle is needed.

History of Nuclear Transmutation

The term transmutation dates back to alchemy. Alchemists pursued the philosopher’s stone, capable of the
transformation of base metals into gold. The impossibility of the metallic transmutation had been debated amongst
alchemists, philosophers, and scientists since the Middle Ages. In the 18th century, Antoine Lavoisier replaced the
alchemical theory of elements with the modern theory of chemical elements, and later John Dalton further
developed the notion of atoms to explain various chemical processes. The disintegration of atoms is a distinct
process involving much greater energies than could be achieved by alchemists.
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Nuclear transmutation was first consciously applied to modern physics by Frederick Soddy when he, along with
Ernest Rutherford, discovered that radioactive thorium was converting itself into radium in 1901. At the moment of
realization, Soddy later recalled, he shouted out: “Rutherford, this is transmutation!” Rutherford snapped back, “For
Christ’s sake, Soddy, don’t call it transmutation. They’ll have our heads off as alchemists.”

Particle Accelerators

There are two basic classes of accelerators: electrostatic and oscillating field accelerators. Electrostatic accelerators
use static electric fields to accelerate particles. A small-scale example of this class is the cathode ray tube in an
ordinary, old television set. Other examples are the Cockcroft–Walton generator and the Van de Graaf generator.
The achievable kinetic energy for particles in these devices is limited by electrical breakdown. Oscillating field
accelerators, on the other hand, use radio frequency electromagnetic fields to circumvent the breakdown problem.
This class, development for which started in the 1920’s, is the basis for all modern accelerator concepts and large-
scale facilities. Rolf Widerøe, Gustav Ising, Leó Szilárd, Donald Kerst and Ernest Lawrence are considered pioneers
of the field, conceiving and building the first operational linear particle accelerator, the betatron, and the cyclotron.

Since colliders can give evidence on the structure of the subatomic world, accelerators were commonly referred to
as atom smashers in the 20th century. Despite the fact that most accelerators (with the exception of ion facilities)
actually propel subatomic particles, the term persists in popular usage when referring to particle accelerators in
general.

Fermi National Accelerator Laboratory: Aerial photo of the Tevatron at Fermilab, which resembles a figure
eight. The main accelerator is the ring above; the one below (about half the diameter, despite appearances) is for
preliminary acceleration, beam cooling and storage, etc.

Predicting the products of transmutation is like predicting the products of radioactive decay. It is important to make
sure that the total atomic mass and atomic numbers of both sides of the equation remain equal.

Transuranium Elements

Transuranium elements are those beyond uranium, none of which is stable because of radioactive decomposition.

Learning Objectives
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Recall which elements are naturally occurring and which must be produced synthetically

Key Takeaways

Key Points

All of the elements with atomic numbers 1 to 92 can be found in nature, have stable or very long half-life
isotopes, and are created as common products of the decay of uranium and thorium.
All of the elements with higher atomic numbers have been first discovered in the laboratory, are
radioactive, and each has a half-life much shorter than the age of the Earth.
Heavy transuranium elements are difficult and expensive to produce.

Key Terms

element: Any one of the simplest chemical substances that cannot be decomposed in a chemical
reaction or by any chemical means, and that is made up of atoms all having the same number of protons.
atomic number: The number, equal to the number of protons in an atom that determines its chemical
properties. Symbol: Z.

In chemistry, transuranium elements, also known as transuranic elements, are the chemical elements with atomic
numbers greater than 92, which is the atomic number of uranium. None of these elements is stable and each of
them decays radioactively into other elements.
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Periodic table radioactivity: Blue – Elements that contain at least one stable isotope. Green –
Radioactive elements: the most stable isotope is very long-lived, with s half-life of over four
million years. Yellow – Radioactive elements: the most stable isotope has a half-life between
800 and 34.000 years. Orange – Radioactive elements: the most stable isotope has a half-life
between one day and 103 years. Red – Highly radioactive elements: the most stable isotope
has a half-life between several minutes and one day. Purple – Extremely radioactive elements:
the most stable isotope has a half-life less than several minutes. Very little is known about these
elements due to their extreme instability and radioactivity.

Transuranium Elements in Nature
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All of the elements with atomic numbers 1 to 92 can be found in nature and have stable or very long half-life
isotopes. They can also be created as common products of the decay of uranium and thorium.

However, all of the elements with higher atomic numbers have been first discovered in the laboratory. Each of these
elements is radioactive, with a half-life much shorter than the age of the Earth. So, if any atoms of these elements
were ever present at the Earth’s formation, they have long since decayed.

Producing Transuranium Elements

Transuranium elements that can be found on Earth now are artificially-generated, synthetic elements made via
nuclear reactors or particle accelerators. The half-lives of these elements show a general trend of decreasing as
atomic numbers increase. However, there are exceptions, including dubnium and several isotopes of curium.
Further anomalous elements in this series have been predicted by Glenn T. Seaborg. They are categorized as the
“island of stability.”

Heavy transuranic elements are difficult and expensive to produce. Their prices go up rapidly with atomic number.
As of 2008, weapons-grade plutonium cost around $4,000 per gram and californium cost $60,000,000 per gram.
Due to production difficulties, none of the elements beyond californium has industrial applications, and of them, only
einsteinium has ever been produced in macroscopic quantities.
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NUCLEAR FISSION

Nuclear Fission
Nuclear fission occurs when an atom splits into two or more smaller atoms, most often the as the result of neutron
bombardment.

Learning Objectives

Describe the process of nuclear fission

Key Takeaways

Key Points

Nuclear fission is a process where the nucleus of an atom is split into two or more smaller nuclei, known
as fission products.
The fission of heavy elements is an exothermic reaction, and huge amounts of energy are released in the
process.
Nuclear fission occurs with heavier elements, where the electromagnetic force pushing the nucleus apart
dominates the strong nuclear force holding it together.
In order to initiate most fission reactions, an atom is bombarded by a neutron to produce an unstable
isotope, which undergoes fission.
When neutrons are released during the fission process, they can initiate a chain reaction of continuous
fission which sustains itself.

Key Terms

fissile: Capable of undergoing nuclear fission.
nucleon: One of the subatomic particles of the atomic nucleus, i.e. a proton or a neutron.
nuclear fission: Radioactive decay process in which the nucleus of an atom splits into lighter nuclei.

Nuclear fission is a process by which the nucleus of an atom is split into two or more smaller nuclei, known as
fission products. The fission of heavy elements is an exothermic reaction, and huge amounts of energy are released
in the process. The nuclei produced are most often of comparable but slightly different sizes, typically with a mass
ratio of products of about 3:2 for common fissile isotopes. Most fissions are binary fissions that produce two charged
fragments. Occasionally, about 2 to 4 times per 1000 events, three positively charged fragments are produced,
which indicates a ternary fission. The smallest of these fragments in ternary processes ranges from the size of a
proton to the size of an argon nucleus.

Watch the video at this link.

Nuclear fission: In nuclear fission, an unstable atom splits into two or more smaller pieces that are more stable,
and releases energy in the process. The fission process also releases extra neutrons, which can then split
additional atoms, resulting in a chain reaction that releases a lot of energy. There are also ways to modulate the
chain reaction by soaking up the neutrons.

Origin of Nuclear Instability
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Nuclear fission of U-235: If U-235 is bombarded
with a neutron (light blue small circe), the resulting
U-236 produced is unstable and undergoes
fission. The resulting elements (shown here as Kr-
92 and Ba-141) do not contain as many nucleons
as U-236, with the remaining three neutrons being
released as high-energy particles, able to
bombard another U-235 atom and maintain a
chain reaction.

Within the nucleus, there are different forces that act between the
particles. The strong nuclear force is the force between two or more
nucleons. This force binds protons and neutrons together inside the
nucleus, and it is most powerful when the nucleus is small and the
nucleons are close together. The electromagnetic force causes the
repulsion between like-charged protons. These two forces produce
opposite effects in the nucleus. The strong nuclear force acts to hold
all the protons and neutrons close together, while the
electromagnetic force acts to push protons further apart.

In atoms with small nuclei, the strong nuclear force overpowers the
electromagnetic force. As the nucleus gets bigger, the
electromagnetic force becomes greater than the strong nuclear force.
In these nuclei, it’s possible for particles and energy to be ejected
from the nucleus. These nuclei are called unstable, and this
instability can result in radiation and fission.

Neutron Bombardment

In order to initiate fission, a high-energy neutron is directed towards a
nucleus, such as 235U. The combination of these two produces 236U,
which is an unstable element that undergoes fission. The resulting
fission process often releases additional neutrons, which can go on
to initiate other 235U atoms, forming a chain reaction. While nuclear
fission can occur without this neutron bombardment, in what would
be termed spontaneous fission, this is a rare occurrence; most fission
reactions, especially those utilized for energy and weaponry, occur
via neutron bombardment. If an element can be induced to undergo
fission via neutron bombardment, it is said to be fissile.

The Atomic Bomb

Atomic bombs are nuclear weapons that use the energetic output of
nuclear fission to produce massive explosions.

Learning Objectives

Describe the chemical reaction which fuels an atomic bomb

Key Takeaways

Key Points

Atomic bombs are nuclear weapons that use the energetic output of nuclear fission to produce massive
explosions.
Only two nuclear weapons have been used in the course of warfare, both by the U.S. near the end of
World War II.
In fission weapons, a mass of fissile material is assembled into a supercritical mass either by shooting
one piece of sub-critical material into another (the “gun” method) or by compressing a sub-critical sphere
of material using chemical explosives (the “implosion” method).

Key Terms

nuclear weapon: A weapon that derives its energy from the nuclear reactions of either fission or fusion.

fusion: A nuclear reaction in which nuclei combine to form more massive nuclei with the concomitant
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fusion: A nuclear reaction in which nuclei combine to form more massive nuclei with the concomitant
release of energy and often neutrons.
fission: The process of splitting the nucleus of an atom into smaller particles; nuclear fission.

Atomic Bombs

Atomic bombs are nuclear weapons that use the energetic output of nuclear fission to produce massive explosions.
These bombs are in contrast to hydrogen bombs, which use both fission and fusion to power their greater explosive
potential.

History

Only two nuclear weapons have been used in the course of warfare, both by the United States near the end of
World War II. On August 6th, 1945, a uranium gun-type fission bomb code-named “Little Boy” was detonated over
the Japanese city of Hiroshima. Three days later, on August 9th, a plutonium implosion-type fission bomb code-
named “Fat Man” was exploded over Nagasaki, Japan. These two bombings resulted in the deaths of approximately
200,000 Japanese people—mostly civilians. The role of the bombings in Japan’s surrender, and their ethical status,
remain the subject of scholarly and popular debate.

Nuclear Chemistry Behind the Explosion

Atomic bombs are made up of a fissile element, such as uranium, that is enriched in the isotope that can sustain a
fission nuclear chain reaction. When a free neutron hits the nucleus of a fissile atom like uranium-235 (235U), the
uranium splits into two smaller atoms called fission fragments, plus more neutrons. Fission can be self-sustaining
because it produces more neutrons with the speed required to cause new fissions. This creates the chain reaction.

The uranium-235 content of “weapons-grade” uranium is generally greater than 85 percent, though inefficient
weapons, deemed “weapons-usable,” can be made of 20 percent enriched uranium. The very first uranium bomb,
Little Boy, dropped on Hiroshima in 1945, used 64 kilograms of 80 percent enriched uranium.

In fission weapons, a mass of fissile material, either enriched uranium or plutonium, is assembled into a supercritical
mass—the amount of material needed to start an exponentially growing nuclear chain reaction. This is
accomplished either by shooting one piece of sub-critical material into another, termed the “gun” method, or by
compressing a sub-critical sphere of material using chemical explosives to many times its original density, called the
“implosion” method.

The implosion method is considered more sophisticated than the gun method and only can be used if the fissile
material is plutonium. The inherent radioactivity of uranium will then release a neutron, which will bombard another
atom of 235U to produce the unstable uranium-236, which undergoes fission, releases further neutrons, and
continues the process.The uranium atom can split any one of dozens of different ways, as long as the atomic
weights add up to 236 (uranium plus the extra neutron). The following equation shows one possible split, namely
into strontium-95 (95Sr), xenon-139 (139Xe), and two neutrons (n), plus energy:

The immediate energy release per atom is about 180 million electron volts (Me). Of the energy produced, 93
percent is the kinetic energy of the charged fission fragments flying away from each other, mutually repelled by the
positive charge of their protons. This initial kinetic energy imparts an initial speed of about 12,000 kilometers per
second.

However, the charged fragments’ high electric charge causes many inelastic collisions with nearby nuclei, and thus
these fragments remain trapped inside the bomb’s uranium pit. Here, their motion is converted into X-ray heat, a
process which takes about a millionth of a second. By this time, the material in the core and tamper of the bomb is
several meters in diameter and has been converted to plasma at a temperature of tens of millions of degrees. This
X-ray energy produces the blast and fire which are normally the purpose of a nuclear explosion.

Watch the video at this link.

U n →   Sr Xe + 2 n + 180MeV235 +1
0  95 +139  10
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Fission bomb assembly methods: Two methods
have been applied to induce the nuclear chain
reaction that produces the explosion of an atomic
bomb. The gun-type assembly uses a conventional
explosive to compress from one side, while the
implosion assembly compresses from all sides
simultaneously.

How to make an atomic bomb: An explanation of the fission
process utilized in atomic bombs.

Nuclear Reactors
A nuclear reactor is a piece of equipment in which nuclear chain
reactions can be harnessed to produce energy in a controlled way.

Learning Objectives

Describe the nuclear chain reaction process utilized in most nuclear reactors

Key Takeaways

Key Points

The heat produced by a nuclear reaction is removed from the reactor core by a cooling system that
generates steam. The steam drives a turbine which runs a generator to produce electricity.
When a fissile atomic nucleus absorbs a neutron, it may undergo fission.
In a nuclear reactor, the neutron population at any instant is a function of the rate of neutron production
and the rate of neutron loss.

Key Terms

critical: Of the point (in temperature, reagent concentration etc. ) where a nuclear or chemical reaction
becomes self-sustaining.
neutron moderator: A medium that reduces the speed of fast neutrons, thereby turning them into
thermal neutrons capable of sustaining a nuclear chain reaction involving uranium-235.
fissile: Capable of undergoing nuclear fission.
chain reaction: A sequence of reactions where a reactive product or by-product causes additional
reactions to take place.

Reactors and Fission
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Nuclear chain reaction: A possible nuclear fission chain
reaction. In the first step, a uranium-235 atom absorbs a
neutron, and splits into two new atoms (fission fragments),
releasing three new neutrons and a large amount of binding
energy. In the second step, one of those neutrons is absorbed
by an atom of uranium-238, and does not continue the reaction.
Another neutron leaves the system without being absorbed.
However, one neutron does collide with an atom of uranium-
235, which then splits and releases two neutrons and more
binding energy. In the third step, both of those neutrons collide
with uranium-235 atoms, each of which splits and releases a
few neutrons, which can then continue the reaction.

The energy released from nuclear fission can be harnessed to make electricity with a nuclear reactor. A nuclear
reactor is a piece of equipment where nuclear chain reactions can be controlled and sustained. The reactors use
nuclear fuel, most commonly uranium-235 and plutonium-239. The amount of free energy in nuclear fuels is far
greater than the energy in a similar amount of other fuels such as gasoline. In many countries, nuclear power is
seen as an environmentally friendly alternative to fossil fuels, which are non-renewable and release large amounts
of greenhouse gases. However, nuclear reactors produce nuclear waste containing radioactive elements.

The Chain Reaction

When a large, fissile atomic nucleus such as uranium-235 or plutonium-239 absorbs a neutron, it may undergo
nuclear fission. The nucleus splits into two or more lighter nuclei, releasing kinetic energy, gamma radiation, and
free neutrons. A portion of these neutrons may later be absorbed by other fissile atoms and trigger further fission
events, which release more neutrons, and so on. This is known as a nuclear chain reaction.

This chain reaction can be controlled using neutron
poisons and neutron moderators to change the portion of
neutrons that can cause more fissions. A neutron
moderator works to reduce a newly produced neutron’s
kinetic energy from several MeV to thermal energies of
less than one eV, making them more likely to induce
further fission.

Nuclear reactors generally have automatic and manual
systems to shut the fission reaction down if unsafe
conditions are detected. The amount and nature of
neutron moderation affects reactor controllability and
safety. Since moderators both slow and absorb neutrons,
there is an optimum amount of moderator to include in a
given geometry of reactor core.

Criticality

In a nuclear reactor, the neutron population at any instant
is a function of the rate of neutron production and the rate
of neutron loss. When a reactor’s neutron population
remains steady from one generation to the next by
creating as many new neutrons as are lost, the fission
chain reaction is self-sustaining and the reactor’s
condition is referred to as ” critical.” When the reactor’s
neutron production exceeds losses, characterized by
increasing power level, it is considered “supercritical.”
When losses dominate, it is considered “subcritical” and
exhibits decreasing power.

The mere fact that an assembly is supercritical does not
guarantee that it contains any free neutrons at all. At least
one neutron is required to “strike” a chain reaction, and if
the spontaneous fission rate is sufficiently low, it may take
a long time before a chance neutron encounter starts a
chain reaction—even if the reactor is supercritical. In 235U
reactors, this time might be a long as many minutes. Most
nuclear reactors include a “starter” neutron source that
ensures a few free neutrons in the reactor core, so a
chain reaction will occur immediately when the core is
made critical. A common type of startup neutron source is
a mixture of an alpha particle emitter such as 241Am
(americium-241) with a lightweight isotope such as 9Be
(beryllium-9).
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Generating Electricity

Just as many conventional thermal power stations generate electricity by harnessing the thermal energy released
from burning fossil fuels, nuclear power plants convert the energy released from nuclear fission. The heat is
removed from the reactor core by a cooling system that generates steam. The steam drives a turbine which runs a
generator to produce electricity.
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NUCLEAR FUSION

Nuclear Fusion
Nuclear fusion is the process by which two or more atomic nuclei join together to form a single heavier nucleus and
large amounts of energy.

Learning Objectives

Describe the electrostatic and strong nuclear forces and how they act to oppose or promote a fusion reaction

Key Takeaways

Key Points

The origin of the energy released in fusion of light elements is due to an interplay of two opposing forces:
the nuclear force that draws together protons and neutrons, and the Coulomb force that causes protons
to repel each other.
Fusion reactions of light elements power the stars and produce virtually all elements in a process called
nucleosynthesis.
A substantial energy barrier of electrostatic forces must be overcome before fusion can occur.

Key Terms

nuclear binding energy: The energy required to split a nucleus of an atom into its component parts.
nucleon: One of the subatomic particles of the atomic nucleus, i.e. a proton or a neutron.
nucleosynthesis: Any of several processes that lead to the synthesis of heavier atomic nuclei.
nuclear force: The force that acts between nucleons and binds protons and neutrons into atomic nuclei;
the residual strong force.
nuclear fusion: A reaction in which two or more atomic nuclei collide at very high speed and join to form
a new type of atomic nucleus

Nuclear Fusion

Nuclear fusion is the process by which two or more atomic nuclei join together, or “fuse,” to form a single heavier
nucleus. During this process, matter is not conserved because some of the mass of the fusing nuclei is converted to
energy, which is released. Fusion is the process that powers active stars, releasing large quantities of energy.

The origin of the energy released in fusion of light elements is due to an interplay of two opposing forces: the
nuclear force that draws together protons and neutrons, and the Coulomb force that causes protons to repel each
other. The protons are positively charged and repel each other, but they nonetheless stick together, demonstrating
the existence of another force referred to as nuclear attraction. This force, called the strong nuclear force,
overcomes electric repulsion in a very close range.

Fusion and Strong Nuclear Force
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The effect of nuclear force is not observed outside the nucleus, hence the force has a strong dependence on
distance; it a short-range force. The same force also pulls the nucleons, or neutrons and protons, together. The
nuclear force is stronger than the Coulomb force for atomic nuclei smaller than iron, so building up these nuclei from
lighter nuclei by fusion releases the extra energy from the net attraction of these particles. For larger nuclei, no
energy is released, since the nuclear force is short-range and cannot continue to act across an even larger atomic
nuclei. Therefore, energy is no longer released when such nuclei are made by fusion; instead, energy is absorbed.

Examples of Fusion

Fusion reactions of light elements power the stars and produce virtually all elements in a process called
nucleosynthesis. The fusion of lighter elements in stars releases energy, as well as the mass that always
accompanies it. For example, in the fusion of two hydrogen nuclei to form helium, seven-tenths of one percent of the
mass is carried away from the system in the form of kinetic energy or other forms of energy, like electromagnetic
radiation.

Requirements

A substantial energy barrier of electrostatic forces must be overcome before fusion can occur. At large distances,
two nuclei repel one another because of the repulsive electrostatic force between their positively charged protons. If
two nuclei can be brought close enough together, however, the electrostatic repulsion can be overcome by the
attractive nuclear force, which is stronger at close distances.

Nuclear fusion forces diagram: At nucleus radii distances, the attractive nuclear force is stronger than the
repulsive electrostatic force. Therefore, the main technical difficulty for fusion is getting the nuclei close enough
to fuse.

When a nucleon is added to a nucleus, the nuclear force attracts it to other nucleons, but primarily to its immediate
neighbors due to the short range of the force. The nucleons in the interior of a nucleus have more neighboring
nucleons than do those on the surface. The binding energy per nucleon generally increases with the size of the
nucleus but approaches a limiting value corresponding to that of a nucleus with a diameter of about four nucleons.

The electrostatic force, on the other hand, is dependent upon the inverse-square of the distance between two like-
charged particles, so a proton added to a nucleus will feel an electrostatic repulsion from all the other protons in the
nucleus. The electrostatic energy per nucleon increases without limit as nuclei get larger due to the electrostatic
force.

Fusion Reactors

A fusion reactor is designed to use the thermal energy from nuclear fusion to produce electricity.

Learning Objectives
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State the Lawson criterion for a fusion reactor to be viable

Key Takeaways

Key Points

In fusion reactions, two light atomic nuclei fuse together to form a heavier nucleus and release a large
amount of energy.
The basic concept behind any fusion reaction is to bring two light nuclei close enough so the residual
strong force (nuclear force) in their nuclei will pull them together.
The fused nuclei of two smaller atoms form a single nucleus with a slightly smaller mass, providing
energy according to E = mc2.
Fusion between the nuclei is opposed by the repulsive positive electrical charge common to all nuclei
because they contain protons.

Key Terms

plasma: A state of matter consisting of partially ionized gas.

Reviewing Fusion

Fusion power is the power generated by nuclear fusion processes. In fusion reactions, two light atomic nuclei fuse
together to form a heavier nucleus. In doing so, they release a comparatively large amount of energy that arises
from the binding energy, creating an increase in temperature of the reactants. To harness fusion power, a fusion
reactor must be built to turn the energy released by fusion into electricity.

Harnessing Fusion Power

The term “fusion power” is commonly used to refer to potential commercial production of net usable power from a
fusion source, similar to the usage of the term “steam power.” Heat from the fusion reactions is used to operate a
steam turbine which in turn drives electrical generators. This is similar to the process used in fossil fuel and nuclear
fission power stations.

Con�icting Energies

The basic concept behind any fusion reaction is to bring two or more nuclei close enough so that the residual strong
force (nuclear force) in their nuclei will pull them together into one larger nucleus. Fusion between the nuclei is
opposed by the repulsive positive electrical charge common to all nuclei because they contain protons. To overcome
this electrostatic force, or “Coulomb barrier,” the kinetic energy of the atoms must be increased. The easiest way to
do this is to heat the atoms, which has the side effect of stripping their electrons and leaving them as bare nuclei.

Fusion and Energy Concerns

If two light nuclei fuse, they will generally form a single nucleus with a slightly smaller mass than the sum of their
original masses; this is not true in every case, though. The difference in mass is released as energy according to
Albert Einstein’s mass-energy equivalence formula, E = mc2. If the input nuclei are sufficiently massive, the resulting
fusion product will be heavier than the sum of the reactants’ original masses, in which case the reaction requires an
external source of energy. The dividing line between “light” and “heavy” is iron-56. Above this atomic mass, energy
will generally be released by nuclear fission reactions; below this mass, energy will be released by fusion.

In most experiments, the nuclei and electrons are left in a fluid known as a plasma, which is a state of matter that
occurs when a gas is heated to extreme temperatures. The temperatures required to provide the nuclei with enough
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n + 14.1 MeV

H22 H33

He + 3.5 MeV44

Fusion of deuterium with tritium: When 2-H
and 3-H are fused, they produce 4-He, a
neutron, and 14.1 MeV of energy, due to the
conversion of mass into energy. This is
because the rest of mass of helium and a
neutron combined is less than the rest mass of
deuterium and tritium combined, providing
energy according to E=mc2.

energy to overcome their repulsion is a function of the total charge. Therefore, hydrogen, which has the smallest
nuclear charge, fuses at the lowest temperature, and is often used as fuel. Helium has an extremely low mass per
nucleon and therefore is energetically favored as a fusion product. As a consequence, most fusion reactions
combine isotopes of hydrogen (protium, 1H; deuterium, 2H or D; and tritium, 3H or T) to form isotopes of helium (3He
or 4He) as the fusion end product.

Fuel cycles

The choice of fuel for a fusion reactor is dictated by a term called the Lawson criterion. It was first derived for fusion
reactors by John D. Lawson in 1955, and published in 1957. The Lawson criterion is an important general measure
of a system that defines the conditions needed for a fusion reactor to reach ignition. Namely, the heating of the
plasma by the products of the fusion reactions must be sufficient to maintain the temperature of the plasma against
all losses without external power input.

According to the Lawson criterion, the easiest and most immediately promising nuclear reaction for fusion power is:

Hydrogen-2, called deuterium, is a naturally occurring isotope of
hydrogen and is commonly available. The large mass ratio of the
hydrogen isotopes makes their separation easy compared to the difficult
uranium enrichment process. Hydrogen-3, called tritium, is also an
isotope of hydrogen, but it occurs naturally in only negligible amounts
due to its half-life of 12.32 years. Consequently, the deuterium-tritium
fuel cycle requires the breeding of tritium from lithium using one of the
following reactions:

The reactant neutron is supplied by the D-T fusion reaction shown
earlier. It is the one that has the greatest yield of energy. The reaction
with 6Li is exothermic, providing a small energy gain for the reactor. The
reaction with 7Li is endothermic but does not consume the neutron. At
least some 7Li reactions are required to replace the neutrons lost to
absorption by other elements.

The Hydrogen Bomb

The hydrogen bomb is a nuclear weapon that uses a mixture of fission
and fusion to produce a massive explosion.

Learning Objectives

Recognize the components of a hydrogen bomb

Key Takeaways

Key Points

A thermonuclear weapon is a nuclear weapon design that uses the heat generated by a fission bomb to
compress a nuclear fusion stage.

The basic principle of the Teller–Ulam configuration, the most common configuration of hydrogen bombs,

D + T → He + n2
1  31  42  10

n   +   Li →   T  +   He1
0  63  31  42

n   +   Li →   T  +   He n1
0  73  31  42 +1

0
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The basic principle of the Teller–Ulam configuration, the most common configuration of hydrogen bombs,
is the idea that different parts of a thermonuclear weapon can be chained together in “stages,” with the
detonation of each stage providing the energy necessary to ignite the next stage.
The nuclear fusion in an H-bomb releases neutrons much faster than a fission reaction, and these
neutrons then bombard the remaining fissile fuel, causing it to undergo fission much more rapidly.

Key Terms

thermonuclear: Of, or relating to, the fusion of atomic nuclei at high temperatures. Also, relating to the
use of atomic weapons based on such fusion.
fusion: A nuclear reaction in which nuclei combine to form more massive nuclei with the concomitant
release of energy and often neutrons.

Thermonuclear Weapons

A thermonuclear weapon is a nuclear weapon designed to use the heat generated by a fission bomb to compress a
nuclear fusion stage. This indirectly results in a greatly increased energy yield, i.e., the bomb’s “power.” This type of
weapon is referred to as a hydrogen bomb, or H-bomb, because it employs hydrogen fusion. Oddly, in most
applications, the majority of its destructive energy comes from uranium fission, not hydrogen fusion alone. The
fusion stage in these types of weapons is required in order to efficiently create the large quantities of fission that are
characteristic of most thermonuclear weapons.

Features of a Hydrogen Bomb

The essential features of a mature, thermonuclear weapon design, which officially remained secret for nearly three
decades, are the following:

1. First, the stages of the weapon are separated into a triggering, primary explosive and a much more powerful
secondary explosive.

2. After this, the secondary explosive is compressed by X-rays coming from the nuclear fission of the primary
explosive. This process is called the “radiation implosion” of the secondary explosive.

3. Finally, the secondary explosive is heated, after cold compression, by a second fission explosion that occurs
inside the secondary explosive.

The most common bomb design that employs these features is called the Teller-Ulam configuration. It should be
noted that no hydrogen bomb has ever been used during the course of an actual war. The only two nuclear
weapons that have been used were both fission-based.

The most important principle of the Teller–Ulam configuration is the idea that different parts of a thermonuclear
weapon can be chained together in “stages,” in which the detonation of each stage provides the energy necessary
to ignite the next stage. At a bare minimum, this includes a primary section, which consists of a fission bomb (a
“trigger”) and a secondary section which consists of fusion fuel. The energy released by the primary section
compresses the secondary through a process called “radiation implosion,” at which point it is heated and undergoes
nuclear fusion.

The nuclear fusion releases neutrons much faster than a fission reaction, and these neutrons then bombard the
remaining fissile fuel, causing it to undergo fission much more rapidly. As such, the main explosive force for the
explosion still arises from a fission reaction, but the neutron source for it arises from fusion.

Due to the staged design, it is thought that a tertiary section, again comprised of fusion fuel, could be added after
the first two stages, based on the same principle that governs the secondary. A different design, the AN602 “Tsar
Bomba,” is thought to have been a three-stage device.
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Teller-Ulam device, a fusion nuclear bomb: The basics of the Teller–Ulam design for a 
thermonuclear weapon. Radiation from a primary fission bomb compresses a secondary 
section containing both fission and fusion fuel. The compressed secondary is heated from 
within by a second fission explosion.
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USE OF ISOTOPES

Structural Determination
Structural determination using isotopes is often performed using nuclear magnetic resonance spectroscopy and
mass spectrometry.

Learning Objectives

Identify the uses of isotopic labeling in structural determination and the primary techniques used to study
isotopically-labeled molecules

Key Takeaways

Key Points

Nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) detect isotopic
differences; this allows the position of labeled atoms in a product ‘s structure to be determined.
Isotopic labeling is a technique used to track the passage of an isotope through a reaction, metabolic
pathway, or cell.
With information about the position of isotopic atoms in products, the reaction pathway can also be
determined.

Key Terms

mass spectrometry: An analytical technique that measures the mass:charge ratio of the ions formed
when a molecule or atom is ionized, vaporized, and introduced to a vacuum; may also involve breaking
molecules into fragments, enabling structure to be determined.
nuclear magnetic resonance: The absorption of electromagnetic radiation (radio waves), at a specific
frequency, by an atomic nucleus placed in a strong magnetic field; used in spectroscopy and in magnetic
resonance imaging.
isotope: Any of two or more forms of an element where the atoms have the same number of protons but
a different number of neutrons; the forms have the same atomic number but a different mass number.

Structural determination utilizing isotopes is often performed using two analytical techniques: nuclear magnetic
resonance spectroscopy (NMR) and mass spectrometry (MS).

Nuclear Magnetic Resonance Spectroscopy

NMR analysis is isotope-dependent, and it often relies on trace isotopes of a molecule for detection. For example,
the most abundant isotope of carbon, C-12, is invisible to NMR, whereas the minor isotope C-13 is NMR active, but
only comprises 1.1 percent of a given sample of carbon. By replacing C-12 in a molecule with C-13, NMR analysis
of that position is greatly enhanced. Similarly, H-1 is an NMR active nucleus, whereas H-2 is NMR invisible, so it is
possible to determine where a specific hydrogen atom is by replacing it with H-2 and watching for the
disappearance of the corresponding signal.
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Isotopic labeling: A carbon-13 labeled precursor was used to track the position of an
atom through a reaction.

Mass Spectrometry

Mass spectrometry is a technique for determining the molecular weight of an ionized molecule and fragments of the
molecule that appear when the molecule is ionized. The addition of an isotope will change the observed mass of the
parent ion—the molecule that is ionized and does not fragment. Adding an isotope will also change the observed
mass of any fragment which contains the isotope. If a fragment does not contain the isotope, then its mass will not
be changed. This can reveal information about the position of an isotope in a molecule.

Isotopic Labeling

Isotopic labeling is used to track the passage of an isotope through a reaction, metabolic pathway, or cell. This leads
to information about not only the identity of the reaction product, but also provides information about the mechanism
of the reaction or biochemical pathway. This method is commonly used in organic chemistry and biochemistry. The
reactant is ‘labeled’ by replacing specific atoms with their isotope. The reaction is allowed to occur and the position
of the isotopes in the products is measured; this shows the sequence that the isotopic atom followed during the
reaction.

In isotopic labeling, there are multiple
ways to detect the presence of
labeling isotopes: mass, vibrational
mode, or radioactive decay. Mass
spectrometry and nuclear magnetic
resonance detect the difference in an
isotope’s mass, while infrared
spectroscopy detects the difference
in the isotope’s vibrational modes.
The radioactive decay can be
detected through an ionization
chamber or autoradiographs of gels.

An isotopic tracer is used in
chemistry and biochemistry to help
understand chemical reactions and
interactions. In this technique, one or
more atoms of a molecule are
substituted for a different isotope of
the same chemical element. Since
the labeled atom—the isotope—has
the same number of protons and
electrons, it will behave in almost
exactly the same way as its
unlabeled counterpart. It will not
interfere with the reaction being
studied. The difference in the number
of neutrons, however, means that it
can be detected separately from the
other atoms of the same element.

Nuclear magnetic resonance and mass spectrometry are used to investigate the mechanisms of chemical reactions.
NMR and MS detect isotopic differences; detecting these differences allows information about the position atoms in
a product’s structure to be determined. With information about the position of isotopic atoms in products, the
reaction pathway can also be determined.

Study of Photosynthesis
Mass spectrometry has been used to study the ratio of carbon isotopes in various plants to understand the
mechanisms of photosynthesis.
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Learning Objectives

Describe the use of radioactive isotopes in the study of photosynthesis

Key Takeaways

Key Points

The quantities of different isotopes can be measured by mass spectrometry and compared to a standard.
Mass spectrometry has been used to study the ratio of isotopes in various plants to understand the
mechanisms of photosynthesis.
Plants that follow C3 photosynthetic pathways have ratios of carbon isotopes that differ from those that
follow C4 pathways.

Key Terms

mass spectrometry: An analytical technique that measures the mass:charge ratio of the ions formed
when a molecule or atom is ionized, vaporized, and introduced into a vacuum; may also involve breaking
molecules into fragments, enabling structure to be determined.
photosynthesis: The process by which plants and other photoautotrophs generate carbohydrates and
oxygen from carbon dioxide, water, and light energy; performed in chloroplasts.
isotope: Any of two or more forms of an element where the atoms have the same number of protons but
a different number of neutrons; forms have the same atomic number but a different mass number.

Isotopes in Photosynthesis

Mass spectrometry has been used to study the ratio of isotopes in various plants to understand the mechanisms of
photosynthesis. For example, in laboratory experiments, labeling the atmosphere with oxygen -18 allows us to
measure the oxygen uptake by the photorespiration pathway.

6CO2
Carbon dioxide

6H2
Water

O C6
Sugar

Light H12O6 6O2
Oxygen

Photosynthetic equation: Oxygenic photosynthesis, explained in an equation.

Stable carbon isotopes in carbon dioxide are utilized differentially by plants during photosynthesis. C3 carbon
fixation is a metabolic pathway that converts carbon dioxide and ribulose bisphosphate into 3-phosphoglycerate.
This reaction occurs in all plants as the first step of the Calvin cycle. In C4 plants, carbon dioxide is drawn out of
malate and into this reaction rather than being drawn directly from the air.

Grasses in temperate environments, such as barley, rice, and wheat, follow a C3 photosynthetic pathway that yields
distinctive isotopic ratios. Grasses in hot, arid environments, specifically maize, but also millet, sorghum, sugar
cane, and crabgrass, follow a C4 photosynthetic pathway that produces higher ratios of 13C to 12C.

Eating different plants affects the 13C values in the consumer’s body tissues. Case studies show that millet and
maize eaters can easily be distinguished from rice and wheat eaters. Studying the geographical distribution of
dietary preferences through time can illuminate migration paths of people and dispersal paths of different
agricultural crops.

836



Isotopes in Medicine

Nuclear medicine is a medical specialty that involves the application of radioactive substances to diagnose or treat
disease.

Learning Objectives

Describe the use of radioactive isotopes in medicine

Key Takeaways

Key Points

Nuclear medicine is a medical specialty that involves the application of radioactive substances to
diagnose or treat disease.
Nuclear medicine can be used for image physiological functions.
In addition to imaging, radionuclide therapy can be used to treat conditions such as hyperthyroidism,
thyroid cancer, and blood disorders.
Common isotopes that are used in nuclear imaging include: fluorine-18, gallium-67, krypton-81m,
rubidium-82, nitrogen-13, technetium-99m, indium-111, iodine-123, xenon-133, and thallium-201.

Key Terms

nuclear medicine: The branch of medicine that uses radioactive isotopes in the diagnosis and treatment
of disease.
radiopharmaceutical: Any radioactive substance used as a pharmaceutical.
physiological: Of, or relating to, the science of the function of living systems.

Nuclear medicine is a medical specialty that involves the application of radioactive substances in the diagnosis and
treatment of a disease.

In nuclear medicine procedures, radionuclides are combined with other elements to form chemical compounds.
These radiopharmaceuticals, once administered to the patient, can localize to specific organs or cellular receptors.
This property of radiopharmaceuticals allows nuclear medicine the ability to image the extent of a disease process
in the body. These images are based on cellular function and physiology, rather than on physical changes in the
tissue anatomy. Therefore, with some diseases, nuclear medicine studies can identify medical problems at an
earlier stage than other diagnostic tests.

Diagnosis

In nuclear medical imaging, radiopharmaceuticals are taken internally, either intravenously or orally. After this,
external detectors capture and form images from the radiation that is emitted by the radiopharmaceuticals. This
process is unlike a diagnostic X-ray, where external radiation is passed through the body to form an image. Nuclear
medicine differs from most other imaging in that diagnostic tests primarily show the physiological function of the
system being investigated, as opposed to traditional anatomic imaging, such as CT or MRI.

Common isotopes that are used in nuclear imaging include: fluorine-18, gallium-67, krypton-81m, rubidium-82,
nitrogen-13, technetium-99m, indium-111, iodine-123, xenon-133, and thallium-201.

Treatment

In addition to imaging, radionuclide therapy can be used to treat conditions such as hyperthyroidism, thyroid cancer,
and blood disorders. The radiopharmaceuticals used in nuclear medicine therapy emit ionizing radiation that travels
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Iodine-123 whole-body scan: These images are scans used in the evaluation
of thyroid cancer using the isotope iodine-123.

only a short distance. This thereby
minimizes unwanted side effects and
damage to noninvolved organs or nearby
structures. For this type of therapy, yttrium-
90 and iodine-131 are the most commonly
used isotopes.
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EFFECTS OF RADIATION ON LIFE

Acute Radiation Damage
Acute radiation syndrome or damage describes health effects present within 24 hours of exposure to high amounts
of ionizing radiation.

Learning Objectives

Recall the cause, symptoms of, and treatment for acute radiation poisoning

Key Takeaways

Key Points

Radiation sickness is caused by exposure to a large dose of ionizing radiation over a short period of time.
Relatively smaller doses of radiation result in gastrointestinal effects, while larger doses can result in
neurological effects and rapid death.
Treatment of acute radiation syndrome is generally supported with blood transfusions and antibiotics.

Key Terms

ionizing radiation: High-energy radiation that is capable of causing ionization in substances through
which it passes; also includes high-energy particles.

Acute radiation syndrome, also known as radiation poisoning, radiation sickness, or radiation toxicity, is a
constellation of health effects that are present within 24 hours of exposure to high amounts of ionizing radiation,
which can last for several months. The term acute refers to immediate medical problems rather than ones that
develop after a prolonged period.

Radiation sickness is caused by exposure to a large dose of ionizing radiation over a short period of time, typically
greater than about 0.1 Gy/h. This might be the result of a nuclear explosion, a criticality accident, a radiotherapy
accident, escape of radioactive waste, human error in a nuclear reactor, etc.

Radiation Symptoms

The onset and type of symptoms depends on the radiation exposure. Relatively smaller doses result in
gastrointestinal effects, such as nausea and vomiting, and symptoms related to falling blood counts, such as
infection and bleeding. Relatively larger doses can result in neurological effects and rapid death. Treatment of acute
radiation syndrome is generally supportive with blood transfusions and antibiotics.

Similar symptoms may appear months to years after exposure as chronic radiation syndrome when the dose rate is
too low to cause the acute form. Radiation exposure can also increase the probability of developing some other
diseases, mainly different types of cancers. These diseases are sometimes referred to as radiation sickness, but
they are never included in the term acute radiation syndrome.
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A survivor of acute radiation syndrome: A
photograph of an 11-year-old girl, who was 2
kilometers away from the Hiroshima bombing site,
recovering from acute radiation syndrome.

Classically, acute radiation syndrome is divided into three main
presentations: hematopoietic (affecting the bone marrow),
gastrointestinal (following radiation exposure to the stomach and
intestines), and neurological/vascular (after exposure to the brain).
The speed of onset of symptoms is related to radiation exposure,
with greater doses resulting in a shorter delay in symptom onset.

The best prevention for radiation sickness is to minimize the
exposure dose or to reduce the dose rate.

Increased Cancer Risk from Radiation

Up to 10 percent of invasive cancers are related to radiation
exposure, including both ionizing radiation and non-ionizing
radiation.

Learning Objectives

Recognize the relationship between radiation exposure and one’s chance of acquiring cancer

Key Takeaways

Key Points

Exposure to ionizing radiation is known to increase the future incidence of cancer, particularly leukemia.
Incorrectly repairing damage due to radiation exposure can result in morphological changes to the cell,
acquisition of cellular immortality, and adaptations that favor tumor formation.
Decades may elapse between radiation exposure and the detection of cancer.

Key Terms

sievert: The amount of 1 joule of radiation energy deposited in 1 kilogram of human tissue.
melanoma: A dark-pigmented, usually malignant tumor arising from a melanocyte and occurring most
commonly in the skin.
ionizing radiation: High-energy radiation that is capable of causing ionization in substances through
which it passes; also includes high-energy particles.

Up to 10 percent of invasive cancers are related to radiation exposure, including both ionizing radiation and non-
ionizing radiation. Additionally, the vast majority of non-invasive cancers are non-melanoma skin cancers caused by
non-ionizing ultraviolet radiation.

Exposure to ionizing radiation is known to increase the future incidence of cancer, particularly leukemia. This
association is based largely on studies of Japanese atomic bomb survivors. The relationship between cancer risk
and radiation dose for that group was shown to be directly proportional.

The mechanism by which this occurs is well understood, but quantitative models that aim to predict the level of risk
remain controversial. The most widely accepted model posits that the incidence of cancer due to ionizing radiation
increases linearly with effective radiation dose at a rate of 5.5 percent per sievert. If the linear model is correct,
natural background radiation is the most hazardous source of radiation to the general public health, followed closely
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Cancer risk by radiation dose: An increased risk of cancer has
been shown to correlate with radiation dose. One example of this
connection is shown here for Japanese survivors of the atomic bomb.

by medical imaging. Cancer is a stochastic effect of
radiation, meaning that the probability of occurrence
increases with effective radiation dose, but the
severity of the cancer is independent of dose.

Cancer starts with a single cell whose operation is
disrupted. Direct and indirect damage eventually
impact chromosomes and epigenetic factors that
control the gene expression. Cellular mechanisms
will repair some of this damage, but some of these
repairs will be incorrect, and chromosomal
abnormalities will turn out to be irreversible. The
development of cancer can be divided into three
major stages: morphological changes to the cell,
acquisition of cellular immortality, and adaptations
that favor tumor formation.

Decades may elapse between radiation exposure
and detection of cancer.

Genetic Defects from Radiation

Ionizing radiation from fallout can cause genetic effects, birth defects, cancer, cataracts, and other organ and tissue
defects.

Learning Objectives

Recognize the name of the genetic defect that has been shown to be caused by acute radiation exposure during
pregnancy

Key Takeaways

Key Points

By directly or indirectly ionizing, radiation can cause changes in a cell’s ability to conduct repair and
reproduction.
Exposure to even relatively low doses of radiation has been shown to generate genetic damage in the
progeny of irradiated rodents.
In humans, microcephaly is the only proven malformation, or congenital abnormality, found in the
developing human fetuses present during the Hiroshima and Nagasaki bombings.

Key Terms

congenital: Present since birth.
ionizing radiation: High-energy radiation that is capable of causing ionization in substances through
which it passes; also includes high-energy particles.
microcephaly: A neurological disorder which causes the affected person to have an abnormally small
head due to a failure of brain growth.

The medical effects of a nuclear blast upon humans can be put into four categories:

Initial stage: the first 1–9 weeks; the period with the greatest number of deaths—90 percent due to thermal
injury and/or blast effects and 10 percent due to super-lethal radiation exposure.
Intermediate stage: from 10–12 weeks; deaths in this period are from ionizing radiation in the median lethal
range.

Late period: lasting from 13–20 weeks; this period shows some improvement in survivors’ conditions.
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Late period: lasting from 13–20 weeks; this period shows some improvement in survivors’ conditions.
Delayed period: from 20+ weeks; characterized by a variety of complications.

Ionizing radiation from fallout can cause genetic effects, birth defects, cancer, cataracts, and other organ and tissue
defects. By directly or indirectly ionizing, radiation can affect a cell’s ability to conduct repair and reproduction.
Exposure to even relatively low doses of radiation has been shown to generate genetic damage in the progeny of
irradiated rodents. This damage can accumulate over several generations.

In humans, microcephaly is the only proven malformation, or congenital abnormality, found in the developing human
fetuses present during the Hiroshima and Nagasaki bombings. No statistically demonstrable increase in congenital
malformations was found among the later-conceived children born to survivors of the nuclear weapons at Hiroshima
and Nagasaki. Surviving women of Hiroshima and Nagasaki—even those exposed to substantial amounts of
radiation—had children with no higher incidence of abnormalities than the Japanese average.

Microcephaly: MRIs of a normal individual (left) and a patient with microcephaly (right).

Measuring Radiation Exposure
Radiation dosimetry is the measurement and calculation of the absorbed dose from exposure to indirect and direct
ionizing radiation.

Learning Objectives

Define the terms used to define radiation exposure, the gray (Gy) and sievert (Sv)

Key Takeaways

Key Points

Radiation dosimetry is the measurement and calculation of the absorbed dose in matter and tissue
resulting from exposure to indirect and direct ionizing radiation.
Dose is reported in gray (Gy) for matter or sieverts (Sv) for biological tissue.
There are several ways of measuring doses from ionizing radiation, including personal dosimeters and
ionization chambers.

Key Terms

dosimetry: The measurement of doses, especially of ionizing radiation.
joule: The derived SI unit of energy, work, and heat; equal to the energy of one watt of power for a
duration of one second; symbol: J.
sievert: The derived SI unit of radiation dose that is a measure of the health effect of low levels of
ionizing radiation on the human body. Symbol: Sv.
gray: The derived SI unit of radiation dose defined as the absorption of one joule of radiation energy by
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gray: The derived SI unit of radiation dose defined as the absorption of one joule of radiation energy by
one kilogram of matter. Symbol: Gy.

Radiation dosimetry is the measurement and calculation of the absorbed dose in matter and tissue resulting from
exposure to indirect and direct ionizing radiation. It is a scientific subspecialty in the fields of health physics and
medical physics that is focused on the calculation of internal and external doses from ionizing radiation.

Gray vs. Sieverts

Dose is reported in gray (Gy) for matter or sieverts (Sv) for biological tissue, where 1 Gy or 1 Sv is equal to 1 joule
per kilogram. Non-SI units are still prevalent as well, where dose is often reported in rads, and dose equivalent in
rems.

Radiation dose refers to the amount of energy deposited in matter and/or biological effects of radiation. It should not
be confused with the unit of radioactive activity, the becquerel (Bq). Exposure to a radioactive source will give a
dose that is dependent on the activity, time of exposure, energy of the radiation emitted, distance from the source,
and shielding. The equivalent dose is then dependent upon these weighting factors. Dose is a measure of deposited
dose, and therefore can never go down.

Tools for Measuring Ionizing Radiation

The worldwide average background dose for a human being is about 3.5 mSv per year, mostly from cosmic
radiation and natural isotopes in the earth. There are several ways of measuring doses from ionizing radiation,
including personal dosimeters and ionization chambers. There are a number of types of wearable dosimeters:
quartz fiber, film badge, thermoluminescent, and solid state. People use these dosimeters to keep track of exposure,
typically if they expect to come in contact with radioactive substances as part of their jobs.

Dosimeter: Photo of a direct-reading dosimeter.
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NONMETALLIC ELEMENTS

PROPERTIES OF NONMETALS

Atomic Size
Atomic radii generally decrease along each period (row) of the periodic table and increase down each group
(column).

Learning Objectives

Discuss the trend of atomic size in the periodic table.

Key Takeaways

Key Points

Atomic radii vary predictably across the periodic table. For instance, the radii generally decrease along
each period (row) of the table from left to right and increase down each group (column).
As the atomic number increases along each row of the periodic table, the additional electrons go into the
same outermost shell, causing the atomic radius to decrease due to the increasing nuclear charge.
When moving down a group of the periodic table, the atomic radius increases because of the presence of
additional principal energy levels, which are further away from the nucleus.

Key Terms

noble gas: Any of the elements of group 18 of the periodic table, being monoatomic and (with very
limited exceptions) inert.
period: A horizontal row in the periodic table, which signifies the total number of electron shells in an
element’s atom.
atomic radius: A measure of the size of an atom. Assuming atoms have a spherical shape, the radius of
the sphere describes the size of the atom.

The atomic radius of a chemical element is a measure of the size of its atoms. It represents the mean distance from
the nucleus to the boundary of the surrounding cloud of electrons.

Atomic radii vary in a predictable manner across the periodic table. Radii generally decrease along each period
(row) of the table from left to right and increase down each group (column). These trends in atomic radii (as well as
trends in various other chemical and physical properties of the elements) can be explained by considering the
structure of the atom.
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Atomic Sizes (Radii): The atomic size trends across a period and down a group (‘family’ in
this figure) of the periodic table are shown in this figure.

Moving Across the Periodic Table

As the atomic number increases along each row of the periodic table, the additional electrons go into the same
outermost principal energy level (also known as valence level). This can be predicted to lead to

1. an increase in atomic size because of additional repulsions between electrons,
2. a decrease in size because of the additional protons in the nucleus,
3. no effect at all as the two opposing tendencies of electron repulsion and nuclear attraction balance each

other out.

Experiments have shown that the first case is what happens: the increase in nuclear charge overcomes the
repulsion between the additional electrons in the valence level. Therefore, the size of atoms decreases as one
moves across a period from left to right in the periodic table.

Moving Down the Periodic Table

The principal energy levels hold electrons at increasing radii from the nucleus. In a noble gas, the outermost level is
completely filled; therefore, the additional electron that the following alkali metal (Group I) possesses will go into the
next principal energy level, accounting for the increase in the atomic radius. Therefore, atomic size, or radius,
increases as one moves down a group in the periodic table.

Types of Bonds
Ionic bonds can form between nonmetals and metals, while covalent bonds form when electrons are shared
between two nonmetals.
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Learning Objectives

Describe the types of bonds formed between atoms.

Key Takeaways

Key Points

Nonmetals can form different types of bonds depending on their partner atoms. Ionic bonds form when a
nonmetal and a metal exchange electrons, while covalent bonds form when electrons are shared
between two nonmetals.
An ionic bond is a type of chemical bond formed through an electrostatic attraction between two
oppositely charged ions. Ionic bonds are formed between a cation, which is usually a metal, and an
anion, which is usually a nonmetal.
A covalent bond involves a pair of electrons being shared between atoms.
Atoms form covalent bonds in order to reach a more stable state.
A given nonmetal atom can form a single, double, or triple bond with another nonmetal. Which type of
bond is formed between the atoms depends on their numbers of valence electrons.

Key Terms

covalent bond: A type of chemical bond where two atoms are connected to each other by the sharing of
two or more electrons.
ionic bond: A type of chemical bond where two atoms or molecules are connected to each other by
electrostatic attraction.

Nonmetals can form different types of bonds depending on their partner atoms. Ionic bonds form when a nonmetal
and a metal exchange electrons, while covalent bonds form when electrons are shared between two nonmetals.

Ionic Bonds

An ionic bond is a type of chemical bond formed through an electrostatic attraction between two oppositely charged
ions. Ionic bonds are formed between a cation, which is usually a metal, and an anion, which is usually a nonmetal.
Pure ionic bonding cannot exist: all ionic compounds have some degree of covalent bonding. Thus, an ionic bond is
considered a bond where the ionic character is greater than the covalent character. The larger the difference in
electronegativity between the two atoms involved in the bond, the more ionic ( polar ) the bond is. Bonds with
partially ionic and partially covalent character are called polar covalent bonds.
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Formation of Sodium Flouride: The attraction of oppositely charged atoms and the transfer of
electrons leads to the formation of an ionic compound. In this case, NaF.

Covalent Bonds

A covalent bond involves electrons being shared between atoms. The most stable state for an atom occurs when its
valence electron shell is full, so atoms form covalent bonds, sharing their valence electrons, so that they achieve a
more stable state by filling their valence electron shell.

Polar covalent bonds

Some covalently bounded compounds have a small difference in charge along one direction of the molecule. This
difference in charge is called a dipole, and when the covalent bond results in this difference in charge, the bond is
called a polar covalent bond.

These kinds of bonds occur when the shared electrons are not shared equally between atoms. If one atom has a
higher electronegativity, the electrons will be drawn closer to the nucleus of that atom, resulting in a small net
charge around each nucleus of the atoms in the molecule.

If the atoms in the molecule have the same electronegativity (for example, if the atoms are the same, as in N2), then
the shared electrons will not be drawn towards one nucleus more than another, and the bond will be nonpolar.
Similarly, the higher the difference in electronegativity, the more unequal the sharing of electrons is between the
nuclei, and the higher the polarity of the bond.

Number of Bonds Between Covalently Bonded Atoms

A given nonmetal atom can form a single, double, or triple bond with another nonmetal. Which type of bond is
formed between the atoms depends on their numbers of valence electrons.

Comparison of Covalent and Ionic Compounds

Compounds that are built from covalent bonds have, in general, some differences in physical properties (ex.
 solubility in water, conductivity, boiling point, and melting point) when compared to ionic compounds.

The boiling and melting point of covalent compounds is, in general, higher than for ionic compounds. They are also
less soluble and conductive. A rule of thumb is that covalent compounds are more difficult to change than ionic
compounds.
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HYDROGEN

Properties of Hydrogen
Hydrogen is the smallest element, with one proton and one electron. It is highly abundant and has unique and
important chemical properties.

Learning Objectives

Indicate the different kinds of reactions hydrogen may participate in and discuss its basic properties

Key Takeaways

Key Points

Hydrogen is the lightest element and will explode at concentrations ranging from 4-75 percent by volume
in the presence of sunlight, a flame, or a spark.
Despite its stability, hydrogen forms many bonds and is present in many different compounds.
Three naturally occurring isotopes of hydrogen exist: protium, deuterium, and tritium, each with different
properties due to the difference in the number of neutrons in the nucleus.

Key Terms

diatomic: Consisting of two atoms

Physical Properties of Hydrogen

Hydrogen is the smallest chemical element because it consists of only one proton in its nucleus. Its symbol is H, and
its atomic number is 1. It has an average atomic weight of 1.0079 amu, making it the lightest element. Hydrogen is
the most abundant chemical substance in the universe, especially in stars and gas giant planets. However,
monoatomic hydrogen is rare on Earth is rare due to its propensity to form covalent bonds with most elements. At
standard temperature and pressure, hydrogen is a nontoxic, nonmetallic, odorless, tasteless, colorless, and highly
combustible diatomic gas with the molecular formula H2. Hydrogen is also prevalent on Earth in the form of
chemical compounds such as hydrocarbons and water.

Hydrogen has one one proton and one electron; the most common isotope, protium (1H), has no neutrons.
Hydrogen has a melting point of -259.14 °C and a boiling point of -252.87 °C. Hydrogen has a density of 0.08988
g/L, making it less dense than air. It has two distinct oxidation states, (+1, -1), which make it able to act as both an
oxidizing and a reducing agent. Its covalent radius is 31.5 pm.

Hydrogen exists in two different spin isomers of hydrogen diatomic molecules that differ by the relative spin of their
nuclei. The orthohydrogen form has parallel spins; the parahydrogen form has antiparallel spins. At standard
temperature and pressure, hydrogen gas consists of 75 percent orthohydrogen and 25 percent parahydrogen.
Hydrogen is available in different forms, such as compressed gaseous hydrogen, liquid hydrogen, and slush
hydrogen (composed of liquid and solid ), as well as solid and metallic forms.
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The Hydrogen Atom: Many of the hydrogen atom’s
chemical properties arise from its small size, such
as its propensity to form covalent bonds,
flammability, and spontaneous reaction with
oxidizing elements.

Chemical Properties of Hydrogen

Hydrogen gas (H2) is highly flammable and will burn in air at a very
wide range of concentrations between 4 percent and 75 percent by
volume. The enthalpy of combustion for hydrogen is -286 kJ/mol,
and is described by the equation:

Hydrogen gas can also explode in a mixture of chlorine (from 5 to
95 percent). These mixtures can explode in response to a spark,
heat, or even sunlight. The hydrogen autoignition temperature (the
temperature at which spontaneous combustion will occur) is 500 °C.
Pure hydrogen- oxygen flames emit ultraviolet light and are invisible
to the naked eye. As such, the detection of a burning hydrogen leak
is dangerous and requires a flame detector. Because hydrogen is
buoyant in air, hydrogen flames ascend rapidly and cause less
damage than hydrocarbon fires. H2 reacts with oxidizing elements,
which in turn react spontaneously and violently with chlorine and
fluorine to form the corresponding hydrogen halides.

H2 does form compounds with most elements despite its stability.
When participating in reactions, hydrogen can have a partial
positive charge when reacting with more electronegative elements such as the halogens or oxygen, but it can have
a partial negative charge when reacting with more electropositive elements such as the alkali metals. When
hydrogen bonds with fluorine, oxygen, or nitrogen, it can participate in a form of medium-strength noncovalent
(intermolecular) bonding called hydrogen bonding, which is critical to the stability of many biological molecules.
Compounds that have hydrogen bonding with metals and metalloids are known as hydrides.

Oxidation of hydrogen removes its electron and yields the H+ ion. Often, the H+ in aqueous solutions is referred to
as the hydronium ion (H3O+). This species is essential in acid-base chemistry.

Hydrogen Isotopes

Hydrogen naturally exists as three isotopes, denoted 1H, 2H, and 3H. 1H occurs at 99.98 percent abundance and
has the formal name protium. 2H is known as deuterium and contains one electron, one proton, and one neutron
(mass number = 2). Deuterium and its compounds are used as non-radioactive labels in chemical experiments and
in solvents for 1H-NMR spectroscopy. 3H is known as tritium and contains one proton, two neutrons, and one
electron (mass number = 3). It is radioactive and decays into helium-3 through beta decay with a half life of 12.32
years.

Binary Hydrides

Hydrides are compounds in which one or more hydrogen anions have nucleophilic, reducing, or basic properties.

Learning Objectives

Discuss the properties of hydrides.

Key Takeaways

Key Points

Binary hydrides are a class of compounds that consist of an element bonded to hydrogen, in which

2 (g) + (g) → 2 O(l) + 572kJ(286kJ/ )H2 O2 H2 mol H2
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Binary hydrides are a class of compounds that consist of an element bonded to hydrogen, in which
hydrogen acts as the more electronegative species.
Free hydride anions exist only under extreme conditions. Instead, most hydride compounds have
hydrogen centers with a hydridic character.
Hydrides can be classified as ionic, covalent or interstitial, each of which possess different properties.

Key Terms

hydride: A compound of hydrogen with a more electropositive element.

Compounds with Anionic Hydrogen

A hydride is the anion of hydrogen (H−), and it can form compounds in which one or more hydrogen centers have
nucleophilic, reducing, or basic properties. In such hydrides, hydrogen is bonded to a more electropositive element
or group.

Lithium Hydride, LiH: This is a space-filling model of a crystal of lithium
hydride, LiH, a binary halide.

Hydride compounds often do not conform to classical electron -counting rules, but are described as multi-centered
bonds with metallic bonding. Hydrides can be components of discrete molecules, oligomers, polymers, ionic solids,
chemisorbed monolayers, bulk metals (interstitial), and other materials. While hydrides traditionally react as Lewis
bases or reducing agents by donating electrons, some metal hydrides behave as both acids and hydrogen- atom
donors.

Applications of Hydrides

Hydrides are commonly used as reducing agents, donating electrons in chemical reactions. Hydrides can be used
as strong bases in organic syntheses, and their reaction with weak Bronsted acids releases dihydrogen (H2).

Hydrides such as calcium hydride are used as dessicants, or drying agents, to remove trace water from organic
solvents. In such cases, the hydride reacts with water, forming diatomic hydrogen and a hydroxide salt:

+ 2 O → 2 + Ca(OHCaH H H )
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The dry solvent can then be distilled or vac-transferred from the “solvent pot.”

Hydride complexes are catalysts and catalytic intermediates in a variety of homogeneous and heterogeneous
catalytic cycles. Important examples include hydrogenation, hydroformylation, hydrosilylation, and
hydrodesulfurization catalysts. Even certain enzymes, like hydrogenase, operate via hydride intermediates. The
energy carrier NADH reacts as a hydride donor or hydride equivalent.

Free hydride anions exist only under extreme conditions and are not invoked for homogeneous solutions. Instead,
many compounds have a hydrogen center with a hydridic character. Hydrides can be characterized as ionic,
covalent, or interstitial hydrides based on their bonding types.

Ionic Hydrides

Ionic, or saline, hydride is a hydrogen atom bound to an extremely electropositive metal, generally an alkali metal or
an alkaline earth metal (for example, potassium hydride or KH). These types of hydrides are insoluble in
conventional solvents, reflecting their non-molecular structures. Most ionic hydrides exist as “binary” materials that
involve only two elements, one of which is hydrogen. Ionic hydrides are often used as heterogeneous bases and
reducing reagents in organic synthesis.

Covalent Hydrides

Covalent hydrides refer to hydrogen centers that react as hydrides, or those that are nucleophilic. In these
substances, the hydride bond, formally, is a covalent bond much like the bond that is made by a proton in a weak
acid. This category includes hydrides that exist as discrete molecules, polymers, oligomers, or hydrogen that has
been chem-adsorbed to a surface. A particularly important type of covalent hydride is the complex metal hydride, a
powerful (reducing) soluble hydride that is commonly used in organic syntheses (for example, sodium borohydride
or NaBH4). Transition metal hydrides also include compounds that can be classified as covalent hydrides. Some are
even classified as interstitial hydrides and other bridging hydrides. Classical transition metal hydrides feature a
single bond between the hydrogen center and the transition metal.

Interstitial or Metallic Hydrides

Interstitial hydrides most commonly exist within metals or alloys. Their bonding is generally considered metallic.
Such bulk transition metals form interstitial binary hydrides when exposed to hydrogen. These systems are usually
non-stoichiometric, with variable amounts of hydrogen atoms in the lattice.

Isotopes of Hydrogen
Hydrogen has three naturally occurring isotopes: protium, deuterium and tritium. Each isotope has different
chemical properties.

Learning Objectives

Discuss the chemical properties of hydrogen’s naturally occurring isotopes.

Key Takeaways

Key Points

Protium is the most prevalent hydrogen isotope, with an abundance of 99.98%. It consists of one proton
and one electron. It is typically not found in its monoatomic form, but bonded with itself (H2) or other
elements.

+ 2 O → 2 + Ca(OHCaH2 H2 H2 )2
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Protium: Protium, the most common
isotope of hydrogen, consists of one
proton and one electron. Unique
among all stable isotopes, it has no
neutrons.

elements.
Deuterium is a hydrogen isotope consisting of one proton, one neutron and one electron. It has major
applications in nuclear magnetic resonance studies.
Tritium is a hydrogen isotope consisting of one proton, two neutrons and one electron. It is radioactive,
with a half-life of 12.32 years.

Key Terms

diatomic: Consisting of two atoms.
isotope: Forms of an element where the atoms have a different number of neutrons within their nuclei. As
a consequence, atoms of the same isotope will have the same atomic number, but a different mass
number.

Properties of Isotopes of Hydrogen

Hydrogen has three naturally occurring isotopes: 1H (protium), 2H (deuterium), and 3H (tritium). Other highly
unstable nuclei (4H to 7H) have been synthesized in the laboratory, but do not occur in nature. The most stable
radioisotope of hydrogen is tritium, with a half-life of 12.32 years. All heavier isotopes are synthetic and have a half-
life less than a zeptosecond (10-21 sec). Of these, 5H is the most stable, and the least stable isotope is 7H.

Protium

1H is the most common hydrogen isotope with an abundance of more than
99.98%. The nucleus of this isotope consists of only a single proton (atomic
number = mass number = 1) and its mass is 1.007825 amu. Hydrogen is
generally found as diatomic hydrogen gas H2, or it combines with other atoms in
compounds —monoatomic hydrogen is rare. The H–H bond is one of the
strongest bonds in nature, with a bond dissociation enthalpy of 435.88 kJ/mol at
298 K. As a consequence, H2 dissociates to only a minor extent until higher
temperatures are reached. At 3000K, the degree of dissociation is only 7.85%.
Hydrogen atoms are so reactive that they combine with almost all elements.

Deuterium

2H, or deuterium (D), is the other stable isotope of hydrogen. It has a natural
abundance of ~156.25 ppm in the oceans, and accounts for approximately 0.0156% of all hydrogen found on earth.
The nucleus of deuterium, called a deuteron, contains one proton and one neutron (mass number = 2), whereas the
far more common hydrogen isotope, protium, has no neutrons in the nucleus. Because of the extra neutron present
in the nucleus, deuterium is roughly twice the mass of protium (deuterium has a mass of 2.014102 amu, compared
to the mean hydrogen atomic mass of 1.007947 amu). Deuterium occurs in trace amounts naturally as deuterium
gas, written 2H2 or D2, but is most commonly found in the universe bonded with a protium 1H atom, forming a gas
called hydrogen deuteride (HD or 1H2H).

Chemically, deuterium behaves similarly to ordinary hydrogen (protium), but there are differences in bond energy
and length for compounds of heavy hydrogen isotopes, which are larger than the isotopic differences in any other
element. Bonds involving deuterium and tritium are somewhat stronger than the corresponding bonds in protium,
and these differences are enough to make significant changes in biological reactions. Deuterium can replace the
normal hydrogen in water molecules to form heavy water (D2O), which is about 10.6% denser than normal water.
Heavy water is slightly toxic in eukaryotic animals, with 25% substitution of the body water causing cell division
problems and sterility, and 50% substitution causing death by cytotoxic syndrome (bone marrow failure and
gastrointestinal lining failure). Consumption of heavy water does not pose a health threat to humans. It is estimated
that a 70 kg person might drink 4.8 liters of heavy water without serious consequences.

The most common use for deuterium is in nuclear resonance spectroscopy. As nuclear magnetic resonance (NMR)
requires compounds of interest to be dissolved in solution, the solution signal should not register in the analysis. As
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NMR analyzes the nuclear spins of hydrogen atoms, the different nuclear spin property of deuterium is not ‘seen’ by
the NMR instrument, making deuterated solvents highly desirable due to the lack of solvent-signal interference.

Isotopes of Hydrogen: The three naturally occurring isotopes of hydrogen.

Tritium

3H is known as tritium and contains one proton and two neutrons in its nucleus (mass number = 3). It is radioactive,
decaying into helium-3 through beta-decay accompanied by a release of 18.6 keV of energy. It has a half-life of
12.32 years. Naturally occurring tritium is extremely rare on Earth, where trace amounts are formed by the
interaction of the atmosphere with cosmic rays.

Heavier Synthetic Isotopes

4H contains one proton and three neutrons in its nucleus. It is a highly unstable isotope of hydrogen. It has been
synthesized in the laboratory by bombarding tritium with fast-moving deuterium nuclei. In this experiment, the tritium
nuclei captured neutrons from the fast-moving deuterium nucleus. The presence of the hydrogen-4 was deduced by
detecting the emitted protons. Its atomic mass is 4.02781 ± 0.00011 amu. It decays through neutron emission with a
half-life of 1.39 ×10−22 seconds.

5H is another highly unstable heavy isotope of hydrogen. The nucleus consists of a proton and four neutrons. It has
been synthesized in a laboratory by bombarding tritium with fast-moving tritium nuclei. One tritium nucleus captures
two neutrons from the other, becoming a nucleus with one proton and four neutrons. The remaining proton may be
detected and the existence of hydrogen-5 deduced. It decays through double neutron emission and has a half-life of
at least 9.1 × 10−22 seconds.

6H decays through triple neutron emission and has a half-life of 2.90×10−22 seconds. It consists of one proton and
five neutrons.

7H consists of one proton and six neutrons. It was first synthesized in 2003 by a group of Russian, Japanese and
French scientists at RIKEN’s RI Beam Science Laboratory, by bombarding hydrogen with helium-8 atoms. The
helium-8’s neutrons were donated to the hydrogen’s nucleus. The two remaining protons were detected by the
“RIKEN telescope”, a device composed of several layers of sensors, positioned behind the target of the RI Beam
cyclotron.

Hydrogenation
Hydrogenation reactions, which involve the addition of hydrogen to substrates, have many important applications.
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Learning Objectives

Discuss hydrogenation reactions.

Key Takeaways

Key Points

Hydrogenation reactions typically have three components: hydrogen, the substrate, and catalysts, which
are usually required to facilitate the reaction at lower temperatures and pressures.
There are two classes of catalysts with different mechanisms of hydrogenation: heterogeneous and
homogenous.
Hydrogenation reactions are not limited to the conversion of alkenes to alkanes, but span a variety of
reactions where substrates can effectively be reduced.
Incomplete hydrogenation reactions have significant health implications and have been correlated with
circulatory diseases.

Key Terms

hydrogenation: The chemical reaction of hydrogen with another substance, especially with an
unsaturated organic compound.
substrate: The compound or material which is to be acted upon.

Hydrogenation Reactions

Hydrogenation refers to the treatment of substances with molecular hydrogen (H2), adding pairs of hydrogen atoms
to compounds (generally unsaturated compounds). These usually require a catalyst for the reaction to occur under
normal conditions of temperature and pressure. Most hydrogenation reactions use gaseous hydrogen as the
hydrogen source, but alternative sources have been developed. The reverse of hydrogenation, where hydrogen is
removed from the compounds, is known as dehydrogenation. Hydrogenation differs from protonation or hydride
addition because in hydrogenation the products have the same charge as the reactants.

Hydrogenation: Hydrogen can be added across a double bond—such as the olefin in maleic acid
shown—by utilizing a catalyst, such as palladium.

Hydrogenation reactions generally require three components: the substrate, the hydrogen source, and a catalyst.
The reaction is carried out at varying temperatures and pressures depending on the catalyst and substrate used.
The hydrogenation of an alkene produces an alkane. The addition of hydrogen to compounds happens in a syn
addition fashion, adding to the same face of the compound and entering from the least hindered side. Generally,
alkenes will convert to alkanes, alkynes to alkenes, aldehydes and ketones to alcohols, esters to secondary
alcohols, and amides to amines via hydrogenation reactions.

Catalysts of Hydrogenation
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Heterogeneous Catalysis: The hydrogenation of
ethylene (C2H4) on a solid support is an example of
heterogeneous catalysis.

Generally, hydrogenation reactions will not occur between hydrogen and organic compounds below 480 degrees
Celsius without metal catalysts. Catalysts are responsible for binding the H2 molecule and facilitating the reaction
between the hydrogen and the substrate. Platinum, palladium, rhodium, and ruthenium are known to be active
catalysts which can operate at lower temperatures and pressures. Research is ongoing to procure non-precious
metal catalysts which can produce similar activity at lower temperatures and pressures. Nickel-based catalysts,
such as Raney nickel, have been developed, but still require high temperatures and pressures.

Catalysts can be divided into two categories: homogeneous or
heterogeneous catalysts. Homogeneous catalysts are soluble in
the solvent that contains the unsaturated substrate.
Heterogeneous catalysts are found more commonly in industry,
and are not soluble in the solvent containing the substrate.
Often, heterogeneous catalysts are metal-based and are
attached to supports based on carbon or oxide. The choice of
support for these materials is important, as the supports can
affect the activity of the catalysts. Hydrogen gas is the most
common source of hydrogen used and is commercially
available.

Hydrogenation is an exothermic reaction, releasing about 25
kcal/mol in the hydrogenation of vegetable oils and fatty acids.
For heterogenous catalysts, the Horiuti-Polanyi mechanism
explains how hydrogenation occurs. First, the unsaturated bond
binds to the catalyst, followed by H2 dissociation into atomic
hydrogen onto the catalyst. Then one atom of hydrogen
attaches to the substrate in a reversible step, followed by the
addition of a second atom, rendering the hydrogenation process
irreversible. For homogeneous catalysis, the metal binds to
hydrogen to give a dihydride complex via oxidative addition. The
metal binds the substrate and then transfers one of the
hydrogen atoms from the metal to the substrate via migratory
insertion. The second hydrogen atom from the metal is
transferred to the substrate with simultaneous dissociation of
the newly formed alkane via reductive elimination.

Industrial Uses of Hydrogenation Reactions

Heterogeneous catalytic hydrogenation is very important in
industrial processes. In petrochemical processes,
hydrogenation is used to saturate alkenes and aromatics,
making them less toxic and reactive. Hydrogenation is also
important in processing vegetable oils because most vegetable
oils are derived from polyunsaturated fatty acids. Partial
hydrogenation reduces most, but not all, of the carbon-carbon
double bonds, making them better for sale and consumption.
The degree of saturation of fats changes important physical
properties such as the melting range of the oils; an example of
this is how liquid vegetable oils become semi-solid at various
temperatures.
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Partial hydrogenation in margarine: Margarine is a semi-solid butter substitute created from
vegetable oil, which is typically unsaturated and therefore liquid at room temperature. The
process of partial hydrogenation adds hydrogen atoms and reduces the double bonds in the fatty
acids, creating a semi-solid vegetable oil at room temperature.

Incomplete hydrogenation of the double bonds has health implications; some double bonds can isomerize from the
cis to the trans state. This isomerization occurs because the trans configuration has lower energy than the cis
configuration. The trans isomers have been implicated in contributing to pathological blood circulatory system
conditions (i.e.,atherosclerosis and heart disease).

The Hydrogen Economy

The hydrogen economy refers to using hydrogen as the next important source of fuel.

Learning Objectives

Describe the hydrogen economy.

Key Takeaways

Key Points

The current hydrocarbon economy is becoming impractical because of increasing demand and
diminishing resources. The hydrogen economy could act as a replacement because of its higher energy
density and its smaller negative impact on the environment.
The hydrogen economy is limited because it is difficult to transport and store hydrogen. In addition, the
dangers associated with hydrogen limit its practical application.
Hydrogen can be generated via several processes, but is predominately accomplished by steam
reforming fossil fuels. This process requires a large input of energy and releases carbon dioxide.
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The Hydrogen Economy: The hydrogen economy
could possibly revolutionize the current energy
infrastructure by transferring fuel demands from
fossil fuels onto hydrogen.

Key Terms

hydrocarbon economy: Referring to the current global economy which is based on fossil fuels as the
main energy source.
hydrogen economy: A hypothetical future economy in which the primary form of stored energy for
mobile applications and load balancing is hydrogen (H2). In particular, H2 replaces fossil fuels used to
power automobiles.

Introduction: The Hydrogen Economy

The hydrogen economy refers to a hypothetical future system of delivering energy through the use of hydrogen (H2).
The term was first coined by John Bockris at a 1970 talk at the General Motors (GM) Technical Center. Advocates of
this proposed system promote hydrogen as a potential fuel source. Free hydrogen does not occur naturally in
quantities of use, like other energy sources, but it can be generated by various methods. As such, hydrogen is not a
primary energy source, but an energy carrier. The feasibility of a hydrogen economy depends on issues including
the use of fossil fuel, the generation of sustainable energy, and energy sourcing.

Comparing Hydrogen Energy to Other Sources

As a potential energy source, the hydrogen economy stands to eliminate or reduce the negative effects of using
hydrocarbon fuels, the currently dominant energy source that releases high amounts of carbon into the atmosphere.
In the current hydrocarbon economy, transportation is fueled by petroleum, the use of which ultimately results in the
release of carbon dioxide (a greenhouse gas ) and many pollutants into the atmosphere. In addition, the supply of
raw materials that are essential for a hydrocarbon economy is limited, and the demand for such fuels is increasing
each year.

As a potential fuel, hydrogen is appealing because it has a high energy density by weight. This results in a 38%
efficiency for a combustion engine, compared to 30% when gasoline was used as a fuel. In addition, it provides an
environmentally clean source of energy that does not release pollutants. However, there are several obstacles for
the use of hydrogen as a fuel, including the purity requirement of hydrogen and difficulties that arise with its storage.

Hydrogen production is a large and growing industry. Globally, 50 million metric tons of hydrogen (equivalent to 170
million tons of oil) were produced in 2004. There are two primary uses for hydrogen today. Half of the hydrogen
produced is used to synthesize ammonia in the Haber process. The other half is used to convert heavy petroleum
sources into lighter fractions which can be used as fuels. Currently, global hydrogen production is 48% from natural
gas, 30% from oil, 18% from coal and 4% from water electrolysis.

Methods of Producing Hydrogen

Hydrogen production is mostly accomplished by steam reforming
from hydrocarbons, but alternative methods are being developed.
Steam reforming is conducted at high temperatures and possesses
efficiencies up to 80%. The process involves methane and water
and is highly exothermic:

In a second stage, additional hydrogen is generated at a lower
temperature:

Other ways of producing hydrogen from fossil fuels include partial
oxidation and plasma reforming. Hydrogen can also be produced
from water splitting. Fuel cells are electrochemical devices capable
of transforming chemical energy into electrical energy. Fuel cells
require less energy input than other alternatives and perform water
electrolysis at lower temperatures, both of which have the potential

+ O → CO + 3 + 191.7kJ/molCH4 H2 H2

CO + O → + − 40.4kJ/molH2 CO2 H2
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of reducing the overall cost of hydrogen production. Water can also be split through thermolysis, but this requires
high temperatures and catalysts. In addition, hydrogen can be produced via enzymes and bacteria fermentation, but
this technology has not yet been prepared for main scale commercialization. Other methods include
photoelectrocatalytic production, thermochemical production, and high temperature and pressure electrolysis.

Obstacles to Adoption of Hydrogen as a Fuel

One major obstacle in the hydrogen economy is its transport and storage. Although H2 has high energy density
based on mass, it has very low energy density based on volume. This is a problem because at ambient conditions
molecular hydrogen exists as a gas. To be a suitable fuel, hydrogen gas must be either pressurized or liquified to
provide enough energy. Increasing the gas pressure will ultimately improve the energy density by volume, but this
requires a greater amount of energy be expended to pressurize the gas. Alternatively, liquid hydrogen or slush
hydrogen (a combination of liquid and solid hydrogen) can be used. Liquid hydrogen, however, is cryogenic and
boils at 20 K, therefore a lot of energy must be expended to liquify the hydrogen.

Storing hydrogen in tanks is ineffective because hydrogen tends to diffuse through any liner material intended to
contain it, which ultimately leads to the weakening of the container. Hydrogen can be stored as a chemical hydride
or in some other hydrogen-containing compound. These compounds can be transported relatively easily and then
decomposed into hydrogen gas. Current barriers to practical storage stem from the fact that high temperatures and
pressure are needed for the compound to form and for the hydrogen to be released. Hydrogen can be adsorbed
onto the surface of a solid storage material and then be released upon necessity; this technology is still being
investigated.

Hydrogen has one of the widest explosive/ignition mix ranges with air. This means that any leak of hydrogen from a
hydrogen:air mixture will most likely lead to an explosion if it comes into contact with a spark or flame. This limits the
use of hydrogen as a fuel, especially in enclosed areas such as tunnels or underground parking. Pure hydrogen-
oxygen flames burn in the UV range and are invisible, so a flame detector is needed to detect if a hydrogen leak is
burning. Hydrogen is also odorless, so leaks cannot be detected by smell.

Although the hydrogen economy is supposed to create a smaller carbon footprint, there are many concerns
regarding the environmental effects of hydrogen manufacturing. The main source of hydrogen is fossil fuel
reforming, but this method ultimately leads to higher emissions of carbon dioxide than using the fossil fuel in an
internal combustion engine. Other issues include the fact that hydrogen generation via electrolysis requires a
greater energy input than directly using renewable energy, and the possibility of other side products.
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BORON

Elemental Boron
Boron is produced by cosmic ray spallation, is a metalloid, and is essential to life.

Learning Objectives

Review the properties and uses of elemental boron.

Key Takeaways

Key Points

Chemically uncombined boron, which is classified as a metalloid, is not found naturally on Earth.
Elemental boron is used as a dopant in the semiconductor industry.
Natural boron is composed of two stable isotopes, one of which (boron-10) has a number of uses as a
neutron-capturing agent.
Elemental boron is rare and poorly studied because the material is extremely difficult to prepare.
Chemically, boron behaves more similarly to silicon than to aluminium.

Key Terms

spallation: A type of nuclear fission reaction in which cosmic rays of light cause a nucleus to emit a large
number of nucleons (protons and neutrons), leading to the formation of new elements (nucleosynthesis).
Boron: A chemical element with chemical symbol B and atomic number 5.
borate: A salt formed by the combination of boric acid with a base or positive radical.
metalloid: A chemical element with properties in between those of nonmetals and metals.

Boron is a chemical element with the chemical symbol B and atomic number 5. Boron is produced entirely by
cosmic ray spallation (as a result of nuclear reactions), and not by stellar nucleosynthesis (not within stars as a
result of fusion or supernovae). As a result, it is a low-abundance element in both the solar system and the Earth’s
crust. Natural boron is composed of two stable isotopes: 11B is more abundant than 10B, which has a number of
uses as a neutron-capturing agent. Several allotropes of boron exist. Amorphous boron is a brown powder, while
crystalline boron is black, extremely hard (about 9.5 on the Mohs scale), and a poor conductor at room temperature.
Elemental boron is used as a dopant in the semiconductor industry.

Chemical Properties of Boron

Elemental boron is rare and poorly studied because the material is extremely difficult to prepare. Most studies on
“boron” involve samples that contain small amounts of carbon. Chemically, boron behaves more similarly to silicon
than to aluminum. Crystalline boron is chemically inert and resistant to attack from boiling hydrofluoric or
hydrochloric acid. When finely divided, it can be attacked slowly by hot, concentrated hydrogen peroxide or nitric
acid; hot sulfuric acid; or a hot mixture of sulfuric and chromic acids.

On Earth, boron is concentrated by the water-solubility of its more common naturally-occurring compounds, the
borate minerals. These are mined industrially as evaporites, such as borax and kernite. Chemically uncombined
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boron, which is classified as a metalloid, is not found naturally on Earth. Industrially, very pure boron can be
produced, but this is difficult, because boron tends to form refractory materials that contain small amounts of carbon
or other elements.

Boron: Boron has a black-brown appearance.

Biological Signi�cance of Boron

Boron is essential to life, although its exact physiological role in animals is not well-established. Small amounts of
boron compounds play a role strengthening the cell walls of all plants, thus making boron necessary in soils.
Experiments indicate a role for boron as an ultratrace element in animals. Deficiency of boron in rats has been
shown to result in poor coat or hair quality.

Borates have low toxicity for mammals (similar to table salt), but are more toxic to arthropods and have been used
as insecticides. Boric acid is mildly antimicrobial, and a natural, boron-containing, organic antibiotic does exist.

Some signaling compounds of boron which are used for bacterial cell to cell communication (known as “quorum
sensing”) have been discovered recently. This signaling system is used as a response to the local population
density of bacterial cells, and mediates processes such as biofilm formation, virulence, and antibiotic resistance. A
known example of a boron-containing quorum sensing signaling molecule is Autoinducer-2 (AI-2).
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Autoinducer-2: Autoinducer-2 (AI-2) is one of the few known biomolecules containing the element Boron. AI-2 is used by many
types of bacteria as a signaling molecule mediating quorum sensing.

Trihalides: Boron-Halogen Compounds
When in a compound with halides, boron has the formal oxidation state +3. Trihalides adopt a planar trigonal
structure and are Lewis acids.

Learning Objectives

Discuss the properties of trihalides

Key Takeaways

Key Points

The halides react with water to form boric acid.
All three lighter boron trihalides (BF3, BCl3, and BBr3) form stable adducts with common Lewis bases.
The sequence for the Lewis acidity is BF3 < BCl3 < BBr3,where BBr3 is the strongest Lewis acid. This
trend is commonly attributed to the degree of  -bonding in the planar boron trihalid that would be lost
upon pyramidization of the the BX3 molecule.

Boron tribromide (BBr3) is a colorless, fuming liquid that is an excellent demethylating or dealkylating

π
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Boron tribromide (BBr3) is a colorless, fuming liquid that is an excellent demethylating or dealkylating
agent.
Boron trichloride (BCl3) is a colorless, dangerously reactive gas that is a valuable reagent in organic
synthesis.
Boron trifluoride (BF3) is a pungent, colorless, corrosive, toxic gas that forms white fumes in moist air.

Key Terms

halide: A compound of an element with a halogen.
halogenation: The reaction of a halogen with another molecule, especially the replacement of a
hydrogen atom of an organic compound with a halogen one.
pyramidalization: The conversion of a molecule’s trigonal planar geometry to a tetrahedral one.

Boron Halides

Boron undergoes halogenation to form trihalides with the molecular structure BX3, as in the following:

In its most familiar compounds, boron has the formal oxidation state III, or +3. These include oxides, sulfides,
nitrides, and halides. The trihalides form planar trigonal structures and are Lewis acids because they readily form
adducts with electron -pair donors, which are called Lewis bases. For example, fluoride (F–) and boron trifluoride
(BF3) combine to give the tetrafluoroborate anion, BF4

–. Boron trifluoride is used in the petrochemical industry as a
catalyst.

The halides react with water to form boric acid:

where X can be Cl, Br, or I.

Lewis Acidity of Boron Halides

All three lighter boron trihalides, BX3 (X = F, Cl, Br), form stable adducts with common Lewis bases. Their relative
Lewis acidities can be evaluated in terms of the relative exothermicities of the adduct-forming reaction. Such
measurements have revealed the following sequence for the Lewis acidity: BF3 < BCl3 < BBr3 (in other words, BBr3
is the strongest Lewis acid).

This trend is commonly attributed to the degree of π-bonding in the planar boron trihalide that would be lost upon
pyramidalization (the conversion of the trigonal planar geometry to a tetrahedral one) of the BX3 molecule, which
follows this trend: BF3 > BCl3 > BBr3 (that is, BBr3 is the most easily pyramidalized). The criteria for evaluating the
relative strength of π-bonding are not clear, however. One suggestion is that the F atom is small compared to the
larger Cl and Br atoms, and the lone pair electron in the 2pz orbital of F is readily and easily donated, and overlaps
with the empty 2pz orbital of boron. As a result, the  donation of F is greater than that of Cl or Br. In an alternative
explanation, the low Lewis acidity for BF3 is attributed to the relative weakness of the bond in the adducts F3B-L.

2B + 3 → 2Br2 BBr3

+ 3 O → B(OH + 3HXBX3 H2 )3

π
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Boron trifluoride: Boron (III) trifluoride structure, BF3, showing the “empty” boron p orbital in pi-type coordinate covalent bonds.

Boron Tribromide
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Boron tribromide (BBr3) is a colorless, fuming liquid compound that contains boron and bromine. The reaction of
boron carbide with bromine at temperatures above 300 °C leads to the formation of boron tribromide. The product
can be purified by vacuum distillation.

BBr3 is decomposed by water and alcohols. It is an excellent demethylating or dealkylating agent for the cleavage of
ethers, also with subsequent cyclization (formation of cyclic molecules), often in the production of pharmaceuticals.
The mechanism of ether dealkylation proceeds via the formation of a complex between the boron center and the
ether oxygen followed by the elimination of an alkyl bromide to yield a dibromo(organo)borane. The
dibromo(organo)borane can then undergo hydrolysis to give a hydroxyl group, boric acid, and hydrogen bromide as
products. The electronics industry uses boron tribromide as a boron source in pre-deposition processes for doping
in the manufacture of semiconductors.

Boron Trichloride

Boron trichloride (BCl3) is a colorless gas that is a valuable reagent in organic synthesis, but is also dangerously
reactive. Boron trichloride is produced industrially by direct chlorination of boron oxide and carbon at 500 °C. The
synthesis is analogous to the Kroll process for the conversion of titanium dioxide to titanium tetrachloride. In the
laboratory, BF3 reacts with AlCl3 to create BCl3 via halogen exchange. Boron trichloride does not form dimers,
although there is some evidence that may indicate dimerization at very low temperatures (20 K). NMR studies of
mixtures of boron trihalides shows the presence of mixed halides, which may indicate a four center intermediate
(that is, a dimer). The absence of dimerization contrasts with the other trihalides of group 13, which contain four or
six coordinate metal centers.

Boron trichloride is a starting material for the production of elemental boron. It is also used in the refining of
aluminium, magnesium, zinc, and copper alloys to remove nitrides, carbides, and oxides from molten metal. It has
been used as a soldering flux for alloys of aluminium, iron, zinc, tungsten, and monel. Aluminum castings can be
improved by treating the melt with boron trichloride vapors.

Boron Tri�uoride

Boron trifluoride (BF3) is a pungent, colorless, toxic gas that forms white fumes in moist air. The molecule is
isoelectronic with the carbonate anion, CO3

2−. BF3 is commonly referred to as “electron deficient” because of its
exothermic reactivity toward Lewis bases. BF3 is manufactured by the reaction of boron oxides with hydrogen
fluoride. Since boron trifluoride is corrosive, the metals suitable for handling boron trifluoride include stainless steel,
monel, and hastelloy. In the presence of moisture, boron trifluoride corrodes stainless steel. Polytetrafluoroethylene,
polychlorotrifluoroethylene, polyvinylidene fluoride, and polypropylene show satisfactory resistance.

Borates: Boron-Oxygen Compounds

Oxoanions that contain boron are called borates.

Learning Objectives

Discuss examples of the borate family of compounds.

Key Takeaways

Key Points

The simplest borate anion, BO3
3-, has a trigonal planar structure and is analogous to the carbonate anion

CO3
2-, with which it is isoelectronic.

Larger borates are composed of trigonal planar BO3 or tetrahedral BO4 structural units, joined together
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Larger borates are composed of trigonal planar BO3 or tetrahedral BO4 structural units, joined together
via shared oxygen atoms and may be cyclic or linear in structure.
Boron trioxide is one of the oxides of boron; it is a white, glassy solid with the formula B2O3. Glassy boron
oxide is thought to be composed of boroxol rings, which are six-membered rings of alternating 3-
coordinate boron and 2-coordinate oxygen.
Due to the short bond lengths and strongly covalent character, boron suboxide ( B6O) displays a range of
outstanding physical and chemical properties such as great hardness, low mass density, high thermal
conductivity, high chemical inertness, and excellent wear resistance.

Key Terms

borate: A salt formed by the combination of boric acid with a base or positive radical.
isoelectronic: Of two compounds, having the same electronic configuration although consisting of
different elements or combinations thereof.

Borates are the name for a large number of boron-containing oxoanions. The term may also more loosely refer to
chemical compounds which contain borate anions. The simplest borate anion, BO3

3-, has a trigonal planar structure
and is analogous to the carbonate anion CO3

2-, with which it is isoelectronic. Larger borates are composed of
trigonal planar BO3 or tetrahedral BO4 structural units, joined together via shared oxygen atoms; these may be
cyclic or linear in structure.

Borates in Nature

Borates are the form in which boron most often occurs in nature, mainly as borate minerals and borosilicates. The
incomplete octet means that Borates act as Lewis acids. When a trigonal boron atom accepts a pair of electrons
from a Lewis base, it adopts a tetrahedral configuration (sp3), and the octet rule is satisfied. Both trigonal and
tetrahedral units can co-exist in a complex borate, such as the anion in borax.
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Tetraborate: Tetraborate (borax) ion structure. Pink: boron; red: oxygen; white: hydrogen.

Boron Monoxide

Boron monoxide (B2O) is another chemical compound of boron and oxygen. Two experimental studies have
proposed the existence of diamond-like and graphite-like B2O, as for boron nitride and carbon solids. A later,
systematic, experimental study of the boron oxide phase diagram suggests that B2O is unstable. The instability of
the graphite-like B2O phase was also predicted theoretically.
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Boron Trioxide

Boron trioxide (or diboron trioxide) is one of the oxides of boron. It is a white, glassy solid with the formula B2O3.
Boron trioxide is produced by treating borax with sulfuric acid in a fusion furnace.

Boron Suboxide

Boron suboxide (chemical formula B6O) is a solid compound containing six boron atoms and one oxygen atom. Due
to its short interatomic bond lengths and strongly covalent character, B6O displays a range of outstanding physical
and chemical properties such as great hardness (close to that of rhenium diboride and boron nitride), low mass
density, high thermal conductivity, high chemical inertness, and excellent wear resistance. B6O can be synthesized
by reducing B2O3 with boron or by oxidation of boron with zinc oxide or other oxidants.

Boranes: Boron-Hydrogen Compounds
Boranes are chemical compounds of boron and hydrogen with general formula BxHy; many readily oxidize on
contact with air.

Learning Objectives

Discuss the composition and properties of boranes.

Key Takeaways

Key Points

Common reactions with boranes are: electrophilic substitution, nucleophilic substitution by Lewis bases,
deprotonation by strong bases, cluster building reactions with borohydrides, and reaction of a nido-
borane with an alkyne to give a carborane cluster.
The parent member BH3 is called borane, is found only in the gaseous state, and dimerizes to form
diborane, B2H6.
The most important boranes are diborane B2H6, pentaborane B5H9, and decaborane B10H14.
Boranes are all colourless and diamagnetic. They are reactive compounds and some are pyrophoric.

Key Terms

borane: Any binary compound of boron and hydrogen.
diamagnetic: A substance exhibiting diamagnetism, and is repelled by a magnet.
pyrophoric: Spontaneously igniting in air.

Boranes are chemical compounds of boron and hydrogen. The boranes comprise a large group of compounds with
the generic formula of BxHy. These compounds do not occur in nature. Many of the boranes readily oxidize on
contact with air, some violently. The parent member BH3 is called borane, is known only in the gaseous state, and
dimerizes to form diborane, B2H6.

The larger boranes all consist of boron clusters that are polyhedral, some of which exist as isomers. For example,
isomers of B20H26 are based on the fusion of two 10- atom clusters. The most important boranes are diborane
B2H6, pentaborane B5H9, and decaborane B10H14. The development of the chemistry of boron hydrides led to new
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experimental techniques and theoretical concepts. Boron hydrides have been studied as potential fuels, for rockets,
and for automotive uses.

Borane: Ball-and-stick model of borane, BH3, which is highly reactive.

The names for the series of boranes are derived from this general scheme for the cluster geometries:

hypercloso- (from the Greek for “over cage”) a closed complete cluster (e.g., B8Cl8 is a slightly distorted
dodecahedron)
closo- (from the Greek for “cage”) a closed complete cluster (e.g., icosahedral B12H12

2−)
nido- (from the Latin for “nest”) B occupies n vertices of an n+1 deltahedron (e.g., B5H9 an octahedron
missing one vertex)
arachno- (from the Greek for “spiders web”) B occupies n vertices of an n+2 deltahedron (e.g., B4H10 an
octahedron missing two vertices)
hypho- (from the Greek for “net”) B occupies n vertices of an n+3 deltahedron (e.g., possibly B8H16 has this
structure, an octahedron missing three vertices)
conjuncto- two or more of the above are fused together (e.g., the edge or two vertex fused B19H22

1−, face or
three vertex fused B21H18

1−, and four vertex fused B20H16)

Boranes are all colorless and diamagnetic. They are reactive compounds and some are pyrophoric. The majority
are highly poisonous and require special handling precautions. Properties and reactivity:

closo− There is no known neutral closo borane. Salts of the closo anions, BnHn
2− are stable in neutral

aqueous solution, and their stabilities increase with size.
nido− Pentaborane(9) and decaborane(14) are the most stable nido−boranes, in contrast to nido−B8H12,
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nido− Pentaborane(9) and decaborane(14) are the most stable nido−boranes, in contrast to nido−B8H12,
which decomposes above -35o.
arachno− Generally these are more reactive than nido−boranes; again, larger compounds tend to be more
stable.

Typical reactions of boranes are:

electrophilic substitution
nucleophilic substitution by Lewis bases
deprotonation by strong bases
cluster building reactions with borohydrides
reaction of a nido-borane with an alkyne to give a carborane cluster

Boranes can act as ligands in coordination compounds. Boranes can react to form hetero-boranes (e.g., carboranes
or metalloboranes), clusters that contain boron and metal atoms.
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CARBON

Properties of Carbon
Carbon has very diverse physical and chemical properties due to the nature of its bonding.

Learning Objectives

Discuss the properties of carbon.

Key Takeaways

Key Points

Carbon has several allotropes, or different forms in which it can exist. These allotropes include graphite
and diamond, which have very different properties.
Despite carbon’s ability to make 4 bonds and its presence in many compounds, it is highly unreactive
under normal conditions.
Carbon exists in 3 main isotopes: 12C, 13C, 14C. 14C is radioactive and used in dating carbon-containing
samples ( radiometric dating ).

Key Terms

allotropes: Different forms of a chemical element found in its natural state.
radiometric dating: A technique used to date materials by comparing the natural abundance of
radioactive atoms to their remaining decay products.
half-life: In a radioactive decay process, the amount of time required to end up with half of the original
(undecayed) material.

Carbon is the chemical element with the symbol C and atomic number 6 (contains 6 protons in its nucleus ). As a
member of group 14 on the periodic table, it is nonmetallic and tetravalent—making four electrons available to form
covalent chemical bonds. The most common isotope of carbon has 6 protons and 6 neutrons, and has an atomic
mass of 12.0107 amu. Its ground state electron configuration is 1s22s22p2. Its oxidation state ranges from 4 to -4,
and it has an electronegativity value of 2.55 on the Pauling scale. It is a solid, and sublimes at 3,642 °C (it has the
highest sublimation point of all the elements).

Carbon Allotropes

Carbon has several allotropes, or different forms in which it exists. Interestingly, carbon allotropes span a wide
range of physical properties: diamond is the hardest naturally occurring substance, and graphite is one of the softest
known substances. Diamond is transparent, the ultimate abrasive, and can be an electrical insulator and thermal
conductor. Conversely, graphite is opaque, a very good lubricant, a good conductor of electricity, and a thermal
insulator. Allotropes of carbon are not limited to diamond and graphite, but also include buckyballs (fullerenes),
amorphous carbon, glassy carbon, carbon nanofoam, nanotubes, and others.
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Allotropes of Carbon: Some allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite,
d–f) fullerenes (C60, C540, C70); g) amorphous carbon, h) carbon nanotube.

Chemical Reactivity of Carbon

Carbon compounds form the basis of all known life on Earth, and the carbon-nitrogen cycle provides some energy
produced by the sun and other stars. Carbon has an affinity for bonding with other small atoms, including other
carbon atoms, via the formation of stable, covalent bonds. Despite the fact that it is present in a vast number of
compounds, carbon is weakly reactive compared to other elements under normal conditions. At standard
temperature and pressure, it resists oxidation; it does not react with sulfuric acid, hydrochloric acid, chlorine, or any
alkali metals. At higher temperatures, carbon will react with oxygen to give carbon oxides, and metals to give metal
carbides.

Carbon has the ability to form very long chains of strong and stable interconnecting C-C bonds. This property allows
carbon to form an almost infinite number of compounds; in fact, there are more known carbon-containing
compounds than all the compounds of the other chemical elements combined, except those of hydrogen (because
almost all organic compounds contain hydrogen as well).

Carbon Isotopes

Carbon has two stable, naturally occurring isotopes: carbon-12 and carbon-13. Carbon-12 makes 98.93% and
carbon-13 forms the remaining 1.07%. The concentration of 12C is further increased in biological materials because
biochemical reactions discriminate against 13C. Identification of carbon in NMR experiments is done with the isotope
13C. 14C is a radioactive isotope of carbon with a half-life of 5730 years. It has a very low natural abundance
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(0.0000000001%), and decays to 14N through beta decay. It is used in radiometric dating to determine the age of
carbonaceous samples (of physical or biological origin) up to about 60,000 years old.

In total, there are 15 known isotopes of carbon and the shortest-lived of these is 8C, which decays through proton
emission and alpha decay, and has a half-life of 1.98739 x 10−21 seconds. The exotic 19C exhibits a nuclear halo,
which means its radius is appreciably larger than would be expected if the nucleus were a sphere of constant
density.

Carbides

Carbides are a class of compounds composed of carbon and an electropositive atom.

Learning Objectives

Review the different types of carbides.

Key Takeaways

Key Points

Carbides are generally formed at high temperatures (> 1500 °C).
Carbides are generally quite stable and exhibit high melting points.
Carbides can be classified as salt-like, interstitial, and covalent.

Key Terms

electronegativity: The tendency of an atom to attract electrons to itself.

Types of Carbides

Carbides are compounds composed of carbon and less electronegative elements and they are distinguished by
their chemical bonding (ionic, covalent). They are generally prepared from metals or metal oxides at high
temperatures (1500 °C or higher) by combining the metal with carbon. Carbides are used in key industrial
applications.
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Titanium Carbide: Lattice structure of titanium carbide.

Saline Carbides

Salt-like (saline) carbides are composed of the highly electropositive atoms, such as the alkali, alkali earth, and
group -III metals, mixed with carbon. Aluminum forms carbides, but other elements from group XIII do not. These
materials have isolated carbon centers, often described as “C4-” in the metanides, “C2

2-” in the acetylides, and
“C3

4-” in the sesquicarbides.

Methanides are carbides that decompose in water and generate water; aluminum carbide (Al4C3) and
beryllium carbide (Be2C) are examples of this class of carbides.
Acetylides are formed from alkali, alkali earth, and lanthanoid metals with the acetylide anion C2

2-.
Lanthanoids also form carbides with the formula M2C3. Metals from group XI also form acetylides, such as
copper(I) acetylide and silver acetylide. Carbides of the actinide elements, which have the structure MC2 and
M2C3, are also described as salt-like derivatives of C2

2-.
The polyatomic ion C3

4- is referred to as an allylenide or sesquicarbide and is found in Li4C3 and Mg2C3. The
allylenide is linear and isoelectronic with CO2.

Covalent Carbides

Covalent carbides are found in carbides of silicon and boron. The reason these two elements form “covalent”
carbides is due to their similar electronegativity and size to carbon. Because of this, their association is completely
covalent in character. Silicon carbide has two similar crystalline forms, which are both related to the diamond
structure. Boron carbide (B4C), on the other hand, has an unusual structure that includes icosahedral boron units
linked by carbon atoms. In this respect, boron carbide is similar to the boron-rich borides. Both silicon carbide (also
known as carborundum) and boron carbide are very hard and refractory materials. Both materials have important
industrial applications.

Interstitial Carbides

Interstitial carbides describe the carbides of the group-IV, -V, and VI transition metals. These carbides are metallic
and refractory. They are formed so that the carbon atoms fit into octahedral interstices in a close-packed metal
lattice when the metal atom’s radius is greater than ~135 pm. When the metal atoms are cubic-close-packed (ccp),
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then filling all of the octahedral interstices with carbon achieves 1:1 stoichiometry with the rock-salt structure. When
the metal atoms are hexagonal-close-packed, (hcp), since the octahedral interstices lie directly opposite each other
on either side of the layer of metal atoms, filling only one of these with carbon achieves 2:1 stoichiometry. As a
result of the packing, they are quite stable and have very high melting points and low electrical resistance.

Intermediate Transition Metal Carbides

In intermediate transition metal carbides, the transition-metal ion is smaller than the critical 135 pm, and the
structures are not interstitial but are more complex. Multiple stoichiometries are common. For example, iron forms a
number of carbides: Fe3C, Fe7C3 and Fe2C. The best known is cementite, Fe3C, which is present in steels. These
carbides are more reactive than the interstitial carbides; for example, the carbides of Cr, Mn, Fe, Co, and Ni are all
hydrolyzed by dilute acids (and sometimes by water) to yield a mixture of hydrogen and hydrocarbons. These
compounds share features with both the inert interstitials and the more reactive salt-like carbides.

Metal complexes containing Cn fragments are well known. These molecular carbides often have carbon-centered
clusters. Some metals such as tin and lead are not believed to form carbides.

Carbon Oxides and Carbonates

Oxocarbons are compounds containing carbon and oxygen; they exist as carbon oxides and carbonates.

Learning Objectives

Discuss the chemical properties of oxocarbon compounds.

Key Takeaways

Key Points

Carbon monoxide is the simplest carbon oxide, consisting of one carbon atom bonded to an oxygen
atom. It is highly toxic.
Carbon dioxide is a linear compound composed of a carbon atom bonded to two oxygen atoms. It exists
predominately as a gas and is a product of the human metabolism.
Carbon dioxide is soluble in water, in which it readily and reversibly converts to carbonic acid. The
conjugate bases of a carbonic acid are known as the bicarbonate and carbonate ions.
Carbonates are the salts of carbonic acids. They form when a positively charged metal ion comes into
contact with the oxygen atoms of the carbonate ion. These compounds are often insoluble in water and
exhibit some level of basicity or acidity in aqueous solutions.

Key Terms

oxocarbon: A compound containing only atoms of carbon and oxygen.
oxide: A binary chemical compound of oxygen with another chemical element.
centrosymmetric: Having a center of symmetry.

Properties of Carbon Oxides

Carbon oxides, or oxocarbons, are a class of organic compounds containing only carbon and oxygen. The most
basic oxocarbons are carbon monoxide and carbon dioxide. Many other stable and metastable oxides of carbon are
known but are rarely encountered.

875



O=C=O
116.3 pm

Carbon Dioxide: A central carbon atom is connected to two
oxygen atoms via double bonds in a linear structure. The
molecule has no net dipole moment because it’s
centrosymmetric.

Carbon Monoxide

The simplest oxocarbon is carbon monoxide (CO). Carbon monoxide is a colorless, tasteless gas that is slightly
lighter than air. It is toxic to humans and animals when encountered in higher concentrations, despite the fact that it
is produced in the metabolism and is thought to have some biological functions.

Carbon Monoxide: Carbon monoxide is stabilized by three different resonance structures. The first resonance
structure is the most important one.

Carbon monoxide consists of one carbon and one oxygen atom connected by a triple bond. The distance between
the carbon and oxygen atom is 112.8 pm, consistent with the presence of a triple bond. The bond dissociation
energy of CO is 1072 kJ/mol and represents the strongest chemical bond known. CO has three resonance
structures, but the structure with the triple bond is the best approximation of the real distribution of electron density
in the molecule.

CO is naturally produced by the human body as a signaling molecule. Abnormalities in its metabolism have been
linked to a variety of diseases, including hypertension and heart failure. CO is present in small amounts in the
atmosphere, mostly as a result of the burning of fossil fuels and fires. Through natural processes in the atmosphere,
it is eventually oxidized to carbon dioxide (CO2).

Carbon Dioxide

Carbon dioxide, or CO2, is a naturally occurring linear compound composed of two oxygen atoms covalently bonded
to a carbon atom. The two C=O bonds are equivalent and short (116.3 pm), consistent with double bonding. The
compound is centrosymmetric and so has no net dipole. CO2 is colorless; at high concentrations it has a sharp,
acidic odor, but at lower concentrations it is odorless. At standard temperature and pressure, its density is 1.98
kg/m3, about 1.5 times that of air. It has no liquid state at pressures below 520 kPa; at 1 atm, the gas deposits
directly to a solid at temperatures below -78.5 °C, and the solid sublimes directly to gas above this temperature.
Solid CO2 is known as dry ice.

Carbon dioxide in Earth’s atmosphere currently occurs at
an average concentration of about 390 parts per million by
volume. Concentrations of the gas tend to fall during the
northern spring and summer as plants consume the gas
(during the process of photosynthesis), and rise during
autumn and winter as plants go dormant, decay, or die.
CO2 is an end product of the metabolism of organisms via
the cellular respiration process, in which energy is obtained
from the breaking down of sugars, fats, and amino acids.
Despite the fact that the human body produces
approximately 2.3 pounds of carbon dioxide per day, it is
considered toxic, and concentrations up to 10 percent may
cause suffocation.

Carbonic Acid and Its Conjugate Bases

Carbon dioxide is soluble in water; it reversibly converts to carbonic acid (H2CO3). The salt of carbonic acids are
called carbonates and are characterized by the carbonate ion, CO3

2-. The carbonate ion is the simplest oxocarbon
anion, consisting of one carbon atom surrounded by three oxygen atoms in a trigonal planar arrangement. The
Lewis structure of the carbonate ion has two single bonds to negative oxygen atoms and one short double bond to a
neutral oxygen. This structure is, however, incompatible with the ion’s observed symmetry, which implies that the
three bonds and oxygen atoms are equivalent. The symmetry can best be represented by three resonance
structures.
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The Carbonate Ion: The carbonate ion has three resonance structures. The true structure of the carbonate is
an average of these three resonance structures.

In aqueous solutions, carbonate, bicarbonate (HCO3
–), carbon dioxide, and carbonic acid exist together in

equilibrium. In strongly basic conditions, the carbonate ion predominates, while in weakly basic conditions, the
bicarbonate ion predominates. In acidic conditions, aqueous CO2 (aq) is the main form and is in equilibrium with
carbonic acid — the equilibrium lies strongly towards carbon dioxide.

Carbonate Salts

Metal carbonates generally decompose upon heating, liberating carbon dioxide and leaving behind an oxide of the
metal. Ionic compounds form when a positively charged metal ion, M+, attaches to the negatively charged oxygen
atoms of the carbonate ion. Most salts are insoluble in water, with solubility constants (Ksp) less than 1 x 10-8, with
the exception of lithium, sodium, potassium, and ammonium carbonates.

Sodium carbonate is basic when dissolved in water (meaning it results in a basic solution upon dissolution ), and
sodium bicarbonate is weakly basic. These effects can be explained by considering that upon dissolution and
subsequent dissociation of the salt into its ions, the carbonate or bicarbonate ions will react with H+ in the solution to
form H2CO3 (which has a low Ka value – i.e., is a weak acid). On the other hand, carbon dioxide is weakly acidic
(results in a slightly acidic solution) when dissolved in water. That’s because it reacts with water to produce H2CO3,
a small amount of which will dissociate into H+ and a bicarbonate ion.

Although the carbonate salts of most metals are insoluble in water, this is not true of the bicarbonate salts. Under
changing temperature or pressure, and in the presence of metal ions with insoluble carbonates, the equilibrium
between carbonate, bicarbonate, carbon dioxide, and carbonic acid in water can result in the formation of insoluble
compounds. This is responsible for the buildup of scale inside pipes caused by hard water.

Allotropes of Carbon

Various allotropes of carbon exhibit different properties and find applications in a variety of fields.

Learning Objectives

Describe the properties of the allotropes of carbon.

Key Takeaways

Key Points

Diamond is a well-known allotrope of carbon that exhibits hardness and high dispersion of light. It is the
hardest known natural mineral and finds applications in cutting, drilling, and jewelry, and as a potential
semiconductor material.
Graphene is a single layer of carbon atoms arranged in one plane; layers of graphene make up graphite.
Graphene is a material of interest due to its high electron mobility and its possible applications in
electronics.
Fullerenes are a class of carbon allotropes in which carbon takes the form of a hollow sphere, ellipsoid, or
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Fullerenes are a class of carbon allotropes in which carbon takes the form of a hollow sphere, ellipsoid, or
tube. This class of materials includes carbon nanotubes, buckyballs, and the newly discovered nanobuds.

Key Terms

allotropes: Different forms of a chemical element.

Allotropy is the property of some chemical elements to exist in two or more different forms, or allotropes, when
found in nature. There are several allotropes of carbon.

Allotropes of Carbon: Allotropes of carbon: a) Diamond, b) Graphite, c) Lonsdaleite, d) C60
(Buckminsterfullerene or buckyball), e) C540, f) C70, g) Amorphous carbon, and h) single-
walled carbon nanotube, or buckytube.

Diamond

Diamond is probably the most well known carbon allotrope. The carbon atoms are arranged in a lattice, which is a
variation of the face-centered cubic crystal structure. It has superlative physical qualities, most of which originate
from the strong covalent bonding between its atoms. Each carbon atom in a diamond is covalently bonded to four
other carbons in a tetrahedron. These tetrahedrons together form a three-dimensional network of six-membered
carbon rings in the chair conformation, allowing for zero bond -angle strain. This stable network of covalent bonds
and hexagonal rings is the reason that diamond is so incredibly strong as a substance.

As a result, diamond exhibits the highest hardness and thermal conductivity of any bulk material. In addition, its rigid
lattice prevents contamination by many elements. The surface of diamond is lipophillic and hydrophobic, which

878



means it cannot get wet by water but can be in oil. Diamonds do not generally react with any chemical reagents,
including strong acids and bases. Uses of diamond include cutting, drilling, and grinding; jewelry; and in the semi-
conductor industry.

Diamond and Graphite: Diamond and graphite are two allotropes of carbon
— pure forms of the same element that differ in structure.

Graphite

Graphite is another allotrope of carbon; unlike diamond, it is an electrical conductor and a semi-metal. Graphite is
the most stable form of carbon under standard conditions and is used in thermochemistry as the standard state for
defining the heat of formation of carbon compounds. There are three types of natural graphite:

1. Crystalline flake graphite: isolated, flat, plate-like particles with hexagonal edges
2. Amorphous graphite: fine particles, the result of thermal metamorphism of coal; sometimes called meta-

anthracite
3. Lump or vein graphite: occurs in fissure veins or fractures, appears as growths of fibrous or acicular

crystalline aggregates

Graphite has a layered, planar structure. In each layer, the carbon atoms are arranged in a hexagonal lattice with
separation of 0.142 nm, and the distance between planes (layers) is 0.335 nm. The two known forms of graphite,
alpha (hexagonal) and beta (rhombohedral), have very similar physical properties (except that the layers stack
slightly differently). The hexagonal graphite may be either flat or buckled. The alpha form can be converted to the
beta form through mechanical treatment, and the beta form reverts to the alpha form when it is heated above 1300
°C. Graphite can conduct electricity due to the vast electron delocalization within the carbon layers; as the electrons
are free to move, electricity moves through the plane of the layers. Graphite also has self-lubricating and dry
lubricating properties. Graphite has applications in prosthetic blood-containing materials and heat-resistant materials
as it can resist temperatures up to 3000 °C.

A single layer of graphite is called graphene. This material displays extraordinary electrical, thermal, and physical
properties. It is an allotrope of carbon whose structure is a single planar sheet of sp2 bonded carbon atoms that are
densely packed in a honeycomb crystal lattice. The carbon-carbon bond length in graphene is ~0.142 nm, and
these sheets stack to form graphite with an interplanar spacing of 0.335 nm. Graphene is the basic structural
element of carbon allotropes such as graphite, charcoal, carbon nanotubes, and fullerenes. Graphene is a semi-
metal or zero-gap semiconductor, allowing it to display high electron mobility at room temperature. Graphene is an
exciting new class of material whose unique properties make it the subject of ongoing research in many
laboratories.

Amorphous Carbon
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Amorphous carbon refers to carbon that does not have a crystalline structure. Even though amorphous carbon can
be manufactured, there still exist some microscopic crystals of graphite-like or diamond-like carbon. The properties
of amorphous carbon depend on the ratio of sp2 to sp3 hybridized bonds present in the material. Graphite consists
purely of sp2 hybridized bonds, whereas diamond consists purely of sp3 hybridized bonds. Materials that are high in
sp3 hybridized bonds are referred to as tetrahedral amorphous carbon (owing to the tetrahedral shape formed by
sp3 hybridized bonds), or diamond-like carbon (owing to the similarity of many of its physical properties to those of
diamond).

Fullerenes and Nanotubes

Carbon nanomaterials make up another class of carbon allotropes. Fullerenes (also called buckyballs) are
molecules of varying sizes composed entirely of carbon that take on the form of hollow spheres, ellipsoids, or tubes.
Buckyballs and buckytubes have been the subject of intense research, both because of their unique chemistry and
for their technological applications, especially in materials science, electronics, and nanotechnology. Carbon
nanotubes are cylindrical carbon molecules that exhibit extraordinary strength and unique electrical properties and
are efficient conductors of heat. Carbon nanobuds are newly discovered allotropes in which fullerene-like “buds” are
covalently attached to the outer side walls of a carbon nanotube. Nanobuds therefore exhibit properties of both
nanotubes and fullerenes.

Glassy Carbon

Glassy or vitreous carbon is a class of carbon widely used as an electrode material in electrochemistry as well as in
prosthetic devices and high-temperature crucibles. Its most important properties are high temperature resistance,
hardness, low density, low electrical resistance, low friction, low thermal resistance, extreme resistance to chemical
attack, and impermeability to gases and liquids.

Other Allotropes

Other allotropes of carbon include carbon nanofoam, which is a low-density cluster assembly of carbon atoms
strung together in a loose three-dimensional web; pure atomic and diatomic carbon; and linear acetylenic carbon,
which is a one-dimensional carbon polymer with the structure -(C:::C)n-.
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SILICATES

Silicate Units, Silicate Chains, Silicate Sheets

The basic unit of silicate, [SiO4]4- tetrahedron, can form single and double chains and sheets.

Learning Objectives

Describe the various structures of silicates.

Key Takeaways

Key Points

The basic building block of all silicate minerals is the [SiO4]4− tetrahedron.
Silicate minerals containing chains are termed inosilicates. In single chains (SiO3

2−)n, the silicon to
oxygen ratio is 1:3, while in double chains (Si4O11

6−)n, the silicon to oxygen ratio is 4:11.
The formula of silicate sheet is (Si2O5

2−)n. Silicate minerals containing sheets are termed phyllosilicates.

Key Terms

Inosilicates: Inosilicates, or chain silicates, have interlocking chains of silicate tetrahedrons.
Silicate: A silicate (SiO44-) is a compound containing a silicon-bearing anion.
Phyllosilicates: Sheet silicate minerals, formed by parallel sheets of silicate tetrahedrons Si2O52-.

Silicate Tetrahedrons

The basic building block of all silicate minerals is the [SiO4]4− tetrahedron. There are four covalent Si−O bonds.
Each oxygen atom forms one vertex of the tetrahedron. The silicon to oxygen atom ratio is 1:4.

Silicate minerals containing isolated [SiO4]4− tetrahedrons are called nesosilicates or orthosilicates.

Corner-Sharing Tetrahedrons

If two [SiO4]4− tetrahedrons share an oxygen atom at one common vertex, an [Si2O7]6− ion is formed. The silicon to
oxygen ratio is 2:7. Silicate minerals containing isolated [Si2O7]6− double tetrahedrons are called sorosilicates.

Silicate Chains
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Silicate Tetrahedron: Ball-and-stick model of the silicate
tetrahedron; red represents oxygen atoms and gray
represents the silicon atom in the center.

Double Chain: Ball-and-stick model of silicate double chains. Red balls correspond
to oxygen, and gray to silicon atoms.

Silicate minerals containing chains are termed inosilicates.
They consist of single chains (SiO3

2−)n, in which the silicon
to oxygen atom ratio is 1:3, and double chains (Si4O11

6−)n,
in which the silicon to oxygen atom ratio is 4:11.

Asbestos

Asbestos (from Greek ἅ, unquenchable) is a group of
fibrous silicate minerals containing double chains.
Prolonged exposure to dust containing fibres from certain
types of asbestos is now known to cause scarring of the
lungs, lung cancer, and a particularly aggressive cancer
called mesothelioma. Mesothelioma is almost always fatal,
with a median survival time of 11 months. Due to the
exceptional danger posed by some absestos, certain
counties now require all work involving asbestos to be
done by specialist companies. The vast majority of
asbestos is the so-called white form, which is not known to
pose any real danger.

Silicate Sheets

SiO4 tetrahedrons can be arranged to
form sheets. The formula of such a
sheet can be written (Si2O5

2−)n.
Silicate minerals containing sheets are
termed phyllosilicates.

Silicate Sheet: The formula of silicate sheet is (Si2O5
2−)n.

Three-dimensional Frameworks
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Perhaps the most structurally complicated silicates are those based on networks of Si and O that extend in all three
dimensions. Examples of such minerals include quartz, zeolites, and feldspars. Silicate minerals containing three-
dimensional frameworks are termed tectosilicates.

Three-dimensional structure of zeolite: In the mineral zeolite, silica and
oxygen atoms are bonded layers of sheets.

Properties of Quartz and Glass

Glass is a non-crystalline solid material made of silica, while quartz is a crystalline silicate mineral with piezoelectric
properties.

Learning Objectives

Discuss the properties of glass and quartz.

Key Takeaways

Key Points

Glass is a non- crystalline, often brittle, transparent solid material made of silica (SiO2) and other minor
additives.
Glass has the ability to refract, reflect, and transmit light according to the principles of geometrical optics.
Color in glass may be obtained by adding electrically charged ions that are homogeneously distributed, or
by precipitating finely dispersed particles.
Quartz is an abundant mineral made up of a continuous framework of SiO4 tetrahedra.

Quartz crystals have piezoelectric properties: they develop an electric potential with the application of
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Quartz crystals have piezoelectric properties: they develop an electric potential with the application of
mechanical stress. Today, a crystal oscillator is a common piezoelectric use for quartz.
Pure quartz is colorless and transparent or translucent. Microcrystal varieties are mostly opaque, while
macrocrystals tend to be transparent.

Key Terms

glass: A solid, transparent substance made by melting sand with a mixture of soda, potash, and lime.
quartz: The most abundant mineral on the earth’s surface. Its chemical composition is silicon dioxide,
SiO2. It occurs in a variety of forms, both crystalline and amorphous. It is found in every environment.
piezoelectricity: The ability of certain crystals to generate a voltage in response to applied mechanical
stress.

Glass

Glass is an amorphous (non-crystalline) solid material. Glasses are typically brittle and optically transparent. The
most familiar type of glass, used for centuries in windows and drinking vessels, is soda-lime glass, composed of
about 75% silica (SiO2) with the addition of sodium oxide (Na2O) from soda ash, lime (CaO), and several minor
additives.

Natural Glass: Moldavite, a natural glass formed by meteorite impact, from
Besednice, Bohemia.

Optical properties

Glass is in widespread use largely due to the production of glass compositions that are transparent to visible
wavelengths of light. In contrast, polycrystalline materials do not in general transmit visible light. The individual
crystallites may be transparent, but their facets (grain boundaries) reflect or scatter light, resulting in diffuse
reflection. Glass does not contain the internal subdivisions associated with grain boundaries in polycrystals, so it
does not scatter light in the same manner as a polycrystalline material. The surface of a glass is often smooth—
during glass formation, the molecules of the supercooled liquid are not forced to dispose in rigid crystal geometries.
The molecules can follow surface tension, which imposes a microscopically smooth surface. These properties,
which give glass its clearness, can be retained even if glass is partially light-absorbing or colored.

Glass has the ability to refract, reflect, and transmit light according to the principles of geometrical optics. Common
glass has a refractive index of 1.5. According to the Fresnel equations, the reflectivity (the amount of light that gets
reflected off the air-glass interface) of a sheet of glass is about 4% per surface (at normal incidence in air). This
means the amount of light that gets transmitted through a glass surface (the transmissivity) is 96%. The
transmissivity of a glass element with two surfaces is about 92%.
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Glass also finds application in optoelectronics for light-transmitting optical fibers.

Color

Color in glass may be obtained by adding electrically charged ions that are homogeneously distributed, or by
precipitating finely dispersed particles (such as in photochromic glasses). Ordinary soda-lime glass appears
colorless to the naked eye when it is thin, although iron (II) oxide (FeO) impurities of up to 0.1 % by weight produce
a green tint. This is seen in thick pieces or with the aid of scientific instruments. Manganese dioxide can be added in
small amounts to remove the green tint given by iron(II) oxide. FeO and Cr2O3 additions may be used for the
production of green bottles. Sulfur, together with carbon and iron salts, is used to form iron polysulfides and produce
amber glass ranging from yellowish to almost black. A glass melt can also acquire an amber color from a reducing
combustion atmosphere.

When used in art glass or studio glass, glass is colored using closely guarded recipes that involve specific
combinations of metal oxides, melting temperatures, and ‘cook’ times. Most colored glass used in the art market is
manufactured in volume by vendors, although there are some glass makers with the ability to make their own color
from raw materials.

Quartz

Quartz is an abundant mineral in the Earth’s continental crust. It is made up of a continuous framework of SiO4
silicon– oxygen tetrahedra. Each oxygen atom is shared between two tetrahedra, giving an overall formula of SiO2.
There are many different varieties of quartz, several of which are semi-precious gemstones.

Quartz: This diagram shows the crystal structure of quartz. Silicon atoms are grey, and
oxygen atoms are red.

Physical properties

Owing to its abundance and high thermal and chemical stability, quartz is widely used in many large-scale
applications—abrasives, foundry materials, ceramics, and cements. Quartz crystals have piezoelectric properties.

885



Piezoelectricity is the ability to develop an electric potential upon the application of mechanical stress. An early use
of this property of quartz crystals was in phonograph pickups, where the mechanical movement of the stylus in the
groove generates a proportional electrical voltage by creating stress within a crystal.

Today, a crystal oscillator is a common piezoelectric use for quartz: the vibration frequency of the crystal is used to
generate an electrical signal of very precise frequency. This is employed in many modern electronic devices
(wristwatches, clocks, radios, computers, cellphones) to keep track of time or provide a stable clock signal for digital
circuits.

Color

Pure quartz, traditionally called rock crystal (sometimes called clear quartz), is colorless and transparent or
translucent. Common colored varieties include citrine, rose quartz, amethyst, smoky quartz, and milky quartz.

Rose Quartz Crystal: Rose quartz crystals, Minas Gerais.

The cryptocrystalline (crystals barely visible under microscope) varieties are either translucent or mostly opaque,
while the transparent varieties tend to be macrocrystalline (large crystals identified by sight). Chalcedony is a
cryptocrystalline form of silica consisting of fine intergrowths of quartz and its monoclinic polymorph, moganite.
Other opaque gemstone varieties of quartz—or mixed rocks including quartz—often include contrasting bands or
patterns of color. These include agate, onyx, carnelian, and jasper.

Aluminosilicates

Aluminosilicate minerals are composed of aluminum, silicon, and oxygen.

Learning Objectives

Identify composition of aluminosilicates and differentiate their polymorphs.

Key Takeaways
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Key Points

Andalusite, kyanite, and sillimanite are naturally occurring aluminosilicate minerals that have the
composition Al2SiO5. Each of these minerals occur under different temperature – pressure regimes, and
can thus be used to identify the pressure-temperature paths of their host rocks.
Hydrated aluminosilicate minerals are referred to as zeolites. They are porous structures that are
naturally occurring materials.
Calcium aluminosilicate and sodium aluminosilicate are common food additives.

Key Terms

Aluminosilicate: Mineral composed of aluminum, silicon, and oxygen, plus countercations.
Zeolite: Microporous aluminosilicate mineral commonly used as commercial absorbent.

Aluminosilicate minerals are composed of aluminum, silicon, oxygen, and countercations. They are a major
component of kaolin and other clay minerals.

Andalusite, Kyanite, and Sillimanite

Andalusite: Andalusite is an aluminium nesosilicate mineral with the
chemical formula Al2SiO5.

Andalusite, kyanite, and sillimanite are all naturally occurring aluminosilicate minerals that have the composition
Al2SiO5. The triple point of these three polymorphs is located at a temperature of 500 °C and a pressure of 0.4 GPa.
These three minerals are commonly used as index minerals in metamorphic rocks. Each of these minerals occurs
under different temperature-pressure regimes, and they are therefore rarely found together in the same rock.
Because of this, the three minerals are a useful tool in identifying the pressure-temperature paths of the host rock in
which they are found.
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Zeolite: Zeolites are microporous,
aluminosilicate minerals commonly used as
commercial adsorbents.

Phase Diagram of Aluminosilicate Mineral: The phase diagram of Al2SiO5
showing its different forms (called “polymorphs”). (Note: What is referred to as
“Cianite” in the figure corresponds to “kyanite” in the text.)

Zeolites

Hydrated aluminosilicate minerals are referred to as zeolites. They have porous structures and are naturally
occurring materials. Zeolites are commonly used as commercial absorbents. Zeolites are used for a variety of tasks,
including purifying water, catalyzing reactions, preparing certain advanced materials, and nuclear reprocessing.
They are used to extract nitrogen from air, which then increases the general oxygen content for various industrial
and medical purposes. They are used most frequently in the production of laundry detergents, but are also used in
medicine and in agriculture.

Calcium Aluminosilicates

Calcium aluminosilicate, an aluminosilicate compound with calcium
cations, most typically has the chemical formula, CaAl2Si2O8. As a food
additive, it is sometimes designated “E556”. In minerals, as in feldspar,
it can be found as anorthite, an end-member of the plagioclase series.

Sodium Aluminosilicates

Sodium aluminosilicates are acidic salts that is composed of sodium,
aluminum, silicon and oxygen. These can be found as synthetic,
amorphous, sodium aluminosilicates, a few naturally-occurring minerals,
and synthetic zeolites. Synthetic, amorphous, sodium aluminosilicate is
widely used as a food additive, E-554.
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NITROGEN AND PHOSPHORUS

Properties of Nitrogen
Nitrogen in its elemental form is a non-metallic gas that makes up 78 percent of Earth’s atmosphere.

Learning Objectives

Discuss the properties of nitrogen.

Key Takeaways

Key Points

Nitrogen is a chemical element with symbol N and atomic number 7. Elemental nitrogen is a colorless,
odorless, tasteless, and mostly inert diatomic gas at standard conditions, constituting 78.09 percent of
Earth’s atmosphere by volume.
Nitrogen gas is an industrial gas produced by the fractional distillation of liquid air or by mechanical
means using gaseous air. Commercial nitrogen is often a byproduct of air-processing for industrial
concentration of oxygen.
Nitrogen gas has a variety of applications, including serving as an inert replacement for air where
oxidation is undesirable. Liquid nitrogen is also used to cryogenically freeze objects.

Key Terms

nitrogen: A chemical element (symbol N) with an atomic number of 7 and atomic weight of 14.0067 amu.
amino acid: Generally, molecules that contain both an amino and a carboxylic acid functional group. The
monomers from which polypeptide chains, or proteins, are built are amino acids.
elemental: Of, relating to, or being an element (as opposed to a compound).

The element nitrogen was discovered as a separable component of air by Scottish physician Daniel Rutherford in
1772. Nitrogen compounds were well known during the Middle Ages. Alchemists knew nitric acid as aqua fortis
(strong water). The mixture of nitric and hydrochloric acids was known as aqua regia (royal water), celebrated for its
ability to dissolve gold (the king of metals). The earliest military, industrial, and agricultural applications of nitrogen
compounds used saltpetre (sodium nitrate or potassium nitrate), most notably in gunpowder and later as fertilizer.

Nitrogen is a chemical element with symbol N and atomic number 7. Elemental nitrogen is a colorless, odorless,
tasteless, and mostly inert diatomic gas at standard conditions, constituting 78.09 percent of Earth’s atmosphere by
volume. Nitrogen is a common element in the universe, estimated at about seventh in total abundance in our galaxy
and the solar system. Its occurrence there is thought to be entirely due to synthesis by fusion of carbon and
hydrogen in supernovas. Due to the volatility of elemental nitrogen and its compounds with hydrogen and oxygen,
nitrogen is far less common on the rocky planets of the inner solar system and is a relatively rare element on Earth.
However, as on Earth, nitrogen and its compounds occur commonly as gases in the atmospheres of planets and
moons.

Nitrogen in Living Systems
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The Nitrogen Cycle: The figure summarizes the major processes through
which nitrogen is converted between its various forms on the surface of the
earth.

Nitrogen occurs in all living organisms, primarily in amino acids which make up proteins, and nucleic acids (DNA
and RNA). The human body is about three percent nitrogen by weight, the fourth-most abundant element after
oxygen, carbon, and hydrogen. Nitrogen resides in the chemical structure of almost all neurotransmitters and is a
defining component of alkaloids, biological molecules produced as secondary metabolites by many organisms.

The nitrogen cycle describes the movement of the element from the air into the biosphere and organic compounds
and back into the atmosphere. Synthetically produced nitrates are key ingredients of industrial fertilizers and key
pollutants causing the eutrophication of water systems.

Industrial Production of
Nitrogen

Nitrogen gas is an industrial gas produced
by the fractional distillation of liquid air or
by mechanical means using gaseous air
(i.e., pressurized reverse osmosis
membrane or pressure swing adsorption).
Commercial nitrogen is often a byproduct
of air-processing for industrial
concentration of oxygen for steelmaking
and other purposes. When supplied
compressed in cylinders, it is often called
OFN (oxygen-free nitrogen).

In a chemical laboratory it is prepared by
treating an aqueous solution of ammonium
chloride with sodium nitrite, or through the
decomposition of sodium azide:

 

Chemical Properties of Nitrogen

Nitrogen is a nonmetal with an electronegativity of 3.04. It has five electrons in its outer shell and is, therefore,
trivalent in most compounds. The triple bond in molecular nitrogen (N2) is one of the strongest known. The resulting
difficulty of converting N2 into other compounds, and the ease (and associated high energy release) of converting
nitrogen compounds into elemental N2, have dominated the role of nitrogen in both nature and human economic
activities.

Nitrogen Emission Spectrum

Molecular nitrogen (14N2) is largely transparent to infrared and visible radiation because it is a homonuclear
molecule and, therefore, has no dipole moment to couple the electromagnetic radiation at these wavelengths.
Significant absorption occurs at extreme ultraviolet wavelengths, beginning at a wavelength of around 100
nanometers. This is associated with electronic transitions in the molecule to states in which charge is not distributed
evenly between nitrogen atoms. Nitrogen absorption leads to significant absorption of ultraviolet radiation in the
Earth’s upper atmosphere and the atmospheres of other planetary bodies.

Spectrum of Nitrogen: Sending an electric current through nitrogen excites the electrons to higher energy levels. When they fall to
lower energy levels, certain frequencies of light (based on the difference in energy of the energy levels) are observed, as shown.

Cl(aq) + (aq) → (g) + NaCl(aq) + 2 O(l)NH4 NaNO2 N2 H2

2 → 2Na + 3NaN3 N2
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Applications of Nitrogen Gas

Nitrogen gas has a variety of applications, including:

As an inert replacement for air where oxidation is undesirable
As a modified atmosphere, pure or mixed with carbon dioxide, to preserve the freshness of packaged or bulk
foods
In ordinary incandescent light bulbs as an inexpensive alternative to argon
In production of electronic parts such as transistors, diodes, and integrated circuits
Filling automotive and aircraft tires due to its inertness and lack of moisture or oxidative qualities, as
compared to air
As a propellant for draft wine, and as an alternative to or in combination with carbon dioxide in carbonated
beverages

Nitrogen is also used in preparing samples for chemical analysis to concentrate and reduce the volume of liquid
samples. Directing a pressurized stream of nitrogen gas perpendicular to the surface of the liquid allows the solvent
to evaporate while leaving the solute(s) and unevaporated solvent behind. Nitrogen tanks are also replacing carbon
dioxide as the main power source for paintball guns. But, nitrogen must be kept at higher pressure than CO2,
making N2 tanks heavier and more expensive.

Nitrogen Compounds
Nitrogen compounds, and especially their oxidized derivatives, are important in biological systems and as
explosives.

Learning Objectives

Give examples of applications of nitrogen compounds.

Key Takeaways

Key Points

Nitrogen oxides, called NOx compounds, are important for their explosive properties. These properties
are determined by the extremely strong and stable bond found in molecular, diatomic nitrogen, N2, which
has a bond dissociation energy of 945 kJ/mol (226 kcal/mol).
The main neutral hydride of nitrogen is ammonia (NH3), which has a pKb of 9.2, and is thus a weak base.
The corresponding deprotonated species, NH2

–, is called an amide and is a strong base (because it’s the
conjugate base of ammonia, whose pKa is around 38).
Nitrogen is a constituent of molecules in every major drug class in pharmacology and medicine, from
antibiotics to neurotransmitters and beyond. One important aspect of nitrogen is that it is the only non-
metal that can maintain a positive charge at physiological pH.

Key Terms

propellant: Fuel, oxidizer, reaction mass or mixture for one or more engines (especially internal
combustion engines or jet engines) that is carried within a vehicle prior to use.
oxide: A binary chemical compound of oxygen with another chemical element.
anion: A negatively charged ion, as opposed to a cation.
bond dissociation energy: The energy required to separate two atoms joined by a particular bond.
Expressed in terms of a mole of such bonded atoms. Indicates the strength of the bond.

Survey of Nitrogen Compounds and their Uses
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Nitrogen compounds play an important role in many aspects of life and commercial processes, from the industrial
production of fertilizers to the building blocks of life.

The nitrogen-nitrogen triple bond in N2 contains 226 kcal/mol of energy, making it one of the strongest bonds
known. When nitrogen gas is formed as a product from various reactions, the bond energy associated with the N-N
triple bond is released, causing the explosive properties seen in many nitrogen compounds.

Amines

The main neutral hydride of nitrogen is ammonia (NH3), although hydrazine (N2H4) is also commonly used.
Ammonia is more basic than water by 6 orders of magnitude. In solution, ammonia forms the ammonium ion (NH4

+).
The pKa of ammonium chloride is 9.2. Liquid ammonia (boiling point 240 K) is amphiprotic (displaying either
Brønsted-Lowry acidic or basic character) and forms ammonium and the less common amide ions (NH2

−).
Ammonia has a pKa of 38, making the corresponding amide ions very strong bases. Singly, doubly, triply and
quadruply substituted alkyl compounds of ammonia are called amines (four substitutions, to form commercially and
biologically important quaternary amines, results in a positively charged nitrogen, and thus a water-soluble
compound).

Azides

Other classes of nitrogen anions (negatively charged ions) are the poisonous azides (N3
−), which are linear and

isoelectronic to carbon dioxide, but which bind to important iron-containing enzymes in the body in a manner
resembling cyanide.

Nitrogen Oxides

Another molecule of the same structure is the colorless and relatively inert anesthetic gas nitrous oxide (dinitrogen
monoxide, N2O), also known as laughing gas. This is one of a variety of nitrogen oxides that form a family often
abbreviated as NOx. Nitric oxide (nitrogen monoxide, NO), is a natural free radical used in signal transduction in
both plants and animals. The reddish and poisonous nitrogen dioxide (NO2) contains an unpaired electron and is an
important component of smog. Nitrogen molecules containing unpaired electrons show a tendency to dimerize (thus
pairing the electrons), and are, in general, highly reactive. The corresponding acids are nitrous (HNO2) and nitric
acid (HNO3), with the corresponding salts called nitrites and nitrates.

Nitrogen Compounds used as Explosives and Propellants

One of the earliest uses of a nitrogen compound as an explosive was potassium nitrate, also called saltpeter, used
in gunpowder. This is a mixture of potassium nitrate, carbon and sulfur. When the mixture is ignited in an enclosed
space, such as a gun-barrel or a firework, the nitrate ions oxidize the carbon and sulfur in a highly exothermic
reaction, producing high- temperature gases very rapidly. This can propel a bullet out of a gun or cause a firework to
explode.

The higher oxides, dinitrogen trioxide (N2O3), dinitrogen tetroxide (N2O4) and dinitrogen pentoxide (N2O5), are
unstable and explosive, a consequence of the chemical stability of N2. Nearly every hypergolic (i.e. not requiring
ignition) rocket engine uses N2O4 as the oxidizer; their fuels, various forms of hydrazine, are also nitrogen
compounds.

These engines were extensively used on spacecraft such as the space shuttle and those of the Apollo Program
because their propellants are liquids at room temperature and ignition occurs on contact without an ignition system,
allowing many precisely controlled burns. N2O4 is an intermediate in the manufacture of nitric acid HNO3, one of the
few acids stronger than the hydronium ion, and a fairly strong oxidizing agent.
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Potassium Nitrate: Potassium nitrate, or saltpeter, was a constituent
of early gunpowder. It serves as an oxidant, along with an oxidizable
material such as sugar.

Nitrogen is notable for the range of explosively
unstable compounds that it can produce. Nitrogen
triiodide (NI3) is an extremely sensitive contact
explosive. Nitrocellulose, produced by nitration of
cellulose with nitric acid, is also known as guncotton.
Nitroglycerin, made by nitration of glycerin, is the
dangerously unstable explosive ingredient of
dynamite. The comparatively stable, but less
powerful explosive trinitrotoluene (TNT) is the
standard explosive against which the power of
nuclear explosions are measured. In all cases, the
explosive properties of nitrogen compounds are
derived from the extreme stability of the product of
these reactions: gaseous molecular nitrogen, N2.

Nitrogen Compounds in Drugs and
Medicine

Nitrogen is a constituent of molecules in every major
drug class in pharmacology and medicine. Nitric
oxide (NO) has recently been discovered to be an
important signaling molecule in physiology. Nitrous

oxide (N2O) was discovered early in the 19th century to be a partial anesthetic, though it was not used as a surgical
anesthetic until later. Called “laughing gas,” it was found to induce a state of social disinhibition resembling
drunkenness.

Other notable nitrogen-containing drugs are drugs derived from plant alkaloids, such as morphine. Many alkaloids
are known to have pharmacological effects; in some cases, they appear as natural chemical defenses of plants
against predation. Drugs that contain nitrogen include all major classes of antibiotics, and organic nitrate drugs like
nitroglycerin and nitroprusside that regulate blood pressure and heart action. Amines (alkyl derivatives of nitrogen)
are important in pharmacology because they can readily carry a positive charge, as the corresponding protonated
ammonium species. This allows for electrostatic interactions between the ammonium cation and various negatively
charged or polarizable species in proteins.

Properties of Phosphorus

Phosphorus is found in its elemental form as different allotropes, none of which are stable in the presence of
oxygen.

Learning Objectives

Review the properties of phosphorus.

Key Takeaways

Key Points

Phosphorus is a chemical element with symbol P and atomic number 15. A multivalent nonmetal of the
nitrogen group, phosphorus as a mineral is almost always present in its maximally oxidized state, as
inorganic phosphate.
Phosphorus is essential for life. As part of the phosphate group, it is a component of DNA, RNA, ATP
(adenosine triphosphate), and the phospholipids that form all cell membranes.
Phosphorus exists in several forms ( allotropes ) that exhibit strikingly different properties. The two most
common allotropes are white phosphorus and red phosphorus.
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Diagram of White Phosphorus: The most
important elemental form of phosphorus is white
phosphorus, P4, which exhibits the bonding
shown.

Key Terms

phosphate: Any salt or ester of phosphoric acid
adenosine triphosphate: A nucleotide that occurs in biological organisms and is used as a source of
energy in cellular reactions and processes.
allotrope: Any form of a pure element that has a distinctly different molecular structure to another form of
the same element.

Phosphorus is a chemical element with symbol P and atomic number 15. A multivalent nonmetal of the nitrogen
group, phosphorus as a mineral is almost always present in its maximally oxidized state, as inorganic phosphate
rocks. Elemental phosphorus exists in two major forms — white phosphorus and red phosphorus — but due to its
high reactivity, phosphorus is never found as a free element on Earth.

While the term “phosphorescence” is derived from the ability of white phosphorus to glow faintly upon exposure to
oxygen, the current chemical understanding is that this phenomenon is actually chemiluminescence, a mechanism
of light emission distinct from phosphorescence.

Importance of Phosphorus

Phosphorus is essential for life. As evidence of the link between phosphorus and terrestrial life, elemental
phosphorus was historically first isolated from human urine, and bone ash was an important early phosphate
source. As phosphate, it is a component of DNA, RNA, ATP (adenosine triphosphate), and the phospholipids that
form all cell membranes. Low phosphate levels are an important limit to growth in some aquatic systems, and the
chief commercial use of phosphorus compounds for production of fertilizers is due to the need to replace the
phosphorus that plants remove from the soil.

Phosphorus exists in several forms (allotropes) that exhibit strikingly different properties.

The two most common allotropes are white phosphorus and red phosphorus.
Another form, scarlet phosphorus, is obtained by allowing a solution of white phosphorus in carbon disulfide
to evaporate in sunlight.
Black phosphorus is obtained by heating white phosphorus under high pressures (about 12,000 standard
atmospheres, or 1.2 gigapascals). In appearance, properties, and structure, black phosphorus resembles
graphite — it is black and flaky, a conductor of electricity, and has puckered sheets of linked atoms.
Another allotrope is diphosphorus; it contains a phosphorus dimer as a structural unit and is highly reactive.

White Phosphorus and Related Molecular Forms

The most important elemental form of phosphorus in terms of
applications is white phosphorus. It consists of tetrahedral P4
molecules, in which each atom is bound to the other three atoms by a
single bond. This P4 tetrahedron is also present in liquid and gaseous
phosphorus up to the temperature of 800 °C, at which point it starts
decomposing into P2 molecules. Solid white phosphorus exists in two
forms; at low temperatures, the β form is stable, and at high
temperatures, the α form is predominant. These forms differ in terms
of the relative orientations of the constituent P4 tetrahedra.

White phosphorus is the least stable, the most reactive, the most
volatile, the least dense, and the most toxic of the allotropes. It
gradually changes to red phosphorus, a transformation accelerated
by light and heat. Samples of white phosphorus almost always
contain some red phosphorus and so appear yellow. For this reason
it is also called yellow phosphorus. It glows in the dark (when
exposed to oxygen) with a very faint tinge of green and blue, and it is
highly flammable and pyrophoric (self-igniting) upon contact with air.
It is also toxic, causing severe liver damage upon ingestion. Owing to
its pyrophoricity, white phosphorus is used as an additive in napalm.
The odor of combustion of this form has a characteristic garlic smell,
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White Phosphorus: White phosphorus must
be stored in an inert medium away from
oxygen, such as in mineral oil, as shown
here.

and samples are commonly coated with white “(di)phosphorus pentoxide,”
which consists of P4O10 tetrahedra with oxygen inserted between the
phosphorus atoms and at their vertices. White phosphorus is insoluble in
water but soluble in carbon disulfide.

Red Phosphorus

Red phosphorus is polymeric in structure. It can be viewed as a derivative
of P4 — one of the P-P bonds is broken, and one additional bond is
formed between the neighboring tetrahedrons, resulting in a chain-like
structure. Red phosphorus may be formed by heating white phosphorus
to 250 °C (482 °F) or by exposing it to sunlight. Phosphorus after this
treatment is amorphous. Upon further heating, this material crystallizes. In
this sense, red phosphorus is not an allotrope, but rather an intermediate
phase between white and violet phosphorus, and most of its properties
have a range of values. For example, freshly prepared, bright-red
phosphorus is highly reactive and ignites at about 300 °C, though it is still
more stable than white phosphorus, which ignites at about 30 °C. After
prolonged heating or storage, the color darkens; the resulting product is
more stable and does not spontaneously ignite in air.

Red Phosphorus Crystal Structure: Red phosphorus is
similar to P4 but is polymeric: one of the P-P bonds has
been broken and is now attached to the next P4 unit.

Phosphorus Production

About 1,000,000 short tons (910,000 t) of elemental phosphorus is produced annually. Calcium phosphate
(phosphate rock), mostly mined in Florida and North Africa, can be heated to 1,200-1,500 °C with sand, which is
mostly SiO2, and coke (impure carbon) to produce vaporized P4. The product is subsequently condensed into a
white powder underwater to prevent oxidation by air.

Phosphorus Compounds
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Phosphorus compounds consist mostly of compounds containing strong phosphorus-oxygen bonds. They are
important in fertilizers and biology.

Learning Objectives

Discuss the chemistry and the biological importance of phosphorous compounds.

Key Takeaways

Key Points

The chemistry of phosphorus is often dominated by the strength of the oxygen -phosphorus bond, which
is around 152 kcal/mol. This extremely strong bond is the driving force behind several reactions involving
phosphorus.
The majority of phosphorus-containing compounds are produced for use as fertilizers. For this purpose,
phosphate -containing minerals are converted to phosphoric acid.
Inorganic phosphorus in the form of the phosphate PO4

3− is required for all known forms of life. It plays a
major role in biological molecules; for example, it forms part of the structural framework of DNA and RNA.

Key Terms

kilocalorie: A non-SI unit of energy equal to 1,000 calories, used (now rarely) in chemistry or physics;
equal to 1 calorie or Calorie as used in nutrition (symbol: kcal).

The Chemistry of Phosphorus Compounds

The chemistry of phosphorus is often dominated by the strength of the oxygen-phosphorus bond, which is around
152 kcal/mol (kilocalories per mole). This extremely strong bond is the driving force behind several reactions
involving phosphorus. For example, the reaction of PCl5 with water to become H3PO4 allows it to serve as a drying
agent, or dessicant, with the P-O bond formation as the driving force. The oxygen-phosphorus bond also prohibits
phosphorus from being observed in its elemental state in nature. It is always found as an oxide.

The majority of phosphorus-containing compounds are produced for use as fertilizers. For this purpose, phosphate-
containing minerals are converted to phosphoric acid. Two distinct routes are employed; the main one is treatment
of phosphate minerals with sulfuric acid. The other process utilizes white phosphorus, which may be produced by
reaction and distillation from very low-grade phosphate sources. The white phosphorus is then oxidized to
phosphoric acid and finally neutralized with a base to yield phosphate salts. Phosphoric acid obtained from white
phosphorus is relatively pure and is the main source of phosphates used in detergents and other non-fertilizer
applications.

Biological Signi�cance

Inorganic phosphorus in the form of the phosphate PO4
3− is required for all known forms of life. It plays a major role

in biological molecules; for example, it forms part of the structural framework of DNA and RNA. As such, phosphate
salts are used as fertilizers to aid plant growth. Living cells also use phosphate to transport cellular energy in the
form of adenosine triphosphate (ATP). Nearly every cellular process that uses energy obtains it in the form of ATP.
ATP is also important for phosphorylation, a key regulatory and signal-transducing event in cells. Phospholipids are
the main structural components of all cellular membranes and consist of a long alkyl chain terminating in a
phosphate group. Calcium phosphate salts help to harden bones.

Living cells are defined by a membrane that separates it from its surroundings. Biological membranes are made
from a phospholipid matrix and proteins, typically in the form of a bilayer. Phospholipids are derived from glycerol,
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Phosphate in DNA: DNA strands have a phosphate-deoxyribose backbone. Two DNA
strands are shown in the figure.

such that two of the glycerol hydroxyl
(OH) groups have been replaced
with fatty acids to form ester
linkages, and the third hydroxyl
group has been replaced with a
phosphate group.

Oxoacids of Phosphorus

Phosphorous oxoacids are
extensive, often commercially
important, and sometimes
structurally complicated. They all
have acidic protons bound to oxygen
atoms, and some have nonacidic
protons that are bonded directly to
phosphorus. Although many
oxoacids of phosphorus are formed,
only nine are important, and three
are crucial: hypophosphorous acid,
phosphorous acid, and phosphoric
acid.

Phosphorus with an oxidation state
of +1:

Hypophosphorous acid,
H3PO2, contains one acidic
OH bond and two (relatively)
non-acidic PH bonds.

Phosphorus with an oxidation state
of +3:

Phosphorous acid, H3PO3,
contains two acidic OH bonds
and one PH bond.
Orthophosphorous acid, also
written H3PO3, contains three acidic OH bonds and no PH bonds.

Phosphorus with an oxidation state of +5:

Orthophosphoric acid, H3PO4, is the parent acid and most common oxidation state of phosphorus, with three
acidic OH protons. Condensation between two phosphoric acid groups can lead to polyphosphates, such as
meta- and polyphosphoric acid.
Metaphosphoric acid, (HPO3)n, which occurs when phorphoric-acid molecules become bound together in ring
structures, each vertex of the ring containing one acidic OH proton.
Polyphosphoric acid, H(HPO3)nOH, which consists of multiple orthophosphoric acids bound together, each
via a common oxygen.

Organophosphorus Compounds

Compounds with P-C and P-O-C bonds are often classified as organophosphorus compounds. They are widely
used commercially. The PCl3 serves as a source of P+3 in routes to organophosphorus (III) compounds. For
example, it is the precursor to triphenylphosphine:

Treatment of phosphorus trihalides with alcohols and phenols yields phosphites, such as triphenylphosphite:

+ 6Na + 3 Cl → P( + 6NaCPCl3 C6 H5 C6 H5)3

+ 3 OH → P( + 3HClPCl3 C6 H5 OC6H5)3
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Similar reactions occur for phosphorus oxychloride, yielding triphenylphosphate:

The Phosphate Group

There are several other phosphorus (V) compounds. The most prevalent compounds of phosphorus are derivatives
of phosphate (PO4

3-), a tetrahedral anion. Phosphate is the conjugate base of phosphoric acid, which is produced
on a massive scale for use in fertilizers. Since it is triprotic, phosphoric acid converts stepwise to three conjugate
bases:

 (Ka1 = 7.25 x 10-3)

 (Ka2 = 6.31 x 10-8)

 (Ka3 = 3.98 x 10-13)

Phosphoric Acid: Phosphoric acid contains one P=O double
bond and three P-O single bonds terminating in acidic OH
groups.
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OXYGEN

Properties of Oxygen
Oxygen is a highly reactive nonmetallic element; it is a strong oxidizing agent with high electronegativity and forms
O2 at Standard Temperature and Pressure (STP).

Learning Objectives

Review the properties of oxygen.

Key Takeaways

Key Points

At standard temperature and pressure (STP), two atoms of the element bind to form dioxygen, a
colorless, odorless, tasteless diatomic gas with the formula O2.
Oxygen is a member of the chalcogen group on the periodic table and is a highly reactive nonmetallic
element. As such, it readily forms compounds (notably oxides) with almost all other elements.
Oxygen is a strong oxidizing agent and has the second-highest electronegativity of all reactive elements,
second only to fluorine.
The solubility of oxygen in water is temperature-dependent; it condenses at 90.20 K and freezes at 54.36
K.

Key Terms

oxygen: A chemical element (symbol O) with an atomic number of 8 and atomic mass of 15.9994 amu.
ozone: An allotrope of oxygen (symbol O3) having three atoms in the molecule instead of the usual two;
it is a blue gas, generated from oxygen by electrical discharge; it is poisonous and highly reactive, but it
protects life on Earth by absorbing solar ultraviolet radiation in the upper atmosphere.
paramagnetic: Exhibiting paramagnetism (the tendency of magnetic dipoles to align with an external
magnetic field).

Oxygen is an important part of the atmosphere and is necessary to sustain terrestrial life. Because it comprises
most of the mass in water, it also comprises most of the mass of living organisms. All major classes of structural
molecules in living organisms, such as proteins, carbohydrates, and fats, contain oxygen, as do the major inorganic
compounds that comprise animal shells, teeth, and bone. Elemental oxygen (O2) is produced by cyanobacteria,
algae, and plants through the process of photosynthesis, and is used in cellular respiration by most living organisms
on earth. Oxygen is toxic to obligate anaerobic organisms (organisms which need a lack of oxygen for survival),
which were the dominant form of early life on Earth, until O2 began to accumulate in the atmosphere.

Chemical Properties of Oxygen

At standard temperature and pressure (STP), two atoms of the element bind to form dioxygen, a colorless, odorless,
tasteless diatomic gas with the formula O2. Oxygen is a member of the chalcogen group on the periodic table and is
a highly reactive nonmetallic element. As such, it readily forms compounds (notably, oxides) with almost all other
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Liquid Oxygen: Oxygen
bubbles rise through pale-blue
liquid oxygen.

elements. Oxygen is a strong oxidizing agent and has the second-highest electronegativity of all reactive elements,
second only to fluorine. By mass, oxygen is the third-most abundant element in the universe, after hydrogen and
helium, and the most abundant element by mass in the Earth’s crust, making up almost half of the crust’s mass.
Free oxygen is too chemically reactive to appear on Earth without the photosynthetic action of living organisms,
which use the energy of sunlight to produce elemental oxygen from water. Elemental O2 only began to accumulate
in the atmosphere after the evolutionary appearance of photosynthetic organisms, roughly 2.5 billion years ago.
Diatomic oxygen gas currently constitutes 20.8 percent of the volume of air.

Diatomic Oxygen

The two oxygen atoms in diatomic oxygen are chemically bonded to each other with a spin triplet electron
configuration. This bond has a bond order of two and is often simplified in descriptions as a double bond, or as a
combination of one two-electron bond and two three-electron bonds. Triplet oxygen (not to be confused with ozone,
O3) is the ground state of the O2 molecule. The electron configuration of the molecule has two unpaired electrons
occupying two degenerate molecular orbitals. These orbitals are classified as antibonding (weakening the bond
order from three to two), so the diatomic oxygen bond is weaker than the diatomic nitrogen triple bond, in which all
bonding molecular orbitals are filled, but some antibonding orbitals are not.

In normal triplet form, O2 molecules are paramagnetic. This means they behave as magnets in the presence of an
external magnetic field, because of the spin magnetic moments of the unpaired electrons in the molecule. Liquid
oxygen is attracted to a magnet to a sufficient extent that, in laboratory demonstrations, a bridge of liquid oxygen
may be supported against its own weight between the poles of a powerful magnet. Singlet oxygen is a name given
to several higher-energy species of molecular O2 in which all the electron spins are paired. It is much more reactive
toward common organic molecules than is the triplet form of molecular oxygen.

Physical Properties of Oxygen

Oxygen is more soluble in water than nitrogen is; water contains approximately one
molecule of O2 for every two molecules of N2, compared to an atmospheric ratio of
approximately one to four. The solubility of oxygen in water is temperature-
dependent, and about twice as much (14.6 mg/L) dissolves at 0 °C than at 20 °C (7.6
mg/L). At 25 °C and 1 standard atmosphere (101.3 kPa) of air, freshwater contains
about 6.04 milliliters (mL) of oxygen per liter, whereas seawater contains about 4.95
mL per liter. At 5 °C the solubility increases to 9.0 mL (50 percent more than at 25
°C) per liter for water and 7.2 mL (45 percent more) per liter for sea water.

Oxygen condenses at 90.20 K (−182.95 °C, −297.31 °F), and freezes at 54.36 K
(−218.79 °C, −361.82 °F). Both liquid and solid O2 are clear substances with a light
sky-blue color caused by absorption in the red (in contrast with the blue color of the
sky, which is due to Rayleigh scattering of blue light).

High-purity liquid O2 is usually obtained by the fractional distillation of liquefied air.
Liquid oxygen may also be produced by condensation out of air, using liquid nitrogen
as a coolant. It is a highly reactive substance and must be segregated from
combustible materials.

Oxides

An oxide is a chemical compound that contains at least one oxygen atom and one
other element in its chemical formula.

Learning Objectives

Discuss the chemical properties of oxides.
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Key Takeaways

Key Points

Metal oxides typically contain an anion of oxygen in the oxidation state of −2.
Noble metals (such as gold or platinum) are prized because they resist direct chemical combination with
oxygen, and substances like gold (III) oxide must be generated by indirect routes.
The surface of most metals consists of oxides and hydroxides in the presence of air.
Metals tend to form basic oxides, non-metals tend to form acidic oxides, and amphoteric oxides are
formed by elements near the boundary between metals and non-metals (metalloids).

Key Terms

passivation: The spontaneous formation of a hard non-reactive surface film (usually an oxide or nitride)
that inhibits further corrosion.
oxide: A binary chemical compound of oxygen with another chemical element.
coke: Solid residue from roasting coal in a coke oven; used principally as a fuel and in the production of
steel, and formerly as a domestic fuel.

Chemical Properties of Oxides

An oxide is a chemical compound that contains at least one oxygen atom and one other element in its chemical
formula. Metal oxides typically contain an anion of oxygen in the oxidation state of −2. Most of the Earth’s crust
consists of solid oxides, the result of elements being oxidized by the oxygen in air or water. Hydrocarbon
combustion produces the two principal carbon oxides: carbon monoxide (CO) and carbon dioxide (CO2). Even
materials considered pure elements often develop an oxide coating. For example, aluminum foil develops a thin skin
of Al2O3 (called a passivation layer) that protects the foil from further corrosion.

Oxygen Exhibits High Reactivity

Due to its electronegativity, oxygen forms stable chemical bonds with almost all elements to give the corresponding
oxides. Noble metals (such as gold or platinum) are prized because they resist direct chemical combination with
oxygen, and substances like gold (III) oxide must be generated by indirect routes. Two independent pathways for
corrosion of elements are hydrolysis and oxidation by oxygen. The combination of water and oxygen is even more
corrosive. Virtually all elements burn in an atmosphere of oxygen or an oxygen-rich environment. In the presence of
water and oxygen (or simply air), some elements—for example, sodium—react rapidly, even dangerously, to give
hydroxide products. In part for this reason, alkali and alkaline earth metals are not found in nature in their metallic
form. Cesium is so reactive with oxygen that it is used as a getter in vacuum tubes. Solutions of potassium and
sodium, are used to deoxygenate and dehydrate some organic solvents.

Passivation

The surface of most metals consists of oxides and hydroxides in the presence of air. As mentioned above, a well-
known example is aluminum foil, which is coated with a thin film of aluminium oxide that passivates the metal,
slowing further corrosion. The aluminium oxide layer can be built to greater thickness by the process of electrolytic
anodising. Though solid magnesium and aluminium react slowly with oxygen at STP, they, like most metals, burn in
air, generating very high temperatures.

Polymeric vs. Monomeric Molecular Structures

Oxides of most metals adopt polymeric structures with M-O-M crosslinks. Because these crosslinks are strong, the
solids tend to be insoluble in solvents, though they are attacked by acids and bases. The formulas are often
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deceptively simple. Many are nonstoichiometric compounds. In these oxides, the coordination number of the oxide
ligand is 2 for most electronegative elements, and 3–6 for most metals.

Silicon Dioxide: Silicon dioxide (SiO2) is one of
the most common oxides on the surface of
earth. Like most oxides, it adopts a polymeric
structure.

Although most metal oxides are polymeric, some oxides are monomeric molecules. The most famous molecular
oxides are carbon dioxide and carbon monoxide. Phosphorus pentoxide is a more complex molecular oxide with a
deceptive name, the formula being P4O10. Some polymeric oxides (selenium dioxide and sulfur trioxide)
depolymerize to give molecules when heated. Tetroxides are rare, and there are only five known examples:
ruthenium tetroxide, osmium tetroxide, hassium tetroxide, iridium tetroxide, and xenon tetroxide. Many oxyanions
are known, such as polyphosphates and polyoxometalates. Oxycations are rarer, an example being nitrosonium
(NO+). Of course many compounds are known with both oxides and other groups. For the transition metals, many
oxo-complexes are known, as well as oxyhalides.

Acid-Base Reactions

Oxides can be attacked by acids and bases. Those attacked only by acids are basic oxides; those attacked only by
bases are acidic oxides. Oxides that react with both acids and bases are amphoteric. Metals tend to form basic
oxides, non-metals tend to form acidic oxides, and amphoteric oxides are formed by elements near the boundary
between metals and non-metals (metalloids).

Other Redox Reactions

Metals are “won” from their oxides by chemical reduction. A common and cheap reducing agent is carbon in the
form of coke. The most prominent example is that of iron ore smelting.

Oxides, such as iron (III) oxide (or rust, which consists of hydrated iron (III) oxides Fe2O3·nH2O and iron (III) oxide-
hydroxide FeO(OH), Fe(OH)3), form when oxygen combines with iron.

Metal oxides can be reduced by organic compounds. This redox process is the basis for many important
transformations in chemistry, such as the detoxification of drugs by the P450 enzymes and the production of
ethylene oxide, which is converted to antifreeze. In such systems the metal center transfers an oxide ligand to the
organic compound, followed by the regeneration of the metal oxide, often by oxygen in air.

Uses of Oxygen
Oxygen is essential for all aerobic organisms; common medical uses include oxygen therapy, hyperbaric medicine,
and space suits.
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Learning Objectives

Give examples of some common medically-related uses of oxygen.

Key Takeaways

Key Points

Oxygen is used in mitochondria to help generate adenosine triphosphate (ATP) during oxidative
phosphorylation.
Reactive oxygen species, such as superoxide ion (O2

–) and hydrogen peroxide (H2O2), are dangerous
by-products of oxygen use in organisms.
Oxygen therapy not only increases oxygen levels in the patient’s blood, but also decreases resistance to
blood flow in many types of diseased lungs, easing the work load on the heart. It is used to treat
emphysema, pneumonia, and certain heart disorders (congestive heart failure).
Hyperbaric (high- pressure ) medicine uses special oxygen chambers to increase the partial pressure of
O2 around the patient.

Key Terms

Hyperbaric: Of, relating to, or utilizing greater than normal pressure (as of oxygen).
aerobic: Organisms living in the presence of oxygen (e.g. aerobic bacteria).

Molecular dioxygen, O2, is essential for cellular respiration in all aerobic organisms. Oxygen is used in mitochondria
to help generate adenosine triphosphate (ATP) during oxidative phosphorylation. Reactive oxygen species, such as
superoxide ion (O2

−) and hydrogen peroxide (H2O2), are dangerous by-products of oxygen use in organisms. Parts
of the immune system of higher organisms, however, use reactive peroxide, superoxide, and singlet oxygen to
destroy invading microbes. Reactive oxygen species also play an important role in the hypersensitive response of
plants against pathogen attack. An adult human in rest inhales 1.8 to 2.4 grams of oxygen per minute. This amounts
to more than 6 billion tons of oxygen inhaled by humanity per year.

Oxygen Therapy

One of the medical uses of oxygen is oxygen therapy. Uptake of O2 from the air is the essential purpose of
respiration, so oxygen supplementation is used in medicine. Treatment not only increases oxygen levels in the
patient’s blood, but has the secondary effect of decreasing resistance to blood flow in many types of diseased lungs,
easing the work load on the heart. Oxygen therapy is used to treat emphysema, pneumonia, some heart disorders
(congestive heart failure), some disorders that cause increased pulmonary artery pressure, as well as any disease
that impairs the body’s ability to take up and use gaseous oxygen. Treatments are flexible enough to be used in
hospitals, the patient’s home, or increasingly by portable devices. Oxygen tents were once commonly used in
oxygen supplementation, but have since been replaced mostly by the use of oxygen masks or nasal cannulas.

Hyperbaric Medicine

Hyperbaric (high-pressure) medicine uses special oxygen chambers to increase the partial pressure of O2 around
the patient and, when needed, the medical staff. Carbon monoxide poisoning, gas gangrene, and decompression
sickness (the ‘bends’) are sometimes treated using these devices. Increased O2 concentration in the lungs helps to
displace carbon monoxide from the heme group of hemoglobin. Oxygen gas is poisonous to the anaerobic bacteria
that cause gas gangrene, so increasing its partial pressure helps kill them. Decompression sickness occurs in divers
who decompress too quickly after a dive, resulting in bubbles of inert gas, mostly nitrogen and helium, forming in
their blood. Increasing the pressure of O2 as soon as possible is part of the treatment. Oxygen is also used

medically for patients who require mechanical
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Oxygen Concentrator: An oxygen concentrator for an emphysema
patient.

medically for patients who require mechanical
ventilation, often at concentrations above the 21%
found in ambient air.

Use in Space Suits and Scuba
Diving Suits

A notable application of O2 as a low-pressure
breathing gas is in modern space suits, which
surround their occupant’s body with pressurized air.
These devices use nearly pure oxygen at about one
third normal pressure, resulting in a normal blood
partial pressure of O2. This trade-off of higher
oxygen concentration for lower pressure is needed
to maintain flexible spacesuits.

Scuba divers and submariners also rely on
artificially delivered O2, but most often use normal
pressure and/or mixtures of oxygen and air. O2 use
in diving at higher than sea-level pressures is
usually limited to rebreather, decompression, or
emergency treatment use at relatively shallow
depths (~6 meters depth or less). Deeper diving
requires significant dilution of O2 with other gases,
such as nitrogen or helium, to help prevent oxygen
toxicity. People who climb mountains or fly in non-
pressurized fixed-wing aircrafts sometimes have
supplemental O2 supplies.

Pressurized Commercial Airplanes

Passengers traveling in pressurized commercial airplanes have an emergency supply of O2 automatically supplied
to them in case of cabin depressurization. Sudden cabin pressure loss activates chemical oxygen generators above
each seat, causing oxygen masks to drop. Pulling on the masks “to start the flow of oxygen,” as cabin safety
instructions dictate, forces iron filings into a sample of sodium chlorate inside the canister where the reaction occurs.
A steady stream of oxygen gas is then produced by the exothermic reaction.

Ozone
Ozone (O3) is diamagnetic (its electrons are all paired) and is a powerful oxidant.

Learning Objectives

Discuss the properties of ozone.

Key Takeaways

Key Points

Ozone is formed from O2 by the action of ultraviolet light and also atmospheric electrical discharges. It is
present in low concentrations throughout the Earth’s atmosphere.

Ozone is slightly soluble in water, and much more soluble in inert nonpolar solvents such as carbon
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Ozone is slightly soluble in water, and much more soluble in inert nonpolar solvents such as carbon
tetrachloride (CCl4) or fluorocarbons, where it forms a blue solution.
Ozone will oxidize most metals (except gold, platinum, and iridium) to oxides of the metals in their highest
oxidation state.
Alkenes can be oxidatively cleaved by ozone, in a process called ozonolysis. With reductive workup (e.g.,
zinc in acetic acid or dimethyl sulfide), ketones and aldehydes will be formed. With oxidative workup (e.g.
aqueous or alcoholic hydrogen peroxide), carboxylic acids will be formed.
Ozone, along with reactive forms of oxygen such as superoxide, singlet oxygen, hydrogen peroxide, and
hypochlorite ions, is naturally produced by white blood cells and other biological systems as a means of
destroying foreign bodies.

Key Terms

ozone: A triatomic molecule, also called trioxygen, consisting of three oxygen atoms (O3).
Alkenes: In organic chemistry, an alkene, olefin, is an unsaturated chemical compound containing at
least one carbon-to-carbon double bond.
diamagnetic: Exhibiting diamagnetism; repelled by a magnet.

Properties of Ozone

Ozone (O3), or trioxygen, is a triatomic molecule consisting of three oxygen atoms. It is an allotrope of oxygen that
is much less stable than the diatomic allotrope (O2), breaking down with a half life of about half an hour in the lower
atmosphere to O2. Ozone is diamagnetic, which means that its electrons are all paired. In contrast, O2 is
paramagnetic, containing two unpaired electrons.

Resonance Structures of Ozone: The two resonance structures of O3 are shown.

Ozone in the Atmosphere

Ozone is formed from dioxygen by the action of ultraviolet light and also atmospheric electrical discharges. It is
present in low concentrations throughout the Earth’s atmosphere. In total, ozone makes up only 0.6 parts per million
of the atmosphere. Ozone’s odor is sharp, reminiscent of chlorine, and detectable by many people at concentrations
of as little as 10 parts per billion in air. In standard conditions, ozone is a pale blue gas that condenses at
progressively cryogenic temperatures to a dark blue liquid and finally a violet-black solid. Ozone is a powerful
oxidant (far more so than dioxygen) and has many industrial and consumer applications related to oxidation.
However, this same high oxidizing potential causes ozone to damage mucus and respiratory tissues in animals as
well as tissues in plants, when it exists in concentrations above 100 parts per billion. This makes ozone a potent
respiratory hazard and pollutant near ground level. However, the so-called ozone layer (a portion of the stratosphere
with a higher concentration of ozone, from two to eight ppm) is beneficial. It prevents damaging ultraviolet light from
reaching the Earth’s surface, which benefits all living organisms.

Physical Properties of Ozone

Ozone is slightly soluble in water and much more soluble in inert nonpolar solvents such as carbon tetrachloride or
fluorocarbons, where it forms a blue solution. At 161 K (−112 °C), it condenses to form a dark blue liquid. It is

dangerous to allow this liquid to warm to its boiling point
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Structure of Ozone: Ozone is a triatomic molecule with no
unpaired electrons and a bent molecular shape. The bond
lengths and angle formed by the three O atoms are shown.

dangerous to allow this liquid to warm to its boiling point
because both concentrated gaseous ozone and liquid ozone
can detonate. At temperatures below 80 K (−193 °C), it
forms a violet-black solid. It is also unstable at high
concentrations, decaying to ordinary diatomic oxygen (with a
half-life of about half an hour in atmospheric conditions):

This reaction proceeds more rapidly with increasing
temperature and increased pressure.

Chemical Reactivity of Ozone

Ozone will oxidize most metals (except gold, platinum, and
iridium) to oxides of the metals in their highest oxidation state. For example: 

Alkenes can be oxidatively cleaved by ozone in a process called ozonolysis, giving alcohols, aldehydes, ketones,
and carboxylic acids, depending on the second step of the workup.

Ozonolysis: The cleavage of carbon-carbon double bonds by O3 is shown in this figure.

Usually, ozonolysis is carried out in a solution of dichloromethane at a temperature of -78oC. After a sequence of
cleavage and rearrangement, an organic ozonide is formed. With reductive workup (e.g., zinc in acetic acid or
dimethyl sulfide), ketones and aldehydes will be formed. With oxidative workup (e.g., aqueous or alcoholic hydrogen
peroxide), carboxylic acids will be formed.

Ozone’s Role in Biological Processes

Ozone, along with reactive forms of oxygen such as superoxide, singlet oxygen, hydrogen peroxide, and
hypochlorite ions, is naturally produced by white blood cells and other biological systems (such as the roots of
marigolds) as a means of destroying foreign bodies. Ozone reacts directly with organic double bonds.

When ozone breaks down to dioxygen, it produces oxygen free radicals, which are highly reactive and capable of
damaging many organic molecules. Moreover, it is believed that the powerful oxidizing properties of ozone may be a
contributing factor of inflammation. The cause-and-effect relationship of how the ozone is created in the body and
what it does is still under consideration and still subject to various interpretations, since other body chemical
processes can trigger some of the same reactions.

2 → 3O3 O2

+ 2 + → 2 + 3 O +2Cu+ OH3
+ O3 Cu2+ H2 O2
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SULFUR

Properties of Sulfur
Sulfur burns with blue flame, is insoluble in water, and forms polyatomic allotropes.

Learning Objectives

Describe the properties of sulfur.

Key Takeaways

Key Points

Sulfur forms polyatomic molecules with different chemical formulas. Its best-known allotrope is octasulfur,
S8, which is a soft, yellow solid with faint odor. Due to changes in intermolecular interactions, it undergoes
phase changes from α-octasulfur to β-polymorph to γ-sulfur at high temperatures.
At temperatures higher than boiling point for octasulfur, depolymerization occurs. Molten sulfur has a dark
red color above 200 °C. Different allotropes have different densities of about 2 g/cm3. Stable allotropes
are excellent electrical insulators.
Sulfur burns with a blue flame, forming sulfur dioxide with suffocating odor. It is insoluble in water but
soluble in carbon disulfide. S+4, S6+ are more common than S2+. Higher ionization states exist only with
strong oxidants such as fluorine, oxygen, and chlorine.

Key Terms

depolymerization: The decomposition of a polymer into smaller fragments.
octasulfur: The most common allotrope of sulfur (S8) containing eight atoms in a ring.
allotrope: Any form of a pure element that has a distinctly different molecular structure.

Octasulfur

Sulfur is found is different polyatomic allotropic forms. The best-known allotrope is octasulfur, cyclo-S8. Octasulfur is
a soft, bright-yellow solid with only a faint odor, similar to that of matches. It melts at 115.21 °C, boils at 444.6 °C,
and sublimes easily.

At 95.2 °C, below its melting temperature, cyclooctasulfur changes from α-octasulfur to the β-polymorph. The
structure of the S8 ring is virtually unchanged by this phase change, which affects the intermolecular interactions.
Between its melting and boiling temperatures, octasulfur changes its allotropic form again, turning from β-octasulfur
to γ-sulfur. Again, this is accompanied by a lower density but increased viscosity due to the formation of polymers.
At even higher temperatures, however, the viscosity decreases as depolymerization occurs. Molten sulfur assumes
a dark red color above 200 °C. The density of sulfur is about 2 g/cm3, depending on the allotrope. All of sulfur’s
stable allotropes are excellent electrical insulators.

Chemical Properties of Sulfer
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Cyclooctasulfur: The structure of the cyclooctasulfur molecule, S8.

Sulfur burns with a blue flame, concomitant
with formation of sulfur dioxide, notable for its
peculiar suffocating odor. Sulfur is insoluble in
water but soluble in carbon disulfide and, to a
lesser extent, in other nonpolar organic
solvents, such as benzene and toluene. The
first and the second ionization energies of
sulfur are 999.6 and 2252 kJ/mol, respectively.
Despite such figures, S2+ is rare, with S+4 and
S6+ being more common. The fourth and sixth
ionization energies are 4556 and 8495.8
kJ/mol. The magnitude of the figures is
caused by electron transfer between orbitals;
these states are only stable with strong
oxidants such as fluorine, oxygen, and
chlorine.

Melting and burning sulfur: Sulfur burns with blue flames and forms blood-
red liquid when it melts.

Sulfur Compounds

Sulfur forms stable compounds with most elements except the noble gases.
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Learning Objectives

Discuss several examples of sulfur compounds.

Key Takeaways

Key Points

Hydrogen sulfide is mildly acidic in water and is extremely toxic. Sulfur can form chains with itself
(catenation). Polysulfides are formed by reduction of elemental sulfur. Polysulfanes are protonated
polysulfides. Reduction of sulfur gives sulfide salts.
Burning sulfur forms the principal sulfur oxides. The sulfur oxides form numerous oxyanions, which are
related to numerous acids. Oleum is a solution of pyrosulfuric acid and sulfuric acid. Peroxides convert
sulfur into unstable sulfoxides.
Sulfur compounds with halogens include sulfur hexafluoride, sulfur dichloride, and chlorosulfuric acid.
Thionyl chloride is a common reagent in organic synthesis. Tetrasulfur tetranitride and thiocyanates are
compounds of sulfur and nitrogen. Phosphorus sulfides are numerous.
The principal ores of many metals are sulfides. They are formed by the reaction of hydrogen sulfide with
metal salts. Tarnishing is the process of metal corrosion by sulfur.
Sulfur-containing organic compounds include thiols (the sulfur analogs of alcohols) and thioethers (the
sulfur analogs of ethers ). Compounds with carbon–sulfur bonds are uncommon. Organosulfur
compounds are responsible for the some of the unpleasant odors of decaying organic matter.
Sulfur-sulfur bonds are a structural component of proteins, providing them with rigidity. Vulcanization is
the process of heating rubber and sulfur until disulfide bridges form between isoprene units of the
polymer. This increases rigidity of rubber.

Key Terms

catenation: The ability of a few elements, most especially carbon, to yield chains and rings by forming
covalent bonds with atoms of the same element.
vulcanization: A process by which rubber is hardened using heat and sulfur.

Common oxidation states of sulfur range from −2 to +6. Sulfur forms stable compounds with all elements except the
noble gases. For some organic sulfur compounds, smell depends on their concentration. The sulfur-containing
monoterpenoid grapefruit mercaptan has the characteristic scent of grapefruit in small concentrations, but has a
unpleasant thiol odor at larger concentrations.

Reactions with Hydrogen

Treatment of sulfur with hydrogen produces hydrogen sulfide. When dissolved in water, hydrogen sulfide is mildly
acidic:

Hydrogen sulfide gas and the hydrosulfide anion are extremely toxic to mammals, because they inhibit the oxygen -
carrying capacity of hemoglobin and certain cytochromes in a manner similar to cyanide and azide.

Reduction of Sulfur

Reduction of elemental sulfur produces polysulfides, which consist of chains of sulfur atoms terminated with S–

centers:

S ↔ +H2 HS− H+

2Na + →S8 Na2S8
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Lapis lazuli: Lapis lazuli owes its blue color to a sulfur radical.

This reaction highlights arguably the single most
distinctive property of sulfur: its ability to catenate (bind to
itself by formation of chains). Protonation of these
polysulfide anions gives the polysulfanes, H2Sx where x =
2, 3, and 4.

Ultimately, reduction of sulfur gives sulfide salts:

The interconversion of these species is used in sodium-
sulfur batteries.

The radical anion S3
– gives the blue color of the mineral

lapis lazuli. With very strong oxidants, S8 can be oxidized,
for example, to give bicyclic S8

2+.

Sulfur Oxides

The principal sulfur oxides are obtained by burning sulfur:

,

Other oxides are known—sulfur monoxide and disulfur
mono- and dioxides—but they are unstable. The sulfur
oxides form numerous oxyanions with the formula SOn

2–.
Sulfur dioxide and sulfites (SO3

2−) are related to the
unstable sulfurous acid (H2SO3). Sulfur trioxide and
sulfates (SO4

2−) are related to sulfuric acid. Sulfuric acid
and SO3 combine to give oleum, a solution of pyrosulfuric
acid (H2S2O7) in sulfuric acid.

Peroxides convert sulfur into unstable compounds such
as S8O, a sulfoxide. Peroxymonosulfuric acid (H2SO5)
and peroxydisulfuric acids (H2S2O8) are made from the action of SO3 on concentrated H2O2, and H2SO4 on
concentrated H2O2, respectively. Thiosulfate salts(S2O3

2−), sometimes referred as “hyposulfites,” are used in
photographic fixing (HYPO) and as reducing agents. These salts feature sulfur in two oxidation states. Sodium
dithionite, (S2O4

2−) contains the more highly reducing dithionite anion; sodium dithionate (Na2S2O6) is the first
member of the polythionic acids (H2SnO6), where n can range from 3 to many.

Peroxydisulfuric acid: Peroxydisulfuric acid (H2S2O8) is made from the action
of H2SO4 on concentrated H2O2.

16Na + → 8 SS8 Na2

S + →O2 SO2

2 + → 2SO2 O2 SO3
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Sulfur Halides

There are two main sulfur fluorides. Sulfur hexafluoride is a dense gas used as a nonreactive and nontoxic
propellant. Sulfur tetrafluoride is a rarely used organic reagent that is highly toxic. Their chlorinated analogs are
sulfur dichloride and sulfur monochloride. Sulfuryl chloride and chlorosulfuric acid are derivatives of sulfuric acid;
thionyl chloride (SOCl2) is a common reagent in organic synthesis.

Sulfur-Nitrogen Compounds

An important S–N compound is the cage tetrasulfur tetranitride (S4N4). Heating this compound gives polymeric
sulfur nitride ((SN)x), which has metallic properties even though it does not contain any metal atoms. Thiocyanates
contain the SCN− group. Oxidation of thiocyanate gives thiocyanogen, (SCN)2 with the connectivity NCS–SCN.
Phosphorus sulfides are numerous.

Sulfur with Metals

The principal ores of copper, zinc, nickel, cobalt, molybdenum, and other metals are sulfides. These materials tend
to be dark-colored semiconductors that are not readily attacked by water or even many acids. They are formed by
the reaction of hydrogen sulfide with metal salts. The mineral galena (PbS) was the first demonstrated
semiconductor. It was used as a signal rectifier in the cat’s whiskers of early crystal radios. Upgrading these ores,
usually by roasting, is costly and environmentally hazardous. Sulfur corrodes many metals via the process called
tarnishing.

Organic Compounds with Sulfur

The following are some of the main classes of sulfur-containing organic compounds:

Thiols or mercaptans (as they are mercury capturers as chelators) are the sulfur analogs of alcohols;
treatment of thiols with base gives thiolate ions.
Thioethers are the sulfur analogs of ethers. Sulfonium ions have three groups attached to a cationic sulfur
center. Dimethylsulfoniopropionate (DMSP) is one such compound, important in the marine organic sulfur
cycle.
Sulfoxides and sulfones are thioethers with one and two oxygen atoms attached to the sulfur atom,
respectively. The simplest sulfoxide, dimethyl sulfoxide, is a common solvent; a common sulfone is sulfolane.
Sulfonic acids are used in many detergents.
Compounds with carbon–sulfur bonds are uncommon except for carbon disulfide, a volatile colorless liquid
that is structurally similar to carbon dioxide. Unlike carbon monoxide, carbon monosulfide is only stable as a
dilute gas, as in the interstellar medium. Organosulfur compounds are responsible for the some of the
unpleasant odors of decaying organic matter.

Vulcanization

Sulfur-sulfur bonds are a structural component to stiffen rubber, similar to the biological role of disulfide bridges in
rigidifying proteins. In the most common type of industrial “curing” or hardening and strengthening of natural rubber,
elemental sulfur is heated with the rubber until chemical reactions form disulfide bridges between isoprene units of
the polymer. Because of the heat and sulfur, the process was named vulcanization, after the Roman god of the
forge and volcanism.
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HALOGENS

Properties of the Halogens
Halogens (fluorine, chlorine, bromine, iodine, astatine) are nonmetal elements that are highly electronegative and
reactive.

Learning Objectives

Describe the physical and chemical properties of halogens.

Key Takeaways

Key Points

Halogens are nonmetals in group 17 (or VII) of the periodic table. Down the group, atom size increases.
As a diatomic molecule, fluorine has the weakest bond due to repulsion between electrons of the small
atoms.
Due to increased strength of Van der Waals forces down the group, the boiling points of halogens
increase. Therefore, the physical state of the elements down the group changes from gaseous fluorine to
solid iodine.
Due to their high effective nuclear charge, halogens are highly electronegative. Therefore, they are highly
reactive and can gain an electron through reaction with other elements. Halogens can be harmful or lethal
to biological organisms in sufficient quantities.

Key Terms

electronegativity: The tendency of an atom to attract electrons to itself.
halogens: Group 17 (or VII) in the periodic table consisting of fluorine (F), chlorine (Cl), bromine (Br),
iodine (I), and astatine (At). They share similar chemical properties.

The halogens are a series of non-metal elements from group 17 of the periodic table (formerly VII). The halogens
include fluorine (F), chlorine (Cl), bromine (Br), iodine (I), and astatine (At). The artificially created element 117
(ununseptium) may also be considered a halogen.

Physical Properties

Atoms get bigger down the group as additional electron shells are filled. When fluorine exists as a diatomic
molecule, the F–F bond is unexpectedly weak. This is because fluorine atoms are the smallest of the halogens—the
atoms are bonded close together, which leads to repulsion between free electrons in the two fluorine atoms.

The boiling points of halogens increase down the group due to the increasing strength of Van der Waals forces as
the size and relative atomic mass of the atoms increase. This change manifests itself in a change in the phase of
the elements from gas (F2, Cl2) to liquid (Br2), to solid (I2). The halogens are the only periodic table group
containing elements in all three familiar states of matter (solid, liquid, and gas) at standard temperature and
pressure.
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Physical States of Halogens: Halogens represents all of the three familiar states of matter: (left to right) chlorine is a
gas, bromine is a liquid, and iodine is a solid. Highly reactive fluorine is not included in the picture.

Chemical Properties

Electronegativity is the ability of an atom to attract electrons or electron density towards itself within a covalent bond.
Electronegativity depends upon the attraction between the nucleus and bonding electrons in the outer shell. This, in
turn, depends on the balance between the number of protons in the nucleus, the distance between the nucleus and
bonding electrons, and the shielding effect of inner electrons. In hydrogen halides (HX, where X is the halogen), the
H-X bond gets longer as the halogen atoms get larger. This means the shared electrons are further from the
halogen nucleus, which increases the shielding of inner electrons. This means electronegativity decreases down the
group.

Halogens are highly reactive, and they can be harmful or lethal to biological organisms in sufficient quantities. This
reactivity is due to high electronegativity and high effective nuclear charge. Halogens can gain an electron by
reacting with atoms of other elements.

Fluorine is one of the most reactive elements. It reacts with otherwise inert materials such as glass, and it forms
compounds with the heavier noble gases. It is a corrosive and highly toxic gas. Fluorine’s reactivity means that once
it does react with something, it bonds so strongly that the resulting molecule is inert and non-reactive. Fluorine can
react with glass in the presence of small amounts of water to form silicon tetrafluoride (SiF4). Thus fluorine must be
handled with substances like the inert organofluorine compound Teflon.

Fluorine reacts vigorously with water to produce oxygen (O2) and hydrogen fluoride:

Chlorine has maximum solubility of 7.1 g per kg of water at ambient temperature (21 °C). Dissolved chlorine reacts
to form hydrochloric acid (HCl) and hypochlorous acid (HClO), a solution that can be used as a disinfectant or
bleach:

Bromine has a solubility of 3.41 g per 100 g of water. It slowly reacts to form hydrogen bromide (HBr) and
hypobromous acid (HBrO):

Iodine is minimally soluble in water, with a solubility of 0.03 g per 100 g water. However, iodine will form an aqueous
solution in the presence of iodide ion. This occurs with the addition of potassium iodide (KI), forming a triiodide ion.

Halogen Compounds

2 (g) + 2 O(l) → (g) + 4HF(aq)F2 H2 O2

(g) + O(l) → HCl(aq) + HClO(aq)Cl2 H2

(g) + O(l) → HBr(aq) + HBrO(aq)Br2 H2
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Halogens are highly reactive and can form hydrogen halides, metal halides, organic halides, interhalogens, and
polyhalogenated compounds.

Learning Objectives

Discuss halogen compounds and their properties.

Key Takeaways

Key Points

Hydrogen halides are binary compounds of halogens with hydrogen. They are strong hydrohalic acids
when dissolved in water, with the exception of HF. All of these acids are dangerous; some are widely
used in chemical manufacturing plants.
Metal halides are compounds of halogens and metals. They include highly ionic compounds, monomeric
covalent compounds, and polymeric covalent compounds. Metal halides can be obtained through direct
combination or through neutralization of a basic metal salt with a hydrohalic acid.
Interhalogen compounds are formed when halogens react with each other. Some resemble the pure
halogens in some respects, but mostly their properties and behaviors are intermediates of those of the
two parent halogens. Some properties, however, are found in neither parent halogen.
Halogenated compounds, or organic halides, are organic compounds that contain halogen atoms. In the
human body, some halogens perform multiple regulatory functions, while others are not essential.
Organohalogens are synthesized through the nucleophilic abstraction reaction.
Compounds substituted with multiple halogens are known as polyhalogenated compounds. Many of them
are very toxic and bioaccumulate in humans, but they have many potential applications.

Key Terms

interhalogen: A binary compound of two different halogens.
polyhalogenated compound: A compound with multiple atoms of halogens.
halide: A compound of a halogen and one or more elements.

Hydrogen Halides

The halogens all form binary compounds with hydrogen, and these compounds are known as the hydrogen halides:
hydrogen fluoride (HF), hydrogen chloride (HCl), hydrogen bromide (HBr), hydrogen iodide (HI), and hydrogen
astatide (HAt). All of these except HF are strong chemical acids when dissolved in water. However, hydrofluoric acid
does have quite destructive properties towards animal tissue, including that of humans.

When in aqueous solution, the hydrogen halides are known as hydrohalic acids. The names of these acids are as
follows:

hydrofluoric acid
hydrochloric acid
hydrobromic acid
hydroiodic acid

All of these acids are dangerous and must be handled with great care. Some of these acids are also widely used in
chemical manufacturing plants. Hydrogen astatide should also be a strong acid (hydroastatic acid), but it is seldom
included in presentations about hydrohalic acids because of the extreme radioactivity of astatine (via alpha decay)
and the fact that it readily decomposes into its constituent elements (hydrogen and astatine).

Metal Halides
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Silver Chloride: Silver chloride is the precipitate
formed when silver nitrate solution is added to chloride
solution.

The halogens form many compounds with metals. These include highly ionic compounds such as sodium chloride,
monomeric covalent compounds such as uranium hexafluoride, and polymeric covalent compounds such as
palladium chloride. Metal halides are generally obtained through direct combination or, more commonly, through
neutralization of a basic metal salt with a hydrohalic acid.

Interhalogen Compounds

The halogens react with each other to form interhalogen
compounds. Diatomic interhalogen compounds such as BrF, ICl,
and ClF bear resemblance to the pure halogens in some
respects. The properties and behavior of a diatomic interhalogen
compound tend to be intermediates of those of its parent
halogens. Some properties, however, are found in neither parent
halogen. For example, Cl2 and I2 are soluble in CCl4, but ICl is
not since it is a polar molecule (due to the electronegativity
difference between I and Cl).

Organic Halides

Many synthetic organic compounds, such as plastic polymers, as
well as a few natural organic compounds, contain halogen
atoms; these are known as halogenated compounds, or organic
halides. Chlorine is by far the most abundant of the halogens and
is the only one needed (as chloride ions ) in relatively large
amounts by humans. For example, chloride ions play a key role
in brain function by mediating the action of the inhibitory
transmitter GABA. They are also used by the body to produce
stomach acid. Iodine is needed in trace amounts for the
production of thyroid hormones, such as thyroxine. On the other
hand, neither fluorine nor bromine is believed to be essential for
humans. Organohalogens are also synthesized through the
nucleophilic abstraction reaction.

Polyhalogenated Compounds

Polyhalogenated compounds are industrially created compounds substituted with multiple halogens. Many of them
are very toxic and bioaccumulate in humans, but they have many possible applications. Polyhalogenated
compounds include the much publicized PCBs, PBDEs, and PFCs, as well as numerous other compounds.

Halogen Uses
Although halogens and their compounds can be toxic, some are essential for the human body’s functioning and are
used in everyday products.

Learning Objectives

Discuss the uses of various halogens.

Key Takeaways

Key Points

Fluoride can be found in many everyday products, including toothpaste, vitamin supplements, baby
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Fluoride can be found in many everyday products, including toothpaste, vitamin supplements, baby
formulas, and even public water. However, overconsumption of fluoride can be fatal.
Chlorine accounts for about 0.15 percent of human body weight and plays several important roles in the
body’s functioning. Compounds of both chlorine and bromine are used as disinfectants for sterilization.
Iodine is essential for the functioning of the body’s thyroid gland. Without iodine, thyroid hormones cannot
be produced, which leads to hypothyroidism.
Drug candidates that have incorporated halogen atoms are usually more lipophilic and less water-soluble
than their analogues, and so have improved penetration through lipid membranes and tissues. Because
of this, some halogenated drugs can accumulate in adipose tissue.
Polyhalogenated compounds (PHCs) are highly reactive and also bioaccumulate in humans; some of
them have toxic and carcinogenic properties. PHCs are used in a vast array of manufactured products
and in pest control.

Key Terms

hypothyroidism: The disease state caused by insufficient production of thyroid hormones by the thyroid
gland.
polyhalogenated compounds: Compounds with multiple halogen atoms.
disinfectant: A substance that kills germs and/or viruses.

Fluoride

Despite its toxicity, fluoride can be found in many everyday products, including toothpaste, vitamin supplements,
baby formulas, and even public water. Many dental products contain fluoride in order to prevent tooth decay, but
overconsumption of fluoride can be fatal.

Chlorine

Chlorine accounts for about 0.15 percent of human body weight. Chlorine is primarily used in the production of
hydrochloric acid, which is secreted from the parietal cells in the stomach and is used in maintaining the acidic
environment for pepsin. It plays a vital role in maintaining the proper acid-base balance of body fluids. It is
neutralized in the intestine by sodium bicarbonate.

Chlorine also reacts with sodium to create sodium chloride, more commonly known as table salt.

Both chlorine and bromine are used as disinfectants for drinking water, swimming pools, fresh wounds, spas,
dishes, and surfaces. They kill bacteria and other potentially harmful microorganisms through a process known as
sterilization. Chlorine and bromine are also used in bleaching. Sodium hypochlorite, which is produced from
chlorine, is the active ingredient of most fabric bleaches. Chlorine-derived bleaches are also used in the production
of some paper products.

Iodine

Iodine is an essential mineral for the body. It is used in the thyroid gland but can also be found in breast tissue,
salivary glands, and adrenal glands. Without iodine, thyroid hormones cannot be produced, which leads to a
condition called hypothyroidism. Without treatment, the thyroid gland will swell and produce a visible goiter. Children
with hypothyroidism may develop mental retardation. In women, hypothyroidism can lead to infertility, miscarriages,
and breast and ovarian cancer. Thyroid problems have been a common issue for many years, particularly in middle
aged women; studies correlate this with the fact that iodine levels in the general population have significantly
decreased in recent years. Because of certain health problems, many people have been consuming less salt, which
usually contains iodine.

In drug discovery, the incorporation of halogen atoms into a lead drug candidate results in analogues that are
usually more lipophilic and less water-soluble. Therefore, halogen atoms are used to improve penetration through
lipid membranes and tissues. It follows that there is a tendency for some halogenated drugs to accumulate in
adipose tissue.
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Polyhalogenated Compounds

Polyhalogenated compounds (PHCs) are of particular interest and importance because halogens are generally
highly reactive and bioaccumulate in humans. Halogens are also part of a superset that includes many toxic and
carcinogenic industrial chemicals — PBDEs, PCBs, dioxins (PCDDs), and PFCs are all polyhalogenated
compounds.

DDT

DDT (dichlorodiphenyltrichloroethane) is a polyhalogenated pesticide that was banned in the United States in 1972
because of the potential harmful effects on human health. In the second half of World War II, it was used to control
malaria and typhus among civilians and troops. The Swiss chemist Paul Hermann Müller was awarded the Nobel
Prize in Physiology or Medicine in 1948 “for his discovery of the high efficiency of DDT as a contact poison against
several arthropods. ” After harmful environmental impacts of DDT were recognized, it was banned in agricultural use
worldwide under the Stockholm Convention, but its limited use in disease vector control continues to this day,
though it remains controversial. The US ban on DDT is cited by scientists as a major factor in the comeback of the
bald eagle, the national bird of the United States, from near extinction.

The Chemical Structure of DDT: DDT (dichlorodiphenyltrichloroethane) is an
organochlorine used as an insecticide. It is now banned in the United States because
of its potential harmful effects on human health. Key: chlorine atoms: green, carbon
atoms: black, hydrogen atoms: white.

PHCs are generally immiscible in organic solvents or water but miscible in some hydrocarbons, from which they are
often derived. PHCs are used in a vast array of products and industries, such as:

Wood treatments
Non-stick, waterproof, and fire-resistant coatings
Cosmetics
Medicine (e.g., cancer therapy, surgery, and medical imaging)
Electronic fluids
Plastics (e.g., food containers and wrappings)
Automobiles
Airplanes
Clothing and cloth
Insulation
Adhesives
Paints
Polyurethane foams
Pest control (DDT)
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METALS

OCCURRENCE AND PROPERTIES OF METALS

Occurrence of Metals
Most pure metals are either too soft, brittle, or chemically reactive for practical use, and few pure metals occur
naturally.

Learning Objectives

Describe the characteristics of metal alloys and the natural occurence of native metals.

Key Takeaways

Key Points

Very few metals can resist natural weathering processes like oxidation, which is why generally only the
less reactive metals, such as gold and platinum, are found as native metals.
Native metals were prehistoric man’s only access to metal, because smelting is thought to have been
discovered around 6500 BC.
Combining different ratios of metals as alloys modifies the properties of pure metals to produce desirable
characteristics.
The aim of making alloys is generally to make them less brittle, harder, resistant to corrosion, or have a
more desirable color and luster.
Metals are often extracted from the Earth by means of mining, resulting in ores that are relatively rich
sources of the requisite elements.

Key Terms

mining: The activity of removing solid valuables from the earth.
alloy: A metal that is a combination of two or more elements, at least one of which is a metal.
native metal: Any metal that is found in its metallic form, either pure or as an alloy, in nature.

Native Metals

A native metal is any metal that is found in its metallic form in nature, either pure or as an alloy. Metals that can be
found as native deposits singly and/or in alloys include antimony, arsenic, bismuth, cadmium, chromium, cobalt,
indium, iron, nickel, selenium, tantalum, tellurium, tin, titanium, and zinc.
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Native metal: Native gold partially embedded in quartz gangue.

Two groups of metals can also be found in nature: the gold group and the platinum group.

The gold group consists of gold, copper, lead, aluminium, mercury, and silver.
The platinum group consists of platinum, iridium, osmium, palladium, rhodium, and ruthenium.

Only gold, silver, copper and the platinum
metals occur in nature in larger amounts.
Over geological time scales, very few
metals can resist natural weathering
processes like oxidation. This is why only
the less reactive metals such as gold and
platinum are found as native metals. The
others usually occur as isolated pockets
where a natural chemical process reduces
a common compound or ore of the metal.
This leaves the pure metal behind as
small flakes or inclusions.

Native metals were prehistoric man’s only
access to metal. The process of extracting
metals from their ores (called smelting) is
thought to have been discovered around
6500 BC. However, these metals could be
found only in relatively small amounts, so
they could not be used extensively. So
while copper and iron were known well
before the Copper Age and Iron Age, they
would not have a large impact on
humankind until the technology to smelt
them from their ores, and thus mass-
produce them, appeared.

Alloys

An alloy is a mixture of two or more elements in solid solution in which the major component is a metal. Most pure
metals are either too soft, brittle, or chemically reactive for practical use. Combining different ratios of metals as
alloys modifies the properties of pure metals to produce desirable characteristics. The aim of making alloys is
generally to make the metals less brittle, harder, or more resistant to corrosion, or to improve their color or luster.

Of all the metallic alloys in use today, the alloys of iron (steel, stainless steel, cast iron, tool steel, and alloy steel)
make up the largest proportion both by quantity and commercial value. Iron alloyed with various proportions of
carbon gives low, mid and high carbon steels; the increased carbon levels reduce ductility and toughness. The
addition of silicon produces cast irons, while the addition of chromium, nickel and molybdenum to carbon steels
(more than 10%) results in stainless steels.

Other significant metallic alloys are those of aluminium, titanium, copper, and magnesium. Copper alloys have been
known since prehistory— bronze gave the Bronze Age its name—and have many applications today, most
importantly in electrical wiring. The alloys of the other three metals were developed more recently; due to their
chemical reactivity, they require electrolytic extraction processes. The alloys of aluminium, titanium, and magnesium
are valued for their high strength-to-weight ratios, and magnesium can also provide electromagnetic shielding.
These materials are ideal for situations where high strength-to-weight ratio is more important than material cost,
such as in aerospace and some automotive applications. Alloys specially designed for highly demanding
applications, such as jet engines, may contain more than ten elements.

Ores

Metals are often extracted from the Earth by means of mining, resulting in ores that are relatively rich sources of the
requisite elements. Ore is located by prospecting techniques, followed by the exploration and examination of
deposits. Mineral sources are generally divided into surface mines, which are mined by excavation using heavy
equipment, and subsurface mines.
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Mining: Chuquicamata, Chile, is the site of the largest circumference and
second deepest open pit copper mine in the world.

After the ore is mined, the metals must be
extracted, usually by chemical or electrolytic
reduction. Pyrometallurgy uses high
temperatures to convert ore into raw metals,
while hydrometallurgy employs aqueous
chemistry for the same purpose. The
methods used depend on the metal and their
contaminants.

When a metal ore is an ionic compound of
that metal and a non-metal, the ore must
usually be smelted (or heated with a
reducing agent) to extract the pure metal.
Many common metals, such as iron, are
smelted using carbon as a reducing agent.
Some metals, such as aluminium and
sodium, have no commercially practical
reducing agent, and are extracted using
electrolysis instead. Sulfide ores are not
reduced directly to the metal, but are roasted
in air to convert them to oxides.

General Properties of Metals

A metal can refer to an element, compound, or alloy that is a good conductor of both electricity and heat.

Learning Objectives

Recall the general properties of metallic elements.

Key Takeaways

Key Points

The electrical and thermal conductivities of metals originate from the fact that their outer electrons are
delocalized.
Metals can be viewed as a collection of atoms embedded in a sea of electrons, which are highly mobile.
Metals are usually inclined to form cations through electron loss, reacting with oxygen in the air to form
oxides over various timescales: for example, iron rusts over years, while potassium burns in seconds.
Metals are typically malleable and ductile, deforming under stress without cleaving, and they are also
shiny and lustrous.

Key Terms

metal: Any of a number of chemical elements in the periodic table that form a metallic bond with other
metal atoms; generally shiny, somewhat malleable and hard, often a conductor of heat and electricity
conductive: Able to conduct electrical current or heat.
ductile: Capable of being pulled or stretched into thin wire by mechanical force without breaking.

A metal can refer to an element, compound, or alloy that is a good conductor of both electricity and heat. Example
metals include gold, sodium, copper, iron, and many other elements. Metals are usually malleable, ductile, and
shiny.

Density of Metals
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Sodium Metal: Sodium metal is soft enough to be cut with a plastic knife.

vd E,I
Sea of Electrons: The “sea of electrons” is free to flow
about the crystal of positive metal ions.

Metals typically consist of close-packed atoms, meaning that the atoms are arranged like closely packed spheres. In
a metal, atoms readily lose electrons to form positive ions (cations). Those ions are surrounded by de-localized
electrons, which are responsible for the conductivity. The solid produced is held together by electrostatic interactions
between the ions and the electron cloud, which are called metallic bonds.

Metals are shiny and lustrous with a high density. They have very high melting and boiling points because metallic
bonding is very strong, so the atoms are reluctant to break apart into a liquid or gas.

Conductivity of Metals

Metals in general are conductive, with
high electrical conductivity and high
thermal conductivity. Typically they are
malleable and ductile, deforming under
stress without cleaving. For example,
hitting a metal with a hammer will “dent”
the metal, not shatter it into pieces.

The electrical and thermal conductivities
of metals originate from the fact that their
outer electrons are delocalized. This
means the electrons are not locked into
any one atom but can move freely
throughout the metal. Metals can be
viewed as a collection of atoms
embedded in a sea of electrons, which
are highly mobile. This is very
instrumental in the conductivity of the
metal.

Metals are usually inclined to form cations through electron loss.
An example is the reaction with oxygen in the air to form oxides
over various timescales (iron rusts over years, while potassium
burns in seconds). The transition metals (such as iron, copper,
zinc, and nickel) are slower to oxidize because they form a
passivating layer of oxide that protects the interior. Others, like
palladium, platinum, and gold, do not react with the atmosphere
at all. Some metals form a barrier layer of oxide on their surface,
which cannot be penetrated by further oxygen molecules. As a
result, they retain their shiny appearance and good conductivity
for many decades (like aluminium, magnesium, some steels, and
titanium).

Periodic Trends in Metallic Properties

Metallic properties tend to decrease across a period and increase
down a periodic group.

Learning Objectives

Describe the bonding in metallic elements.

Key Takeaways

Key Points

Group names in the periodic table give clues about the metallic properties of the elements.
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Group names in the periodic table give clues about the metallic properties of the elements.
Metallic elements are found on the left side of the periodic table.
A simple conception of metals describes them as a lattice of positive ions immersed in a sea of electrons.

Key Terms

electronegative: Tending to attract electrons to form a chemical bond.
family: Also known as a group, a column of elements in the periodic table that share similar reactivity due
to their similar valence shell electron configuration

Recall that in the periodic table, each row is called a period. The rows are aligned in such a way that the elements in
each vertical column share certain characteristics. Each of the columns of the periodic table is called a group.
Chemists have long found it convenient to refer to the elements of different groups, and in some cases of spans of
groups, by the names shown in the table. Keep in mind that group names can give clues about the elements’
metallic properties.

Trends in the periodic table: Families of the periodic table are often grouped by metallic properties.

When two elements are joined in a chemical bond, the element that attracts the shared electrons more strongly has
more electronegativity. Elements with low electronegativity tend to have more metallic properties. So, the metallic
properties of elements tends to decrease across a period and increase down a group. The fact that the metallic
elements are found on the left side of the periodic table offers an important clue to the nature of how they bond
together to form solids. These elements all possess low electronegativities and readily form positive ions.

Metals tend to form positive ions, and like charges repel, so how do metal atoms stay bonded together in a solid?
The simplest conception of metals is a lattice of positive ions immersed in a “sea of electrons” that can migrate
freely throughout the solid. In effect, the electropositive nature of the metallic atoms allows their valence electrons to
exist as a mobile fluid. This results in their high electrical conductivities. Because each ion is surrounded by the
electron fluid in all directions, the bonding has no directional properties; this accounts for the high malleability and
ductility of metals.

925



Licensing & Attributions

CC licensed content, Speci�c attribution

Metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Metal%23Alloys. License: CC BY-SA: Attribution-ShareAlike
Native metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Native_metal. License: CC BY-SA: Attribution-ShareAlike
Metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Metal%23Extraction. License: CC BY-SA: Attribution-ShareAlike
native metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/native%20metal. License: CC BY-SA: Attribution-ShareAlike
mining. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/mining. License: CC BY-SA: Attribution-ShareAlike
alloy. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/alloy. License: CC BY-SA: Attribution-ShareAlike
Native metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Native_metal. License: Public Domain: No Known Copyright
Mining. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Mining. License: Public Domain: No Known Copyright
Metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Metal%23Properties. License: CC BY-SA: Attribution-ShareAlike
Metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Metal. License: CC BY-SA: Attribution-ShareAlike
General Chemistry/Metallic bonds. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Metallic_bonds. License: CC BY-SA: Attribution-ShareAlike
Metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Metal%23Structure_and_bonding. License: CC BY-SA: Attribution-ShareAlike
ductile. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/ductile. License: CC BY-SA: Attribution-ShareAlike
conductive. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/conductive. License: CC BY-SA: Attribution-ShareAlike
metal. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/metal. License: CC BY-SA: Attribution-ShareAlike
Native metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Native_metal. License: Public Domain: No Known Copyright
Mining. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Mining. License: Public Domain: No Known Copyright
General Chemistry/Metallic bonds. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Metallic_bonds. License: CC BY-SA: Attribution-ShareAlike
General Chemistry/Chemistries of Various Elements/Group 1. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Chemistries_of_Various_Elements/Group_1. License: CC BY-SA: Attribution-
ShareAlike
Periodic properties of the elements. Provided by: Steve Lower's Website. Located at: http://www.chem1.com/acad/webtext/atoms/atpt-6.html. License: CC BY-SA: Attribution-ShareAlike
Bonding in metals and semiconductors. Provided by: Steve Lower's Website. Located at: http://www.chem1.com/acad/webtext/chembond/cb10.html#SEC3. License: CC BY-SA: Attribution-ShareAlike
Periodic trends. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Periodic_trends%23Metallic_properties. License: CC BY-SA: Attribution-ShareAlike
Periodic properties of the elements. Provided by: Steve Lower's Website. Located at: http://www.chem1.com/acad/webtext/atoms/atpt-6.html. License: CC BY-SA: Attribution-ShareAlike
electronegative. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/electronegative. License: CC BY-SA: Attribution-ShareAlike
family. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/family. License: CC BY-SA: Attribution-ShareAlike
Native metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Native_metal. License: Public Domain: No Known Copyright
Mining. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Mining. License: Public Domain: No Known Copyright
General Chemistry/Metallic bonds. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Metallic_bonds. License: CC BY-SA: Attribution-ShareAlike
General Chemistry/Chemistries of Various Elements/Group 1. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/General_Chemistry/Chemistries_of_Various_Elements/Group_1. License: CC BY-SA: Attribution-
ShareAlike
Periodic_trends.svg. Provided by: Wikimedia. Located at: https://commons.wikimedia.org/wiki/File:Periodic_trends.svg. License: Public Domain: No Known Copyright

926

http://en.wikipedia.org/wiki/Metal%23Alloys
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Native_metal
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Metal%23Extraction
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/native%20metal
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/mining
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/alloy
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Native_metal
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Mining
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Metal%23Properties
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Metal
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/General_Chemistry/Metallic_bonds
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Metal%23Structure_and_bonding
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/ductile
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/conductive
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/metal
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Native_metal
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Mining
https://creativecommons.org/about/pdm
http://en.wikibooks.org/wiki/General_Chemistry/Metallic_bonds
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/General_Chemistry/Chemistries_of_Various_Elements/Group_1
https://creativecommons.org/licenses/by-sa/4.0/
http://www.chem1.com/acad/webtext/atoms/atpt-6.html
https://creativecommons.org/licenses/by-sa/4.0/
http://www.chem1.com/acad/webtext/chembond/cb10.html#SEC3
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Periodic_trends%23Metallic_properties
https://creativecommons.org/licenses/by-sa/4.0/
http://www.chem1.com/acad/webtext/atoms/atpt-6.html
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/electronegative
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/family
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Native_metal
https://creativecommons.org/about/pdm
http://en.wikipedia.org/wiki/Mining
https://creativecommons.org/about/pdm
http://en.wikibooks.org/wiki/General_Chemistry/Metallic_bonds
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/General_Chemistry/Chemistries_of_Various_Elements/Group_1
https://creativecommons.org/licenses/by-sa/4.0/
https://commons.wikimedia.org/wiki/File:Periodic_trends.svg
https://creativecommons.org/about/pdm


METALLURGIC PROCESSES

Extractive Metallurgy
Extractive metallurgy refers to the different processes used to extract valuable metals from mined ores.

Learning Objectives

Define extractive metallurgy.

Key Takeaways

Key Points

Metal ores are formed in the process of ore genesis, and they are extracted through mining.
Extractive metallurgy is the practice of removing valuable metals from an ore and refining the extracted
raw metals into a purer form.
Hydrometallurgy uses aqueous solutions to extract metals from ores ( leaching ).
Pyrometallurgy involves high temperature processes where chemical reactions take place.
Electrometallurgy involves metallurgical processes that take place in some form of electrolytic cell.

Key Terms

Extractive metallurgy: The practice of removing valuable metals from an ore and refining the extracted
raw metals into a purer form.
Leaching: A widely used extractive metallurgy technique which converts metals into soluble salts in
aqueous media.
ore: A type of rock that contains minerals with important elements including metals.

Ores

An ore is a type of rock that contains minerals with important elements such as metals. Ores are extracted through
mining; they are then refined to extract the valuable element(s). The grade or concentration of an ore mineral, or
metal, as well as its form of occurrence, will directly affect the costs associated with mining it. The cost of extraction
must be weighed against the metal value contained in the rock to determine which ores should be processed and
which ores are of too low a grade to be worth mining.

Metal ores are generally oxides, sulfides and silicates of “native” metals (such as native copper) that are not
commonly concentrated in the Earth’s crust. Ore bodies are formed by a variety of geological processes. The
process of ore formation is called ore genesis.

Ore Preparation

It takes multiple steps to extract the “important” element from the ore:

1. First, the ore must be separated from unwanted rocks.
2. Then, the minerals need to be separated out of
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Gold Ore: High-grade gold ore from a quartz vein near Alma,
Colorado. The appearance is typical of very good gold-quartz
ore.

2. Then, the minerals need to be separated out of
the ore

3. Since most minerals are not pure metals, further
separation methods are required.

Most minerals are chemical compounds that contain
metals and other elements.

Extractive Metallurgy

Extractive metallurgy is the practice of removing
valuable metals from an ore and refining the extracted
raw metals into a purer form. In order to convert a metal
oxide or sulfide to a purer metal, the ore must be
reduced physically, chemically, or electrolytically.
Extractive metallurgists are interested in three primary
streams: feed, concentrate (valuable metal
oxide/sulfide), and tailings (waste).

After mining, large pieces of the ore feed are broken
through crushing and/or grinding. This step creates
particles that are either mostly valuable or mostly waste.
Concentrating the particles of value in a form supporting
separation enables the desired metal to be removed from waste products.

Ore bodies often contain more than one valuable metal. Tailings of a previous process may be used as a feed in
another process to extract a secondary product from the original ore. Additionally, a concentrate may contain more
than one valuable metal. That concentrate would be processed to separate the valuable metals into individual
constituents.

Hydrometallurgy

Hydrometallurgy is concerned with processes that use aqueous solutions to extract metals from ores. The most
common hydrometallurgical process is leaching, which involves dissolution of the valuable metals into the aqueous
solution. After the solution is separated from the ore solids, the solution is often subjected to various processes of
purification and concentration before the valuable metal is recovered, either in its metallic state or as a chemical
compound. The solution purification and concentration processes may include precipitation, distillation, adsorption,
and solvent extraction. The final recovery step may involve precipitation, cementation, or an electrometallurgical
process.

Sometimes, hydrometallurgical processes may be carried out directly on the ore material without any pretreatment
steps. More often, the ore must be pretreated by various mineral processing steps and sometimes by
pyrometallurgical processes.

Pyrometallurgy

Pyrometallurgy involves high temperature processes where chemical reactions take place among gases, solids, and
molten materials. Solids containing valuable metals are either reacted to form intermediate compounds for further
processing, or they are converted into their elemental or metallic state. Pyrometallurgical processes that involve
gases and solids are typified by roasting operations. Processes that produce molten products are collectively
referred to as smelting operations. The energy required to sustain the high temperature pyrometallurgical processes
may come entirely from the exothermic nature of the chemical reactions taking place, usually oxidation reactions.
Often, however, energy must be added to the process by combustion of fuel or, in the case of some smelting
processes, by the direct application of electrical energy.

Electrometallurgy

Electrometallurgy involves metallurgical processes that take place in some form of electrolytic cell. The most
common types of electrometallurgical processes are electrowinning and electro-refining. Electrowinning is an
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electrolysis process used to recover metals in aqueous solution, usually as the result of an ore having undergone
one or more hydrometallurgical processes. The metal of interest is plated onto a cathode, while an anode is
composed of an inert electrical conductor. Electro-refining is used to dissolve an impure metallic anode (typically
from a smelting process) and produce a high purity cathode. Fused salt electrolysis is another electrometallurgical
process whereby the valuable metal is dissolved into a molten salt, which acts as the electrolyte, and the valuable
metal collects on the cathode of the cell.

The scope of electrometallurgy has significant overlap with the areas of hydrometallurgy and (in the case of fused
salt electrolysis) pyrometallurgy. Additionally, electrochemical phenomena play a considerable role in many mineral
processing and hydrometallurgical processes.

Steelmaking and Re�ning

In refining, impure metal is purified; in steelmaking, impurities are removed from raw iron, and alloying elements are
added.

Learning Objectives

Recall that steel is made from iron ore.

Key Takeaways

Key Points

Steelmaking is the second step in producing steel from iron ore, where impurities are removed from the
raw iron, and alloying elements are added to produce the exact steel required.
Modern steelmaking processes are broken into two categories: primary and secondary steelmaking.
Primary steelmaking uses mostly new iron as the feedstock, usually from a blast furnace.
Secondary steelmaking is performed in an electric arc furnace and uses scrap steel as the primary raw
material.
Refining consists of purifying an impure metal.
Wrought iron and refined iron are products of pig-iron refining.

Key Terms

Refining: Refining (as in non-metallurgical uses) consists of purifying an impure material, in this case a
metal.
steelmaking: The second step in producing steel from iron ore
electric arc furnace: A furnace that heats charged material by means of an electric arc

Steelmaking Overview

Steelmaking is the second step in producing steel from iron ore. In this stage, impurities such as sulfur, phosphorus,
and excess carbon are removed from the raw iron, and alloying elements such as manganese, nickel, chromium,
and vanadium are added to produce the exact steel required.

Modern steelmaking processes are broken into two categories: primary and secondary steelmaking. Primary
steelmaking uses mostly new iron as the feedstock, usually from a blast furnace. Secondary steelmaking uses scrap
steel as the primary raw material. Gases created during the production of steel can be used as a power source.

Primary Steelmaking
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Electric Arc Furnace: An electric arc furnace (the large cylinder) is tapped.

Basic oxygen steelmaking is a method of primary steelmaking in which carbon-rich molten pig iron (the iron created
in the blast furnace) is made into steel. Blowing oxygen through molten pig iron lowers the carbon content of the
alloy and changes it into low-carbon steel. The process is referred to as “basic” because of the pH of the refractories
and the calcium oxide and magnesium oxide, which line the vessel to protect against the high temperature of molten
metal.

Secondary Steelmaking

Secondary steelmaking is most commonly performed in an electric arc furnace. The furnace consists of a refractory-
lined vessel, which is often water-cooled and covered with a retractable roof. It is through this vessel that one or
more graphite electrodes enter the furnace. Once the furnace is charged with scrap metal, meltdown commences.
The electrodes are lowered onto the scrap, an arc is struck, and the electrodes are set to bore into the layer of
shred at the top of the furnace. Once the electrodes have reached the heavy melt at the base of the furnace and the
arcs are shielded by the scrap, the voltage is increased and the electrodes raised slightly, increasing the power to
the melt. Oxygen is blown into the scrap, combusting or cutting the steel, which accelerates scrap meltdown.

The formation of slag, which floats on the
surface of the molten steel, is an
important part of steelmaking. Slag
usually consists of metal oxides and acts
as a destination for oxidized impurities. It
functions as a thermal blanket, stopping
excessive heat loss, and helping to
reduce erosion of the refractory lining.

When the scrap has completely melted
down and a flat bath is reached, another
bucket of scrap can be charged into the
furnace and melted down. Once the
temperature and chemistry are correct,
the steel is tapped out into a preheated
ladle by tilting the furnace. For plain-
carbon steel furnaces, as soon as slag is
detected during tapping, the furnace is
rapidly tilted back towards the deslagging
side, minimizing slag carryover into the
ladle.

HIsarna Steelmaking

The HIsarna steelmaking process is a
process of primary steelmaking in which
iron ore is processed almost directly into
steel. The process is based on a new
type of blast furnace called a Cyclone

Converter Furnace, which makes it possible to skip the process of manufacturing pig iron pellets, a necessary step
in the basic oxygen steelmaking process. Because it skips this step, the HIsarna process is more energy-efficient
and has a lower carbon footprint than traditional steelmaking processes.

Re�ning

Refining consists of purifying an impure material, in this case a metal. In refining, the final material is usually
chemically identical to the original, but purer. There are many different processes for refining, including
pyrometallurgical and hydrometallurgical techniques.

Wrought Iron

The product of the blast furnace is pig iron, which contains 4-5 percent carbon and usually some silicon. To produce
a forgeable product, a further process was needed, usually called “fining” rather than “refining. ” Starting in the 16th
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century, this process was performed in a finery forge. At the end of the 18th century, it began to be replaced by
puddling in a puddling furnace, which was, in turn, gradually superseded by the production of mild steel through the
Bessemer process.

Eiffel Tower: The Eiffel tower is constructed from puddled iron, a form of
wrought iron.

The term “refining” is used in a narrower context. Henry Cort’s original puddling process only worked when the raw
material was white cast iron, rather than the gray pig iron that was the usual raw material for finery forges. For the
gray pig iron to be usable, a preliminary refining process was developed to remove the silicon. The pig iron was
melted in a running-out furnace and then run out into a trough. This process oxidized the silicon to form a slag,
which floated on the iron and was removed by lowering a dam at the end of the trough. The product of this process
was a white metal known as finers metal or refined iron.
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BAND THEORY OF ELECTRICAL CONDUCTIVITY

Conductors
A conductor is a material that is able to conduct electricity with minimal impedance to the electrical flow. It is
commonly a metal.

Learning Objectives

Apply the concept of band theory to explain the behavior of conductors.

Key Takeaways

Key Points

A conductor is a material which contains movable electric charges.
In metallic conductors, such as copper or aluminum, the movable charged particles are electrons, though
in other cases they can be ions or other positively charged species.
Band theory, where the molecular orbitals of a solid become a series of continuous energy levels, can be
used to explain the behavior of conductors, semiconductors and insulators.
Most familiar conductors are metallic.

Key Terms

voltage: The amount of electrostatic potential between two points in space.
molecular orbital: The quantum mechanical behavior of an electron in a molecule describing the
probability of the electron’s particular position and energy; approximated by a linear combination of
atomic orbitals.
metal: Any of a number of chemical elements in the periodic table that form a metallic bond with other
metal atoms; generally shiny, somewhat malleable and hard, often a conductor of heat and electricity.

Conductors vs. Insulators

A conductor is a material which contains movable electric charges. In metallic conductors such as copper or
aluminum, the movable charged particles are electrons. Positive charges may also be mobile, such as the cationic
electrolyte(s) of a battery or the mobile protons of the proton conductor of a fuel cell. Insulators are non-conducting
materials with few mobile charges; they carry only insignificant electric currents.

In describing conductors using the concept of band theory, it is best to focus on conductors that conduct electricity
using mobile electrons. According to band theory, a conductor is simply a material that has its valence band and
conduction band overlapping, allowing electrons to flow through the material with minimal applied voltage.

Band Theory

In solid-state physics, the band structure of a solid describes those ranges of energy, called energy bands, that an
electron within the solid may have (“allowed bands”) and ranges of energy called band gaps (“forbidden bands”),
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which it may not have. Band theory models the behavior of electrons in solids by postulating the existence of energy
bands. It successfully uses a material’s band structure to explain many physical properties of solids. Bands may
also be viewed as the large-scale limit of molecular orbital theory.

The electrons of a single isolated atom occupy atomic orbitals, which form a discrete set of energy levels. If several
atoms are brought together into a molecule, their atomic orbitals split into separate molecular orbitals, each with a
different energy. This produces a number of molecular orbitals proportional to the number of valence electrons.
When a large number of atoms (1020 or more) are brought together to form a solid, the number of orbitals becomes
exceedingly large. Consequently, the difference in energy between them becomes very small. Thus, in solids the
levels form continuous bands of energy rather than the discrete energy levels of the atoms in isolation. However,
some intervals of energy contain no orbitals, forming band gaps. This concept becomes more important in the
context of semi-conductors and insulators.

metal semiconductor insulator

Valence
band

Conduction
band

El
ec

tro
n 

en
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gy

overlap

BandgapFermi level

Conductors, Semiconductors and Insulators: On the left, a conductor (described as a metal here) has its
empty bands and filled bands overlapping, allowing excited electrons to flow through the empty band with little
push (voltage). Semiconductors and insulators have a greater and greater energetic difference between the
valence band and the conduction bands, requiring a larger applied voltage in order for electrons to flow.

Within an energy band, energy levels can be regarded as a near continuum for two reasons:

1. The separation between energy levels in a solid is comparable with the energy that electrons constantly
exchange with phonons (atomic vibrations).

2. This separation is comparable with the energy uncertainty due to the Heisenberg uncertainty principle for
reasonably long intervals of time. As a result, the separation between energy levels is of no consequence.

Conductors

All conductors contain electrical charges, which will move when an electric potential difference (measured in volts) is
applied across separate points on the material. This flow of charge (measured in amperes) is what is referred to as
electric current. In most materials, the direct current is proportional to the voltage (as determined by Ohm’s law),
provided the temperature remains constant and the material remains in the same shape and state.

Most familiar conductors are metallic. Copper is the most common material used for electrical wiring. Silver is the
best conductor, but it is expensive. Because gold does not corrode, it is used for high-quality surface-to-surface
contacts. However, there are also many non-metallic conductors, including graphite, solutions of salts, and all
plasmas. There are even conductive polymers.

Thermal and electrical conductivity often go together. For instance, the sea of electrons causes most metals to act
both as electrical and thermal conductors. However, some non-metallic materials are practical electrical conductors
without being good thermal conductors.
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Semiconductors

Semiconductors are materials that have properties in between those of normal conductors and insulators; they are
often produced by doping.

Learning Objectives

Compare N-type and P-type semi-conductors, distinguishing them from semi-conductors and insulators using
band theory.

Key Takeaways

Key Points

Intrinsic semiconductors are composed of only one kind of material.
Extrinsic semiconductors are made of intrinsic semiconductors that have had other substances added to
them to alter their properties (they have been doped with another element ).
There are two types of extrinsic semiconductors: p-type (p for positive: a hole has been added through
doping with a group -III element) and n-type (n for negative: an extra electron has been added through
doping with a group-V element).

Key Terms

semiconductor: a substance with electrical properties between those of a good conductor and those of a
good insulator
conductor: something that can transmit electricity, heat, light, or sound
doped: describing a semiconductor that has had small amounts of elements added to create charge
carriers

Semiconductors are materials that have properties of both normal conductors and insulators. Semiconductors fall
into two broad categories:

Intrinsic semiconductors are composed of only one kind of material; silicon and germanium are two
examples. These are also called “undoped semiconductors” or “i-type semiconductors. “
Extrinsic semiconductors, on the other hand, are intrinsic semiconductors with other substances added to
alter their properties — that is to say, they have been doped with another element.

Intrinsic Semiconductors

In the classic crystalline semiconductors, electrons can have energies only within certain bands (ranges of energy
levels). The energy of these bands is between the energy of the ground state and the free electron energy (the
energy required for an electron to escape entirely from the material). The energy bands correspond to a large
number of discrete quantum states of the electrons. Most of the states with low energy (closer to the nucleus ) are
occupied, up to a particular band called the valence band.

Semiconductors and insulators are distinguished from metals by the population of electrons in each band. The
valence band in any given metal is nearly filled with electrons under usual conditions. In semiconductors, only a few
electrons exist in the conduction band just above the valence band, and an insulator has almost no free electrons.
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An Illustration of the Electronic Band Structure of a Semiconductor:
This is a comprehensive illustration of the molecular orbitals in a bulk
material. As the energy in the system increases, electrons leave the
valence band and enter the conduction band.

Semiconductors and insulators are further distinguished by the relative band gap. In semiconductors, the band gap
is small, allowing electrons to populate the conduction band. In insulators, it is large, making it difficult for electrons
to flow through the conduction band.

Extrinsic Semiconductors

The name “extrinsic semiconductor” can be a bit misleading. While insulating materials may be doped to become
semiconductors, intrinsic semiconductors can also be doped, resulting in an extrinsic semiconductor. There are two
types of extrinsic semiconductors that result from doping: atoms that have an extra electron (n-type for negative,
from group V, such as phosphorus) and atoms that have one fewer electron (p-type for positive, from group III, such
as boron).

In semiconductor production, doping intentionally introduces impurities into an extremely pure, or intrinsic,
semiconductor for the purpose of changing its electrical properties. The impurities depend on the type of
semiconductor. Lightly and moderately doped semiconductors are referred to as extrinsic. When a semiconductor is
doped to such a high level that it acts more like a conductor than a semiconductor, it is referred to as degenerate.

N-Type Semiconductors

N-type semiconductors are a type of extrinsic semiconductor in which the dopant atoms are capable of providing
extra conduction electrons to the host material (e.g. phosphorus in silicon). This creates an excess of negative (n-
type) electron charge carriers.

Doping atom usually have one more valence electron than one type of the host atoms. The most common example
is atomic substitution in group-IV solids by group-V elements. The situation is more uncertain when the host
contains more than one type of atom. For example, in III-V semiconductors such as gallium arsenide, silicon can be
a donor when it substitutes for gallium or an acceptor when it replaces arsenic. Some donors have fewer valence
electrons than the host, such as alkali metals, which are donors in most solids.

P-Type Semiconductors

A p-type (p for “positive”) semiconductor is created by adding a certain type of atom to the semiconductor in order to
increase the number of free charge carriers. When the doping material is added, it takes away (accepts) weakly

bound outer electrons from the semiconductor atoms. This type of doping
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N-type Semiconductor: After the material
has been doped with phosphorus, an extra
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P-type Semiconductor: After the material
has been doped with boron, an electron is
missing from the structure, leaving a hole.
This allows for easier electron flow.

bound outer electrons from the semiconductor atoms. This type of doping
agent is also known as an acceptor material, and the vacancy left behind
by the electron is known as a hole. The purpose of p-type doping is to
create an abundance of holes.

In the case of silicon, a trivalent
atom is substituted into the
crystal lattice. The result is that
one electron is missing from one
of the four covalent bonds
normally part of the silicon lattice.
Therefore the dopant atom can
accept an electron from a
neighboring atom’s covalent bond
to complete the fourth bond. This
is why these dopants are called
acceptors.

When the dopant atom accepts an electron, this causes the loss of half of
one bond from the neighboring atom, resulting in the formation of a hole.
Each hole is associated with a nearby negatively charged dopant ion, and
the semiconductor remains electrically neutral overall. However, once each
hole has wandered away into the lattice, one proton in the atom at the hole’s location will be “exposed” and no
longer cancelled by an electron. This atom will have three electrons and one hole surrounding a particular nucleus
with four protons.

For this reason a hole behaves as a positive charge. When a sufficiently large number of acceptor atoms are added,
the holes greatly outnumber thermally excited electrons. Thus, holes are the majority carriers, while electrons
become minority carriers in p-type materials.
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ALLOYS

Alloys
An alloy is a mixture or metallic solid solution composed of two or more elements.

Learning Objectives

Define the term alloy.

Key Takeaways

Key Points

An alloy is a mixture or metallic solid solution composed of two or more elements.
An alloy’s properties are usually different from those of its component elements.
Alloy constituents are usually measured by mass.
Unlike pure metals, most alloys do not have a single melting point; rather, they have a melting range in
which the substance is a mixture of solid and liquid.

Key Terms

amalgam: an alloy containing mercury
microstructure: the fine structure of a pure metal or alloy, as revealed by magnifications of 25x or
greater
racemic mixture: a mixture that has equal amounts of left- and right-handed enantiomers of a chiral
molecule
eutectic mixture: a mixture of substances having a melting point lower than that of any of its
components

An alloy is a mixture or metallic-solid solution composed of two or more elements. Examples of alloys include
materials such as brass, pewter, phosphor bronze, amalgam, and steel. Complete solid solution alloys give single
solid phase microstructure. Partial solutions give two or more phases that may or may not be homogeneous in
distribution, depending on thermal history. An alloy’s properties are usually different from those of its component
elements.

Examples of alloys include materials such as brass, pewter, phosphor bronze, amalgam, and steel. Complete solid
solution alloys give single solid phase microstructure. Partial solutions give two or more phases that may or may not
be homogeneous in distribution, depending on thermal history. An alloy’s properties are usually different from those
of its component elements.

Alloy constituents are usually measured by mass. An alloy is usually classified as either substitutional or interstitial,
depending on its atomic arrangement. In a substitutional alloy, the atoms from each element can occupy the same
sites as their counterpart. In interstitial alloys, the atoms do not occupy the same sites. Alloys can be further
classified as homogeneous (consisting of a single phase), heterogeneous (consisting of two or more phases), or
intermetallic (where there is no distinct boundary between phases).
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Steel: Steel is an alloy whose major component is iron.

Alloying a metal involves combining it with one or
more other metals or non-metals, which often
enhances its properties. For example, steel is
stronger than iron, its primary element. Physical
properties (density, reactivity, conductivity) of an
alloy may not differ greatly from those of its
constituent elements, but its engineering properties
(tensile strength and shear strength) may be
substantially different.

Unlike pure metals, most alloys do not have a single
melting point; rather, they have a melting range in
which the substance is a mixture of solid and liquid.
However, for most alloys, there is one particular
proportion of constituents, known as the “eutectic
mixture,” at which the alloy has a unique melting
point.
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METALS

The Alkali Metals
Alkali metals are chemical elements from the s-block of the periodic table. They have homologous physical and
chemical properties.

Learning Objectives

Recall the periodic trends observed in the alkali metals.

Key Takeaways

Key Points

The alkali metals are a group of chemical elements from the s-block of the periodic table with similar
properties: they appear silvery and can be cut with a plastic knife.
Alkali metals are highly reactive at standard temperature and pressure and readily lose their outermost
electron to form cations with charge +1.
All the discovered alkali metals occur in nature.
Most alkali metals have many different applications, such as rubidium and caesium atomic clocks,
sodium-vapor lamps, and table salt.

Key Terms

lye: A strong caustic alkaline solution of potassium or sodium salts, obtained by leaching wood ashes. It
is much used in making soap as well as in biodiesel.
alkali metal: Any of the soft, light, reactive metals of Group 1 of the periodic table; lithium, sodium,
potassium, rubidium, cesium, and francium.
caesium atomic clock: A primary frequency standard in which electronic transitions between the two
hyperfine ground states of caesium-133 atoms are used to control the output frequency.

The alkali metals are a group of chemical elements in the periodic table with the following physical and chemical
properties:

shiny
soft
silvery
highly reactive at standard temperature and pressure
readily lose their outermost electron to form cations with a charge of +1

They can all be cut easily with a plastic knife due to their softness, and their shiny surface tarnishes rapidly in air
due to oxidation. Because of their high reactivity, alkali metals must be stored under oil to prevent reaction with air.
In the modern IUPAC nomenclature, the alkali metals comprise the group 1 elements, excluding hydrogen. All the
alkali metals react with water, with the heavier alkali metals reacting more vigorously than the lighter ones.

Periodic Trends of Alkali Metals
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Alkali Metals: Lithium is stored in oil because of its high reactivity.

The alkali metals are lithium (Li), sodium (Na),
potassium (K), rubidium (Rb), caesium (Cs),and
francium (Fr). This group lies in the s-block of the
periodic table, as all alkali metals have their
outermost electron in an s-orbital. The alkali metals
provide the best example of group trends in
properties in the periodic table, with elements
exhibiting similar properties. For instance, when
moving down the table, all known alkali metals
show:

increasing atomic radius,
decreasing electronegativity
increasing reactivity
decreasing melting and boiling points

In general, their densities increase when moving
down the table, with the exception of potassium, which is less dense than sodium.

Reactions of Alkali Metals

Alkali metals react violently with water, halogens, and acids. The reactions release surprising amounts of heat and
light. In a chemical equation, alkali metals are represented with an M. Here are some sample reaction equations:

Alkali metals react with oxygen to form oxides, which have a duller appearance and lower reactivity. The
oxides are much less reactive than the pure metals.

The oxides react vigorously with water to form a hydroxide. The resulting hydroxides of these elements
dissociate completely in water to form some of the strongest bases known. Sodium hydroxide (NaOH), also
called lye, is an industrial-strength base.

The pure alkali metal can also react directly with water. In this case, the metal is a basic anhydride. Gaseous
hydrogen is released, which is flammable.

Exposing an alkali metal to a halogen will cause an extremely exothermic reaction that results in an ionic salt.
Almost every salt of an alkali metal is highly soluble in water. They form conducting solutions, proving their
ionic nature.

Occurrence in Nature

All the discovered alkali metals occur in nature. Experiments have been conducted to attempt the synthesis of
ununennium (Uue), which is likely to be the next member of the group if the attempt is successful. It is predicted that
the next alkali metal after ununennium would be unhexpentium (Uhp), an element that has not yet received even
attempts at synthesis due to its extremely high atomic number.

Applications of Alkali Metals

Most alkali metals have many different applications. Two of the most well-known applications of the pure elements
are rubidium and cesium atomic clocks, of which cesium atomic clocks are the most accurate representation of time
known as of 2012. A common application of the compounds of sodium is the sodium-vapor lamp, which emits very
efficient light. Table salt, or sodium chloride, on the other hand, has been used since antiquity.

The Alkaline Earth Metals

4 + → 2 OM(s) O2(g) M2

+ O → 2M2 O(s) H2 MOH(aq)

2 + 2 O → 2 +M(s) H2 MOH(aq) H2(g)

2 + → 2M(s) Cl2(g) MCl(s)
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The alkaline earth metals are chemical elements in the s-block of the periodic table with very similar physical and
chemical properties.

Learning Objectives

Predict which oxidation state an alkaline earth metal will adopt.

Key Takeaways

Key Points

The alkaline earth metals are shiny, silvery-white, and somewhat reactive metals at standard temperature
and pressure.
All the alkaline earth metals readily lose their two outermost electrons to form cations with a 2+ charge.
All of the alkaline earth metals except magnesium and strontium have at least one naturally occurring
radioisotope.
Magnesium and calcium are ubiquitous and essential to all known living organisms.

Key Terms

Alkaline earth metals: A group of chemical elements in the periodic table with similar properties: shiny,
silvery-white, somewhat reactive at standard temperature and pressure. They readily lose their two
outermost electrons to form cations with charge +2.

Properties of Alkaline Earth Metals

The alkaline earth metals (beryllium (Be), magnesium (Mg), calcium (Ca), strontium (Sr), barium (Ba), and radium
(Ra)) are a group of chemical elements in the s-block of the periodic table with very similar properties:

shiny
silvery-white
somewhat reactive metals at standard temperature and pressure
readily lose their two outermost electrons to form cations with a 2+ charge
low densities
low melting points
low boiling points

The alkaline earth metals comprise the group 2 elements. All the discovered alkaline earth metals occur in nature.

Reactions of Alkaline Earth Metals

All the alkaline earth metals have two electrons in their valence shell, so they lose two electrons to form cations with
a 2+ charge. Most of the chemistry has been observed only for the first five members of the group; the chemistry of
radium is not well established due to its radioactivity.

In chemical terms, all of the alkaline metals react with the halogens to form ionic alkaline earth metal halides. All the
alkaline earth metals except beryllium also react with water to form strongly alkaline hydroxides which should be
handled with great care. The heavier alkaline earth metals react more vigorously than the lighter ones.

The alkaline metals have the second-lowest first ionization energies in their respective periods of the periodic table.
This is due to their low effective nuclear charges and the ability to attain a full outer shell configuration by losing just
two electrons. The second ionization energy of all of the alkaline metals is also somewhat low.

Beryllium is an exception. It does not react with water or steam, and its halides are covalent. All compounds that
include beryllium have a covalent bond. Even beryllium fluoride, which is the most ionic beryllium compound, has a
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Emerald: Emerald is a variety of beryl, a mineral that contains the alkaline earth
metal beryllium. Beryllium only occurs naturally in combination with other elements in
minerals.

low melting point and a low electrical conductivity when melted.

Here is the list of some of the common reactions of alkaline earth metals, where E = elements that act as reducing
agents:

The metals reduce halogens to form ionic halides: where X = F, Cl, Br or I
The metals reduce O2 to form the oxides:

The larger metals react with water to produce hydrogen gas: 
where E = Ca, Sr or Ba
The metals undergo transmetallation reactions to exchange ligands: 

 where Ae = Ca, Sr, or Ba.

Alkaline Earth Metal Compounds

Alkylmagnesium halides (RMgX where R = hydrocarbon group and X = halogen) are used to synthetise
organic compounds. Here’s an example: 
Magnesium oxide (MgO) is used as a material to refract furnace brick and wire insulation (melting point of
2852°C).
Calcium carbonate (CaCO3) is mainly used in the construction industry and for making limestone, marble,
chalk, and coral.

Radioactivity

All of the alkaline earth metals, except magnesium and strontium, have at least one naturally occurring radioisotope:
beryllium-7, beryllium-10, and calcium-41 are trace radioisotopes. Calcium-48 and barium-130 have very long half-
lives and thus occur naturally. All isotopes of radium are radioactive.

Occurrence in Nature

Emerald is a naturally occurring compound of beryllium. Calcium and magnesium are abundant in the earth’s crust,
making up several important rock forming minerals such as dolomite (dolostone) and calcite (limestone). The other
non-radioactive members of the group are only present in smaller quantities. Deposits of each of these minerals are
mined to extract the elements for further use. Radium, with a maximum half-life of 1,601 years, is only present in
nature when it is resupplied by a decay chain from the radioactive decay of heavier elements.

Biological Role and
Toxicity of Alkaline Earth
Metals

Magnesium and calcium are essential
to all known living organisms. They are
involved in more than one role. For
example, magnesium or calcium ion
pumps play a role in some cellular
processes. Magnesium functions as
the active center in some enzymes,
and calcium salts take a structural role
in bones.

Strontium plays an important role in
marine aquatic life, especially hard
corals, which use strontium to build
their exoskeletons. Strontium and
barium have some uses in medicine.

+ →E(s) X2 EX2(s)

2 + → 2E(s) O2 EO(s)

+ 2 → + 2 +E(s) H2O(l) E2+
(aq) OH−

(aq) H2(g)

Ae + Hg{N( → [Ae{N( (THF ]SiMe3)2}2 SiMe3)2}2 )2

3RMgCl + → 3 + SnClSnCl4 MgCl2 R3
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For example “barium meals” are used in radiographic imaging, while strontium compounds are employed in some
toothpastes.

However, beryllium and radium are toxic. Beryllium’s low aqueous solubility means it is rarely available to biological
systems. It has no known role in living organisms, and, when encountered by them, is usually highly toxic. Radium
has a low availability and is highly radioactive, making it toxic to life.

Aluminum

Aluminum is a soft, silvery metal in the boron group of the periodic table.

Learning Objectives

Describe the properties of aluminum.

Key Takeaways

Key Points

Aluminum is a soft, lightweight, and malleable silvery metal that is not soluble in water.
The vast majority of compounds feature aluminum in the oxidation state 3+, but compounds with +1 and
+2 oxidation states are known.
Aluminum has many known isotopes, whose mass numbers range from 21 to 42.
Aluminum is the most widely used non-ferrous metal and is mostly alloyed, which improves its
mechanical properties.

Key Terms

aluminum: A metallic chemical element (symbol Al) with an atomic number of 13.
passivation: Refers to a material becoming “passive,” that is, being less affected by environmental
factors such as air or water.

Physical Properties of Aluminum

Aluminum is:

relatively soft
durable
lightweight
ductile
malleable
appearance ranging from silvery to dull gray
not soluble in water under normal circumstances
nonmagnetic
does not ignite easily
capable of being a superconductor

Chemical Properties

Aluminum is resistant to corrosion due to the phenomenon of passivation. A thin surface layer of aluminum oxide is
formed when the metal is exposed to air. This oxide layer protects the aluminum beneath the surface from further
oxidation. Like many other metals, aluminum can also be oxidized by water to produce hydrogen and heat:

2Al + 3 O ⟶ + 3H Al O H

943



Although aluminum is extremely easily oxidized, it is possible to remove the oxide layer from a sample without it
immediately reforming. The simplest and safest way is to connect a battery to the sample and perform electrolysis
under either an inert atmosphere (like argon gas) or vacuum conditions.

The vast majority of aluminum compounds feature the metal in the oxidation state 3+. The coordination number of
aluminum can vary, but generally Al3+ is tetra- or hexacoordinate. This means it will have 4 or 6 ligands.

Aluminum Halides: Use as Lewis Acids

Aluminum is a very reactive metal that readily reacts to product trivalent compounds. Its halides (AlF3, AlCl3, AlBr3
and AlI3) are common examples. Trivalent aluminum is electron-deficient and therefore exceptionally useful as a
Lewis acid, particularly in organic synthesis.

Aluminum Hydrides and Organoaluminum Compounds

A variety of compounds of empirical formula AlR3 and AlR1.5Cl1.5 exist. These species usually feature tetrahedral Al
centers. With large organic groups, triorganoaluminum exist as three-coordinate monomers, such as
triisobutylaluminum.

The important aluminum hydride is lithium aluminum hydride (LiAlH4), which is used as a reducing agent in organic
chemistry. It can be produced from lithium hydride and aluminum trichloride:

General Use of Aluminum

Aluminum is the most widely used non-ferrous metal. Aluminum is almost always alloyed, which markedly improves
its mechanical properties, especially when tempered. For example, the common aluminum foils and beverage cans
are alloys of 92% to 99% aluminum. Some of the many uses for aluminum metal are in:

Transportation as sheet, tube, castings, etc
Packaging (cans, foil, etc. )
Construction (windows, doors, siding, building wire, etc. )
A wide range of household items, from cooking utensils to baseball bats, and watches
Street lighting poles, sailing ship masts, walking poles, etc.
Outer shells of consumer electronics, also cases for equipment (e.g. photographic equipment)
Electrical transmission lines for power distribution
Super purity aluminum, used in electronics and CDs
Heat sinks for electronic appliances, such as transistors and CPUs
Substrate material of metal-core copper clad laminates used in high brightness LED lighting
Powdered aluminum used in paint and in pyrotechnics
A variety of countries, including France, Italy, Poland, Finland, Romania, Israel, and the former Yugoslavia,
have issued coins struck in aluminum or aluminum-copper alloys

2Al + 3 O ⟶ + 3H2 Al2O3 H2

4LiH + Al ⟶ LiAl + 3LiClCl3 H4
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Use of aluminum in transportation: Aluminum-bodied Austin “A40 Sports” (c. 1951).
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3D TRANSITION METALS

Titanium, Chromium, and Manganese
Titanium, chromium and manganese are 3d transition metals notably used to add corrosion-resistance, durability,
and lightness to steel.

Learning Objectives

Recall the beneficial physical characteristics that titanium, chromium, and manganese impart when doped into
steel.

Key Takeaways

Key Points

The two most useful properties of titanium include its resistance to corrosion and its high strength-to-
weight ratio.
Chromium metal is highly valuable due to its high corrosion resistance and hardness.
Manganese is a metal with important industrial metal alloy uses, particularly in stainless steels.

Key Terms

stainless steel: An alloy of iron and chromium that resists corrosion.
titanium: A strong, corrosion-resistant transition metal with the atomic number 22.

Titanium, chromium, and manganese are transition metals that are used in many iron alloys to produce corrosion-
resistant, durable, and lightweight steel.

Titanium

Titanium is a strong, lustrous transition metal. It has a low density, is corrosion-resistant, and has a silver color.
Titanium was discovered in Cornwall, Great Britain, in 1791, by William Gregor. It was named by Martin Heinrich
Klaproth, in honor of the Titans of Greek mythology.
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A titanium bar: Titanium is one of the least dense, strong, and corrosion-resistant elements.
It has many applications, especially in alloys with other elements such as iron. Titanium is
commonly used in airplanes, golf clubs, and other objects that must be strong but lightweight.

Titanium can be alloyed with iron, aluminum, vanadium, molybdenum, and several other elements to produce
strong, lightweight alloys that are used in a variety of industries, including:

aerospace construction (jet engines, missiles, and spacecraft)
military development
industrial process (chemicals and petro-chemicals, desalination plants, pulp, and paper)
the automotive industry
the agriculture and food industry
medical prostheses
orthopedic implants
dental and endodontic instruments
dental implants
sporting goods
jewelry
mobile phones

Titanium metal has two very important and useful properties: it is resistant to corrosion and it has the highest
strength-to-weight ratio of any metal. In its unalloyed condition, titanium is as strong as some steels, but 45% lighter.

Chromium

Chromium is a steely-gray, lustrous, hard metal that takes a high polish and has a high melting point. It is odorless,
tasteless, and malleable. The name of the element is derived from the Greek word “chrōma” (χ), meaning color,
because many of its compounds are intensely colored.

Chromium oxide was used by the Chinese in the Qin dynasty over 2,000 years ago to coat metal weapons.
Weapons coated with chromium oxide were found with the Terracotta Army. Chromium was discovered as an
element after 1761, when it was found in the red crystalline mineral, crocoite (lead(II) chromate). It was initially used
as a pigment.

Louis Nicolas Vauquelin was the first to isolate the chromium metal from this crocoite mineral, in 1797. Following
this first discovery, small amounts of native (free) chromium metal have been discovered in rare minerals, but these
are not used commercially. Nearly all of the chromium that is commercially extracted is done so from the only
commercially viable ore, chromite, which is also known as iron chromium oxide (FeCr2O4). Chromite is also the
chief source for the chromium that is used in pigments.

Chromium metal has proven to be highly valuable due to its high corrosion resistance and hardness, particularly
when steel is combined with metallic chromium to form stainless steel. Stainless steel is highly resistant to corrosion
and discoloration. This application, along with chrome plating (electroplating with chromium), currently comprises
85% of the commercial use for the element. Other
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Chromium: Chromium, like titanium and vanadium before it, is
extremely resistant to corrosion, and is indeed one of the main
components of stainless steel. Chromium also has many colorful
compounds and is very commonly used in pigments, such as chrome
green.

Crocoite: Crocoite is a mineral formed from lead chromate (PbCrO4), a chromium compound.

85% of the commercial use for the element. Other
applications of chromium compounds account for
the remaining 15%.

Manganese

Manganese is found as a free element in nature
(often in combination with iron), and is also found
in many minerals. It is a metal with important
industrial uses, particularly in stainless steels.

Historically, manganese was named for various
black minerals (such as pyrolusite) that were
discovered in the same region of Magnesia in
Greece. By the mid-18th century, Swedish
chemist Carl Wilhelm Scheele had used
pyrolusite to produce chlorine. Scheele and
others were aware that pyrolusite (now known as
manganese dioxide) contained a new element,
but they were not able to isolate it. Johan Gottlieb
Gahn was the first to isolate an impure sample of

manganese metal in 1774,
by reducing the dioxide
with carbon.

Manganese phosphating is
used as a treatment for
rust and corrosion on steel.
Depending on their
oxidation state,
manganese ions have
various colors and are
used industrially as
pigments. Manganese
dioxide is used as the
cathode (electron acceptor)
material in zinc-carbon and
alkaline batteries.

In biology, manganese(II)
ions function as cofactors
for a large variety of
enzymes with many
functions. Manganese
enzymes are particularly
essential in the
detoxification of superoxide
free radicals in organisms
that must deal with
elemental oxygen.

Manganese also functions in the oxygen-evolving complex of photosynthetic plants. The element is a required trace
mineral for all known living organisms. If inhaled in large amounts, manganese can cause a poisonous syndrome in
mammals, with neurological damage that is sometimes irreversible.

Iron, Cobalt, Copper, Nickel, and Zinc
Cobalt, nickel, copper, and zinc are 3d orbital transition metals with a variety of properties.
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Manganese: Manganese, like chromium before it, is an important 
component in stainless steel, preventing the iron from rusting. 
Manganese is often used in pigments, again like chromium. Manganese 
is also poisonous; if enough is inhaled, it can cause irreversible 
neurological damage.

Learning Objectives

Recall the characteristics of cobalt, copper, nickel and zinc in their elemental states and when combined in
alloys.

Key Takeaways

Key Points

Copper is the most heavily used coinage metal due to its electrical properties, its abundance (contrasted
to silver and gold), and the attractiveness of its alloys — brass and bronze.
Zinc is used in alloys with copper to create a harder metal known as brass.
In galvanization, zinc coats iron by oxidizing to form a protective layer of zinc oxide (ZnO) that protects
the iron from rust.
Cobalt and nickel are trace elements with properties similar to iron.

Key Terms

copper: A reddish-brown, malleable, ductile metallic element with high electrical and thermal conductivity.
Its symbol is Cu and its atomic number is 29.
brass: A metallic alloy of copper and zinc used in many industrial and plumbing applications.
bronze: A natural or man-made alloy of copper, usually with tin, but also with one or more other metals.

Copper

Copper is a member of a family of metals known as the “coinage metals,” which includes copper, silver, gold, and
roentgenium. Because of their softness, coinage metals are easily fashioned into coins. Their comparative rarity and
attractiveness, along with their resistance to corrosion, make them compact stores of wealth. However, pure copper
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Copper Pipes: Copper is heavily used due in many areas, including copper
piping.

A zinc coin: Zinc is an essential
trace element for living things. It
has some germicidal properties
and it is toxic in large quantities.
Zinc pennies should never be
swallowed.

Cobalt: Like nickel, cobalt in the Earth’s crust is
found only in chemically combined form, save for
small deposits found in alloys of natural meteoric
iron. The free element, produced by reductive
smelting, is a hard, lustrous, silver-gray metal.

is too soft to have structural value, but copper alloys with zinc and tin to form harder brasses and bronzes. Brass
and bronze were essential components of the earliest metal tools.

Copper is the most heavily used of the
coinage metals due to its electrical
properties, its abundance (compared to
silver and gold), and the properties of its
brass and bronze alloys. Until aluminum
became commonplace, copper was second
only to iron in production among the metals.
Copper is easy to identify due to its reddish
color.

Copper oxidizes—with some difficulty—to
the +1 state in halides and an oxide, and to
the +2 state in salts such as copper sulfate
CuSO4. Soluble copper compounds are
easily identified by their distinctive blue-
green color.

Zinc

The zinc family consists of zinc, cadmium, mercury, and copernicum. Zinc and
cadmium are soft metals that easily oxidize to the +2 oxidation state. Neither of
these two metals appears uncombined in nature. Zinc is used in alloys with copper
to create a harder metal known as brass. In galvanization, zinc coats iron by
oxidizing to form a protective layer of zinc oxide (ZnO) that protects the iron from
oxidation. Zinc oxide is much safer than lead oxide, and it is often used in white
paint. Since 1982, zinc has been the main metal used in American pennies. It is
now used in new organ pipes.

Zinc is an essential trace element for
living things and has some germicidal
properties, but can be toxic in large
quantities. Zinc pennies should never
be swallowed.

Iron, Cobalt, and Nickel

Iron, cobalt, and nickel are fairly good reducing agents, so they rarely
appear uncombined in nature. Iron is one of the most common
elements in the universe. Uncombined iron, cobalt, and nickel can be
found in meteors.

The earth itself has a hot, dense core made largely of iron and nickel.
At the temperatures characteristic of the Earth’s core, iron and nickel
form a giant natural magnet which creates the Earth’s magnetic field.
This magnetic field blocks dangerous radiation that would kill life on
the Earth.
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TRANSITION METALS

PROPERTIES OF TRANSITION METALS

Physical Properties and Atomic Size
Due to partially-filled d subshells, transition metals possess a number of unique properties.

Learning Objectives

Recognize the significance of atomic size and electronic transitions in transition metals.

Key Takeaways

Key Points

Colors of transition metal compounds are due to two types of electronic transitions.
Due to the presence of unpaired d electrons, transition metals can form paramagnetic compounds.
Diamagnetic compounds have d-electrons that are all paired up.
Transition metals are conductors of electricity, possess high density and high melting and boiling points.

Key Terms

conductor: Something that can transmit electricity, heat, light, or sound.
paramagnetic: Materials that are attracted by an externally applied magnetic field and form internal,
induced magnetic fields in the direction of the applied magnetic field.
ferromagnetism: The phenomenon whereby certain substances can become permanent magnets when
subjected to a magnetic field.
diamagnetic: Materials that create an induced magnetic field in a direction opposite to an externally
applied magnetic field and are therefore repelled by the applied magnetic field.

Transition Metal Properties

There are a number of properties shared by the transition elements that are not found in other elements, which
result from the partially filled d subshell. These include the formation of compounds whose color is due to d–d
electronic transitions and the formation of many paramagnetic compounds due to the presence of unpaired d
electrons. Color in transition-series metal compounds is generally due to electronic transitions of two principal types:
charge-transfer transitions and d-d transitions.
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Colors of transition metal compounds: From left to right, aqueous solutions of: Co(NO3)2 (red); K2Cr2O7 (orange); K2CrO4
(yellow); NiCl2 (turquoise); CuSO4 (blue); KMnO4 (purple).

Charge Transfer Transitions

An electron may jump from a predominantly ligand orbital to a predominantly metal orbital, giving rise to a ligand-to-
metal charge-transfer (LMCT) transition. These can most easily occur when the metal is in a high oxidation state.
For example, the color of chromate, dichromate, and permanganate ions is due to LMCT transitions. In each case
the metals (Cr and Mn) have oxidation states of +6 or higher.

A metal-to ligand charge transfer (MLCT) transition will be most likely when the metal is in a low oxidation state and
the ligand is easily reduced.

d-d Transitions

In a d-d transition, an electron jumps from one d-orbital to another. In complexes of the transition metals, the d
orbitals do not all have the same energy. The pattern of splitting of the d orbitals can be calculated using crystal field
theory. The extent of the splitting depends on the particular metal, its oxidation state, and the nature of the ligands.

In centrosymmetric complexes, such as octahedral complexes, d-d transitions are forbidden. Tetrahedral complexes
have a somewhat more intense color because mixing d and p orbitals is possible when there is no center of
symmetry, so transitions are not pure d-d transitions.

Some d-d transitions are spin forbidden. An example occurs in octahedral, high-spin complexes of manganese(II) in
which all five electrons have parallel spins. The color of such complexes is much weaker than in complexes with
spin-allowed transitions. In fact, many compounds of manganese(II) appear almost colorless.

Transition metal compounds are paramagnetic when they have one or more unpaired d electrons. In octahedral
complexes with between four and seven d electrons, both high spin and low spin states are possible. Tetrahedral
transition metal complexes, such as [FeCl4]2−, are high-spin because the crystal field splitting is small. This means
that the energy to be gained by virtue of the electrons being in lower energy orbitals is always less than the energy
needed to pair up the spins.

Paramagnetic vs. Diamagnetic

Some compounds are diamagnetic. In these case all of the electrons are paired up. Ferromagnetism occurs when
individual atoms are paramagnetic and the spin vectors are aligned parallel to each other in a crystalline material.
Metallic iron is an example of a ferromagnetic material involving a transition metal. Anti-ferromagnetism is another
example of a magnetic property arising from a particular alignment of individual spins in the solid state.

As implied by the name, all transition metals are metals and conductors of electricity. In general, transition metals
possess a high density and high melting points and boiling points. These properties are due to metallic bonding by

delocalized d electrons, leading to cohesion which increases with the
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Ferromagnetism: A magnet made of alnico, an
iron alloy. Ferromagnetism is the physical theory
which explains how materials become magnets.

delocalized d electrons, leading to cohesion which increases with the
number of shared electrons. However, the Group 12 metals have
much lower melting and boiling points since their full d subshells
prevent d–d bonding. In fact, mercury has a melting point of −38.83
°C (−37.89 °F) and is a liquid at room temperature.

Transition Metals and Atomic Size

In regards to atomic size of transition metals, there is little variation.
Typically, when moving left to right across the periodic table, there is
a trend of decreasing atomic radius. However, in the transition
metals, moving left to right, there is a trend of increasing atomic
radius which levels off and becomes constant. In the transition
elements, the number of electrons are increasing but in a particular
way. The number of electrons increase going across a period, thus,
there is more pull of these electrons towards the nucleus. However,
with the d−electrons, there is some added electron-electron
repulsion. For example, in chromium, there is a promotion of one of
the 4s electrons to half fill the 3d sublevel; the electron-electron
repulsions are less and the atomic size is smaller. The opposite
holds true for the latter part of the row.

Periodic table of elements: This image represents atomic radii size. Note the size of the transition
metals.

Lanthanides and Actinides

Lanthanides and actinides are elements of the inner transition series of the periodic table.

Learning Objectives

Identify the key properties of the lanthanides and actinides.
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Key Takeaways

Key Points

The lanthanide and actinide series make up the inner transition metals.
The lanthanide series includes elements 58 to 71, which fill their 4f sublevel progressively.
The actinides are elements 89 to 103 and fill their 5f sublevel progressively.
Actinides are typical metals and have properties of both the d-block and the f-block elements, but they
are also radioactive.
Lanthanides have different chemistry from transition metals because their 4f orbitals are shielded from the
atom ‘s environment.

Key Terms

lanthanide: Any of the 15 rare earth elements from lanthanum to lutetium in the periodic table. Because
their outermost orbitals are empty, they have very similar chemistry. Below them are the actinides.
lanthanide contraction: The progressive decrease in the radii of atoms of the lanthanide elements as
the atomic number increases; evident in various physical properties of the elements and their
compounds.
actinide: Any of the 14 radioactive elements of the periodic table that are positioned under the
lanthanides, with which they share similar chemistry.

The lanthanides and actinides form a group that appears almost disconnected from the rest of the periodic table.
This is the f block of elements, known as the inner transition series. This is due to the proper numerical position
between Groups 2 and 3 of the transition metals.

A blank periodic table showing the lanthanide and actinide series: The red highlighted group shows the
lanthanide series and the blue highlighted group shows the actinide series.

Electron Con�guration

The 15 elements (numbers 58 to 71) of the lanthanide series are rare earth elements. Most lanthanides are formed
when uranium and plutonium undergo nuclear reactions. Atomic bombs charged with plutonium (actinoid) were
used in World War II. Plutonium was a power source for Voyager spacecrafts launched in 1977 and is also used in
artificial heart pacemakers.
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The f sublevel contains seven orbitals, each of which will hold two electrons. Therefore, it is possible to place 14
electrons in the 4f sublevel. Generally speaking, the lanthanides have electron configurations that follow the Aufbau
rule, and the 4f sublevel is filled as atomic number increases from cerium (Ce) to lutetium (Lu). However, there are
three lanthanide metals that have properties similar to the d block: cerium (Ce), lutetium (Lu), and gadolinium (Gd).
All of these metals contain a d electron in their electron configuration.

A similar overall trend holds for the 14 elements in the actinide series (numbers 90 to 103): from thorium (Th) to
Lawrencium (Lr), the 5f sublevel is progressively filled.

Elemental Properties

The chemistry of the lanthanides differs from main group elements and transition metals because of the nature of
the 4f orbitals. These orbitals are “buried” inside the atom and are shielded from the atom’s environment by the 4d
and 5p electrons. As a consequence, the chemistry of the elements is largely determined by their size, which
decreases gradually with increasing atomic number. This phenomenon is known as the lanthanide contraction. All
the lanthanide elements exhibit the oxidation state +3.

Actinides are typical metals. All of them are soft, have a silvery color (but tarnish in air), and have relatively high
density and plasticity. Some of them can be cut with a knife. The hardness of thorium is similar to that of soft steel,
so heated pure thorium can be rolled in sheets and pulled into wire. Thorium is nearly half as dense as uranium and
plutonium but is harder than both of them.

Unlike the lanthanides, most elements of the actinide series have the same properties as the d block. Members of
the actinide series can lose multiple electrons to form a variety of different ions. All actinides are radioactive,
paramagnetic, and, with the exception of actinium, have several crystalline phases. All actinides are pyrophoric,
especially when finely divided (i.e., they spontaneously ignite upon exposure to air).

The melting point of actinides does not have a clear dependence on the number of f electrons. The unusually low
melting point of neptunium and plutonium (~640 °C) is explained by hybridization of 5f and 6d orbitals and the
formation of directional bonds in these metals. Like the lanthanides, all actinides are highly reactive with halogens
and chalcogens; however, the actinides react more easily. Actinides, especially those with a small number of 5f
electrons, are prone to hybridization. This is explained by the similarity of the electron energies at the 5f, 7s, and 6d
subshells. Most actinides exhibit a larger variety of valence states.

Licensing & Attributions

CC licensed content, Speci�c attribution

Transition metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Transition_metal%23Other_properties. License: CC BY-SA: Attribution-ShareAlike
Transition metal. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Transition_metal. License: CC BY-SA: Attribution-ShareAlike
High School Chemistry/Atomic Size. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/High_School_Chemistry/Atomic_Size. License: CC BY-SA: Attribution-ShareAlike
conductor. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/conductor. License: CC BY-SA: Attribution-ShareAlike
ferromagnetism. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/ferromagnetism. License: CC BY-SA: Attribution-ShareAlike
paramagnetism. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Paramagnetism. License: CC BY-SA: Attribution-ShareAlike
diamagnetism. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Diamagnetism. License: CC BY-SA: Attribution-ShareAlike
MagnetEZ. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:MagnetEZ.jpg. License: CC BY-SA: Attribution-ShareAlike
NP-APCHEMISTRY - chapter8. Provided by: Wikispaces. Located at: http://np-apchemistry.wikispaces.com/chapter8. License: CC BY-SA: Attribution-ShareAlike
Coloured-transition-metal-solutions. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Coloured-transition-metal-solutions.jpg. License: Public Domain: No Known Copyright
lanthanide. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/lanthanide. License: CC BY-SA: Attribution-ShareAlike
Lanthanides. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Lanthanides. License: CC BY-SA: Attribution-ShareAlike
High School Chemistry/Lanthanides and Actinides. Provided by: Wikibooks. Located at: http://en.wikibooks.org/wiki/High_School_Chemistry/Lanthanides_and_Actinides. License: CC BY-SA: Attribution-ShareAlike
Actinide. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/Actinide. License: CC BY-SA: Attribution-ShareAlike
actinide. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/actinide. License: CC BY-SA: Attribution-ShareAlike
lanthanide contraction. Provided by: Wiktionary. Located at: http://en.wiktionary.org/wiki/lanthanide_contraction. License: CC BY-SA: Attribution-ShareAlike
MagnetEZ. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:MagnetEZ.jpg. License: CC BY-SA: Attribution-ShareAlike
NP-APCHEMISTRY - chapter8. Provided by: Wikispaces. Located at: http://np-apchemistry.wikispaces.com/chapter8. License: CC BY-SA: Attribution-ShareAlike
Coloured-transition-metal-solutions. Provided by: Wikipedia. Located at: http://en.wikipedia.org/wiki/File:Coloured-transition-metal-solutions.jpg. License: Public Domain: No Known Copyright

956

http://en.wikipedia.org/wiki/Transition_metal%23Other_properties
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Transition_metal
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/High_School_Chemistry/Atomic_Size
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/conductor
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/ferromagnetism
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Paramagnetism
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Diamagnetism
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:MagnetEZ.jpg
https://creativecommons.org/licenses/by-sa/4.0/
http://np-apchemistry.wikispaces.com/chapter8
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Coloured-transition-metal-solutions.jpg
https://creativecommons.org/about/pdm
http://en.wiktionary.org/wiki/lanthanide
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Lanthanides
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikibooks.org/wiki/High_School_Chemistry/Lanthanides_and_Actinides
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/Actinide
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/actinide
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wiktionary.org/wiki/lanthanide_contraction
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:MagnetEZ.jpg
https://creativecommons.org/licenses/by-sa/4.0/
http://np-apchemistry.wikispaces.com/chapter8
https://creativecommons.org/licenses/by-sa/4.0/
http://en.wikipedia.org/wiki/File:Coloured-transition-metal-solutions.jpg
https://creativecommons.org/about/pdm


CHEMISTRY OF SELECTED TRANSITION METALS

Iron

Iron, the active site of many redox enzymes, has many oxidation states, but ferrous (Fe2+) and ferric (Fe3+) are the
most common.

Learning Objectives

Recall the names of the most common oxidation states of iron, +2 and +3

Key Takeaways

Key Points

Production of nickel-56 (which decays to the most common isotope of iron) is the last nuclear fusion
reaction that is exothermic, owing to iron’s abundance.
Unlike many other metals which form passivating oxide layers, iron oxides occupy more volume than iron
metal.
Iron forms binary compounds with the halogens and the chalcogens.
Iron reacts with oxygen in the air to form various oxide and hydroxide compounds; the most common are
iron(II,III) oxide (Fe3O4) and iron(III) oxide (Fe2O3).

Key Terms

coke: Solid residue from roasting coal in a coke oven; used principally as a fuel and in the production of
steel, and formerly as a domestic fuel.

Iron is a metal in the first transition series and forms much of the Earth’s outer and inner core. Iron’s very common
presence in rocky planets like Earth is due to its abundant production as a result of fusion in high-mass stars. This is
where the production of nickel-56 (which decays to the most common isotope of iron) is the last nuclear fusion
reaction that is exothermic.

Properties of Iron

Like other Group 8 elements, iron exists in a wide range of oxidation states, although +2 (ferrous) and +3 (ferric) are
the most common. Elemental iron occurs in meteoroids and other low-oxygen environments but is reactive to
oxygen and water. Fresh iron surfaces appear lustrous silvery-gray but oxidize in normal air to give iron oxides, also
known as rust. Unlike many other metals which form passivating oxide layers, iron oxides occupy more volume than
iron metal. Therefore, iron oxides flake off and expose fresh surfaces for corrosion.

Pure iron is soft (softer than aluminium) but is unobtainable by smelting. The material is significantly hardened and
strengthened by impurities from the smelting process, such as carbon. A certain proportion of carbon (between
0.2% and 2.1%) produces steel, which may be up to 1,000 times harder than pure iron. Crude iron metal is
produced in blast furnaces where ore is reduced by coke to pig iron, which has a high carbon content. Further
refinement with oxygen reduces the carbon content to the correct proportion to make steel. Steels and low-carbon
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Iron(III) chloride hexahydrate: Hydrated iron(III) chloride, also known as
ferric chloride.

iron alloys with other metals (alloy steels) are by far the most common metals in industrial use due to their great
range of desirable properties and the abundance of iron.

Iron chemical compounds, which include ferrous (Fe2+) and ferric (Fe3+) compounds, have many uses. Iron oxide
mixed with aluminium powder can be ignited to create a thermite reaction used in welding and purifying ores. Iron
forms binary compounds with the halogens and the chalcogens.

Aside from the ferric and ferrous oxidation states, iron also occurs in higher oxidation states. An example is the
purple potassium ferrate (K2FeO4) which contains iron in its +6 oxidation state. There are also many mixed valence
compounds that contain both iron(II) and iron(III) centers, such as magnetite and Prussian blue (Fe4(Fe(CN)6)3).
The latter is used as the traditional “blue” in blueprints. Prussian blue is also used as an antidote for thallium and
radioactive cesium poisoning.

The iron compounds produced on the largest scale in industry are iron(II) sulfate (FeSO4·7H2O) and iron(III)
chloride (FeCl3). The former is one of the most readily available sources of iron(II). Iron(II) compounds tend to be
oxidized to iron(III) compounds in the air.

Iron reacts with oxygen in the air to form
various oxide and hydroxide compounds; the
most common are iron(II,III) oxide (Fe3O4) and
iron (III) oxide (Fe2O3). Iron(II) oxide also
exists, although it is unstable at room
temperature. These oxides are the principal
ores for the production of iron. They are also
used in the production of ferrites, useful
magnetic storage media in computers and
pigments. The best known sulfide is iron pyrite
(FeS2), also known as fool’s gold owing to its
golden luster. The ferrous halides typically
arise from treating iron metal with the
corresponding binary halogen acid to give the
corresponding hydrated salts. Iron reacts with
fluorine, chlorine, and bromine to give the
corresponding ferric halides. Ferric chloride is
the most common.

Biological Uses of Iron

Iron plays an important role in biology, forming
complexes with molecular oxygen in
hemoglobin and myoglobin. These two
compounds are common oxygen transport proteins in vertebrates. Also, iron has an essential role in the formation of
deoxyribonucleotides by ribonucleotide reductase. Iron is also the metal used at the active site of many important
redox enzymes dealing with cellular respiration, oxidation, and reduction in plants and animals.

Copper

Copper is a ductile metal that conducts heat and electricity and forms a rich variety of compounds with oxidation
states +1 and +2.

Learning Objectives

List the names for the two oxidation states of copper most commonly encountered.

Key Takeaways
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Copper(I) oxide: Copper (I) has a red color.

Key Points

Copper forms a rich variety of compounds with oxidation states +1 and +2, which are often called cuprous
and cupric, respectively.
The simplest compounds of copper are binary compounds (i.e., those containing only two elements ). The
principal compounds are the oxides, sulfides, and halides.
Amino acids form very stable chelate complexes with copper (II).

Key Terms

ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.
coordination complex: A class of compounds in which a central metal atom (normally a transition
element) is surrounded by a group of ions or molecules (ligands).

Copper

Copper is a ductile metal with very high thermal and electrical conductivity; its symbol is Cu and its atomic number is
29. Pure copper is soft and malleable; a freshly exposed surface has a reddish-orange color. It is used as a
conductor of heat and electricity, a building material, and a constituent of various metal alloys. Its compounds are
commonly encountered as copper(II) salts, which often impart blue or green colors to minerals, such as turquoise,
and have been widely used as pigments. Copper(II) ions are water-soluble, meaning they function at low
concentration as bacteriostatic substances, fungicides, and wood preservatives. In sufficient amounts, they are
poisonous to higher organisms; at lower concentrations, they are an essential trace nutrient to all higher plant and
animal life. In animals, copper is mainly found in the liver, muscles, and bones.

Copper forms a rich variety of compounds with oxidation states +1 and +2, which are often called cuprous and
cupric, respectively. It does not react with water, but reacts slowly with atmospheric oxygen, forming a layer of
brown-black copper oxide. In contrast to the oxidation of iron by wet air, this oxide layer stops further corrosion.
Hydrogen sulfides and sulfides react with copper to form various copper sulfides on the surface. In the latter case,
the copper corrodes, as is seen when copper is exposed to air containing sulfur compounds.

The simplest compounds of copper are binary compounds, i.e.
those containing only two elements. The principal compounds are
the oxides, sulfides, and halides. Both cuprous and cupric oxides
are known. The cuprous halides with chlorine, bromine, and iodine
are well known, as are the cupric halides with fluorine, chlorine,
and bromine.

Copper, like all metals, forms coordination complexes with ligands.
In aqueous solutions, copper(II) exists as [Cu(H2O)6]2+. This
complex exhibits the fastest water exchange rate (speed of water
ligands attaching and detaching) of any transition-metal-aquo
complex. Adding aqueous sodium hydroxide causes the
precipitation of light blue solid copper (II) hydroxide. A simplified
equation follows:

Aqueous ammonia results in the same precipitate. Upon adding
excess ammonia, the precipitate dissolves, forming
tetraamminecopper (II):

+ 2 → Cu(OHCu2+ OH− )2

+ 4 → + 2 O + 2OCu( O)H2 4 (OH)2 NH3 [ ]Cu( O)H2 2 ( )NH3 4
2+ H2 H−
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Tetramminecopper (II) sulfate: Copper
(II) acquires a deep blue coloration in
the presence of ammonia ligands.

Copper forms a rich variety of compounds with oxidation states +1 and +2, which are often called cuprous and
cupric, respectively. It does not react with water but reacts slowly with atmospheric oxygen, forming a layer of
brown-black copper oxide. In contrast to the oxidation of iron by wet air, this oxide layer stops the further, bulk
corrosion. Hydrogen sulfides and sulfides react with copper to form various copper sulfides on the surface. In the
latter case, the copper corrodes, as is seen when copper is exposed to air containing sulfur compounds. Oxygen-
containing ammonia solutions yield water-soluble complexes with copper, as do oxygen and hydrochloric acid,
which form copper chlorides, and acidified hydrogen peroxide, which form copper(II) salts. Copper(II) chloride and
copper combine to form copper(I) chloride.

The simplest compounds of copper are binary compounds (i.e., those
containing only two elements). The principal compounds are the oxides,
sulfides, and halides. Both cuprous and cupric oxides are known. Among the
numerous copper sulfides, important examples include copper(I) sulfide and
copper(II) sulfide. The cuprous halides with chlorine, bromine, and iodine are
well known, as are the cupric halides with fluorine, chlorine, and bromine.
Attempts to prepare copper(II) iodide yield cuprous iodide and iodine.

Copper, like all metals, forms coordination complexes with ligands. In aqueous
solutions, copper(II) exists as [Cu(H2O)6]2+. This complex exhibits the fastest
water exchange rate (speed of water ligands attaching and detaching) of any
transition-metal-aquo complex. Adding aqueous sodium hydroxide causes the
precipitation of light blue solid copper(II) hydroxide. A simplified equation
follows:

Aqueous ammonia results in the same precipitate. Upon adding excess ammonia, the precipitate dissolves, forming
tetraamminecopper(II):

Many other oxyanions form complexes: these include copper(II) acetate, copper(II) nitrate, and copper(II) carbonate.
Copper(II) sulfate forms a blue crystalline pentahydrate, which is the most familiar copper compound in the
laboratory. It is used in a fungicide called the Bordeaux mixture. Polyols, compounds containing more than one
alcohol functional group, generally interact with cupric salts. For example, copper salts are used to test for reducing
sugars. Specifically, using Benedict’s reagent and Fehling’s solution, the presence of the sugar is signaled by a
color change from blue copper(II) to reddish copper(I) oxide. Schweizer’s reagent and related complexes with
ethylenediamine and other amines dissolve cellulose. Amino acids form very stable chelate complexes with
copper(II). Many wet-chemical tests for copper ions exist; one, for example, involving potassium ferrocyanide, which
yields a brown precipitate with copper(II) salts.

Chromium
Chromium exhibits a wide range of possible oxidation states, where the +3 state is the most stable energetically.

Learning Objectives

Recall elemental chromium’s antiferromagnetic properties.

Key Takeaways

Key Points

The +3 and +6 oxidation states are the most commonly observed in chromium compounds, whereas the
+1, +4, and +5 states are rare.

Chromium is remarkable for its magnetic properties: it is the only elemental solid which shows

C + 2 → Cu(OHu2+ OH− )2

+ 4 → + 2 O + 2OCu( O)H2
4 (OH)2 NH3 [ ]Cu( O)H2 2 ( )NH3 4

2+ H2 H−
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Chromium is remarkable for its magnetic properties: it is the only elemental solid which shows
antiferromagnetic ordering at room temperature (and below).
Chromium(VI) compounds are powerful oxidants at low or neutral pH.

Key Terms

antiferromagnetic: Exhibiting antiferromagenetism—a phenomenon, similar to ferromagnetism, in which
magnetic domains line up in a regular pattern, but with neighboring electron spins pointing in opposite
directions.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.
Chromium: Chromium is a chemical element which has the symbol Cr and atomic number 24.
amphoteric: Having the characteristics of both an acid and a base, and capable of reacting as either;
amphiprotic.

Properties of Chromium

Chromium is a steely-gray, lustrous, hard metal that takes a high polish and has a high melting point. It is also
odorless and malleable. In larger amounts and in different forms, chromium can be toxic and carcinogenic. The
most prominent example of toxic chromium is hexavalent chromium (Cr(VI)). Abandoned chromium production sites
often require environmental cleanup.

Chromium is remarkable for its magnetic properties: it is the only elemental solid which shows antiferromagnetic
ordering at room temperature (and below). Above 38 °C, it transforms into a paramagnetic state. Chromium is a
member of the transition metals, in Group 6. Chromium has an electronic configuration of 4s13d5, owing to the lower
energy of the high spin configuration.

Oxidation States of Chromium

Chromium exhibits a wide range of possible oxidation states, where the +3 state is the most stable energetically.
The +3 and +6 states are the most commonly observed in chromium compounds, whereas the +1, +4 and +5 states
are rare.

Cr3+ Compounds

A large number of chromium(III) compounds are known. The Cr3+ ion has a similar radius (63 pm) to the Al3+ ion
(radius 50 pm), so they can replace each other in some compounds, such as in chrome alum and alum. When a
trace amount of Cr3+ replaces Al3+ in corundum (aluminium oxide (Al2O3)), the red-colored ruby is formed.
Chromium(III) ions tend to form octahedral complexes. The colors of these complexes is determined by the ligands
attached to the Cr center.

Chromium(III) hydroxide (Cr(OH)3) is amphoteric, dissolving in acidic solutions to form [Cr(H2O)6]3+ and in basic
solutions to form [Cr(OH)6]3−. It is dehydrated by heating to form the green chromium(III) oxide (Cr2O3), which is the
stable oxide with a crystal structure identical to that of corundum.

Cr6+ Compounds

Chromium(VI) compounds are powerful oxidants at low or neutral pH. Most important are the chromate (CrO4
2-) and

dichromate (Cr2O7
2-) anions, which exist in equilibrium:

2 + 2 ⇌ + O[ ]CrO4
2− H+ [ ]Cr2O7

2− H2
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Chromium (VI) oxide: Chromium (VI) oxide is red and a powerful oxidant.

The dominant species is therefore, by the law of mass action, determined by the pH of the solution. The change in
equilibrium is visible by a change from yellow (chromate) to orange (dichromate), such as when an acid is added to
a neutral solution of potassium chromate. At yet lower pH values, further condensation to more complex oxyanions
of chromium is possible. Both the chromate and dichromate anions are strong oxidizing reagents at low pH.

The Other Oxidation
States of Chromium

The oxidation state +5 is only realized
in few compounds but are
intermediates in many reactions
involving oxidations by chromate. The
only binary compound is the volatile
chromium(V) fluoride (CrF5).
Compounds of chromium(IV) (in the +4
oxidation state) are slightly more
common than those of chromium(V).
The tetrahalides, CrF4, CrCl4, and
CrBr4, can be produced by treating the
trihalides (CrX3) with the
corresponding halogen at elevated
temperatures.

Many chromium(II) compounds are
known, including the water-stable
chromium(II) chloride (CrCl2). The
resulting bright blue solution is only stable at neutral pH. Most chromium(I) compounds are obtained by oxidation of
electron-rich, octahedral Cr complexes. As verified by X-ray diffraction, a Cr-Cr quintuple bond (length 183.51(4)
pm) has also been described.

Manganese

The most common oxidation states of the metal manganese are +2, +3, +4, +6, and +7; the +2 oxidation state is the
most stable.

Learning Objectives

Predict the oxidation or reduction propensity of a manganese species given its formula or oxidation state.

Key Takeaways

Key Points

The most common oxidation states of manganese are 2+, 3+, 4+, 6+, and 7+.
The most stable oxidation state for manganese is 2+, which has a pale pink color. It is the state used in
living organisms to perform essential functions; other states are toxic to the human body.
Solid compounds of manganese(III) are characterized by their preference for distorted octahedral
coordination.
Manganese is an essential trace nutrient in all forms of life.

Key Terms

manganese: A metallic chemical element (symbol Mn) with an atomic number of 25.
paramagnetic: Exhibiting paramagnetism (the tendency of magnetic dipoles to align with an external
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paramagnetic: Exhibiting paramagnetism (the tendency of magnetic dipoles to align with an external
magnetic field).
oxidation number: The net sum of the negative, less the positive, charges on an atom.

Properties of Manganese

Manganese is a silvery-gray metal that resembles iron. It is hard and very brittle, difficult to fuse, but easy to oxidize.
Manganese metal and its common ions are paramagnetic.

Oxidation States of Manganese

The most common oxidation states of manganese are 2+, 3+, 4+, 6+, and 7+. Mn2+ often competes with Mg2+ in
biological systems. Manganese compounds where manganese is in oxidation state of 7+ are powerful oxidizing
agents. Compounds with oxidation states 5+ (blue) and 6+ (green) are strong oxidizing agents.

Mn2+

The most stable oxidation state (oxidation number) for manganese is 2+, which has a pale pink color, and many
manganese(II) compounds are common, such as manganese(II) sulfate (MnSO4) and manganese(II) chloride
(MnCl2). The 2+ oxidation state is the state used in living organisms for essential functions; other states are toxic for
the human body. The 2+ oxidation of manganese results from removal of the two 4s electrons, leaving a high spin
ion in which all five of the 3d orbitals contain a single electron.

Mn3+

The 3+ oxidation state is seen in compounds like manganese(III) acetate; these are very powerful oxidizing agents.
Solid compounds of manganese(III) are characterized by their preference for distorted octahedral coordination and
their strong purple-red color.

Other Oxidation States of Manganese

The oxidation state 5+ can be obtained if manganese dioxide is dissolved in molten sodium nitrite. Manganate(VI)
salts can also be produced by dissolving Mn compounds, such as manganese dioxide, in molten alkali while
exposed to air. Permanganate (7+ oxidation state) compounds are purple and can give glass a violet color.
Potassium permanganate, sodium permanganate, and barium permanganate are all potent oxidizers. Potassium
permanganate finds use as a topical medicine (for example, in the treatment of fish diseases). Solutions of
potassium permanganate were among the first stains and fixatives to be used in the preparation of biological cells
and tissues for electron microscopy.
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Arginase: Reactive center of arginase with boronic acid inhibitor – the manganese atoms
are shown in yellow.

Manganese in Living Organisms

Manganese is an essential trace nutrient in all forms of life. The classes of enzymes that have manganese cofactors
are very broad. The best-known manganese-containing polypeptides may be arginase, the diphtheria toxin, and Mn-
containing superoxide dismutase (Mn-SOD). Mn-SOD is the type of SOD present in eukaryotic mitochondria and
also in most bacteria (this fact is in keeping with the bacterial-origin theory of mitochondria). The Mn-SOD enzyme is
probably one of the most ancient, as nearly all organisms living in the presence of oxygen use it to deal with the
toxic effects of superoxide formed from the 1-electron reduction of dioxygen. The human body contains about 12 mg
of manganese, which is stored mainly in the bones; in the tissue, it is mostly concentrated in the liver and kidneys.
In the human brain, the manganese is bound to manganese metalloproteins, most notably glutamine synthetase in
astrocytes.

Silver

Silver has the highest electrical conductivity of any element and the highest thermal conductivity of any metal.

Learning Objectives

Recognize the propensity of silver halides to precipitate out of solution when formed, as well as silver’s electrical
and thermal conductivity properties

Key Takeaways

Key Points

Silver metal is used in electrical contacts and conductors, in mirrors, and in catalysis of chemical
reactions.
Silver nitrate (AgNO3) is used as the starting point for the synthesis of many other silver compounds, as
an antiseptic, and as a yellow stain for glass in stained glass.
Silver halides are highly insoluble in aqueous solutions and are used in gravimetric analytical methods.
Silver oxide (Ag2O), produced when silver nitrate solutions are treated with a base, is used as a positive
electrode (anode) in watch batteries.
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Silver: A lustrous white metal that is electrolytically refined.

Key Terms

emulsion: A mixture of two or more liquids that are normally immiscible (nonmixable or unblendable).
silver: A lustrous, white, metallic element, atomic number 47, atomic weight 107.87, symbol Ag.

Properties of Silver

Silver is a soft, white, lustrous transition metal. It has the highest electrical conductivity of any element and the
highest thermal conductivity of any metal. The metal occurs naturally in its pure, free form (native silver). It also
occurs naturally as an alloy with gold and other metals and in minerals such as argentite and chlorargyrite.

Most silver is produced as a byproduct of copper, gold, lead, and zinc refining. Silver metal is used in electrical
contacts and conductors, in mirrors, and in catalysis of chemical reactions. Its compounds are used in photographic
film. Dilute silver nitrate solutions and other silver compounds are used as disinfectants and microbiocides.

Compounds of
Silver

Silver metal dissolves readily
in nitric acid (HNO3) to
produce silver nitrate
(AgNO3), a transparent
crystalline solid that is
photosensitive and readily
soluble in water. Silver nitrate
is used as the starting point
for the synthesis of many
other silver compounds, as
an antiseptic, and as a yellow
stain for glass in stained
glass.

Silver reacts readily with
sulfur or hydrogen sulfide
(H2S) to produce silver
sulfide (Ag2S), a dark-
colored compound familiar as
the tarnish on silver coins
and other objects. Silver
sulfide also forms silver
whiskers when silver electrical contacts are used in an atmosphere rich in hydrogen sulfide.

Silver Halides

Silver chloride (AgCl) is precipitated from solutions of silver nitrate in the presence of chloride ions. The other silver
halides used in the manufacture of photographic emulsions are made in the same way, using bromide or iodide
salts. Silver chloride is used in glass electrodes for pH testing and potentiometric measurement and as a
transparent cement for glass. Silver iodide has been used in attempts to seed clouds to produce rain. Silver halides
are highly insoluble in aqueous solutions and are used in gravimetric analytical methods.

Other Compounds of Silver

4Ag + + 2 S → 2 S + 2 OO2 H2 Ag2 H2
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Silver oxide (Ag2O), produced when silver nitrate solutions are treated with a base, is used as a positive electrode
(anode) in watch batteries. Silver carbonate (Ag2CO3) is precipitated when silver nitrate is treated with sodium
carbonate (Na2CO3):

Silver fulminate (AgONC), a powerful, touch-sensitive explosive used in percussion caps, is made by reaction of
silver metal with nitric acid in the presence of ethanol (C2H5OH). Other dangerously explosive silver compounds are
silver azide (AgN3), formed by reaction of silver nitrate with sodium azide (NaN3), and silver acetylide, formed when
silver reacts with acetylene gas.

Uses of Silver Compounds

Alkaline solutions of silver nitrate can be reduced to silver metal by reducing sugars such as glucose. This reaction
is used to silver glass mirrors and the interior of glass Christmas ornaments. Silver halides are soluble in solutions
of sodium thiosulfate (Na2S2O3), which is used as a photographic fixer.

Silver metal is attacked by strong oxidizers such as potassium permanganate (KMnO4) and potassium dichromate
(K2Cr2O7) and in the presence of potassium bromide (KBr). These compounds are used in photography to bleach
silver images, converting them to silver halides that can either be fixed with thiosulfate or redeveloped to intensify
the original image. Silver cyanide solutions are used in electroplating of silver.

Mercury

Mercury is a heavy, silvery d-block metal that forms weak bonds and is a liquid at room temperature.

Learning Objectives

Identify mercury based on its physical properties.

Key Takeaways

Key Points

Mercury is the only metal that is liquid at standard conditions for temperature and pressure.
Mercury is a poor conductor of heat, but a fair conductor of electricity.
Mercury has a unique electron configuration which strongly resists removal of an electron, making it
behave similarly to noble gas elements. As a result, mercury forms weak bonds and is a liquid at room
temperature.
Mercury dissolves to form amalgams with gold, zinc, and many other metals.

Key Terms

amalgam: An alloy containing mercury.

Properties of Mercury

2Ag + 2 → O + O + 2NO3 OH Ag2 H2 NO3

2Ag + Na2CO3 → + 2NO3 Ag2CO3 NaNO3
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Mercury is a dense, silvery d-block element. It is the only metal that is liquid at standard conditions for temperature
and pressure. The only other element that is liquid under these conditions is bromine, though metals such as
caesium, gallium, and rubidium melt just above room temperature. With a freezing point of −38.83 °C and boiling
point of 356.73 °C, mercury has one of the narrowest liquid state ranges of any metal. Mercury occurs in deposits
throughout the world mostly as cinnabar (mercuric sulfide), an ore that is highly toxic by ingestion or inhalation.
Mercury poisoning can also result from exposure to water-soluble forms of mercury (such as mercuric chloride or
methylmercury), inhalation of mercury vapor, or ingestion of seafood contaminated with mercury.

Compared to other metals, mercury is a poor conductor of heat, but a fair conductor of electricity. Mercury has a
unique electronic configuration which strongly resists removal of an electron, making mercury behave similarly to
noble gas elements. The weak bonds formed by these elements become solids which melt easily at relatively low
temperatures.

Mercury: Mercury is a silvery metal that is liquid at standard temperature and pressure (STP).

Reactivity and Amalgams

Mercury does not react with most acids, although oxidizing acids such as concentrated sulfuric acid and nitric acid
dissolve it to give sulfate, nitrate, and chloride salts. Like silver, mercury reacts with atmospheric hydrogen sulfide.
Mercury even reacts with solid sulfur flakes, which are used in mercury spill kits to absorb mercury vapors.
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Mercury dissolves to form amalgams with gold, zinc, and many other metals. Iron is an exception, and iron flasks
have been traditionally used to trade mercury. Sodium amalgam is a common reducing agent in organic synthesis,
and it is also used in high-pressure sodium lamps. Mercury readily combines with aluminium to form a mercury-
aluminium amalgam when the two pure metals come into contact. Since the amalgam destroys the aluminium oxide
layer which protects metallic aluminium from oxidizing, even small amounts of mercury can seriously corrode
aluminium. For this reason, mercury is not allowed aboard an aircraft under most circumstances because of the risk
in forming an amalgam with exposed aluminium parts.

Uses of Mercury

Mercury is used in thermometers, barometers, manometers, float valves, mercury switches, and other devices.
Concerns about the element’s toxicity have led to mercury thermometers being largely phased out in clinical
environments in favor of alcohol-filled instruments. Mercury is still used in scientific research and as amalgam
material for dental restoration. It is also used in lighting—electricity passed through mercury vapor in a phosphor
tube produces short-wave ultraviolet light, causing the phosphor to fluoresce and produce visible light.
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COORDINATION COMPOUNDS

Oxidation Numbers of Metals in Coordination Compounds
Transition metals typically form several oxidation states and therefore have several oxidation numbers.

Learning Objectives

Calculate the oxidation state of a metal in a coordination compound.

Key Takeaways

Key Points

The oxidation number of an atom is the charge that would exist on the atom if the bonding were
completely ionic.
In simple ions, the oxidation number of the atom is the charge on the ion.
In a molecule or compound, the oxidation number is the sum of the oxidation numbers of its constituent
atoms.
Atoms with d-shell electrons can have several different oxidation numbers.
In complex ions or molecules, the oxidation numbers of these atoms can be calculated if we assume that
the oxidation numbers of the other atoms in the species are fixed.
The oxidation numbers of metals with more than one oxidation state are represented by Roman
numerals.

Key Terms

oxidation number: The net sum of the negative, less the positive, charges on an atom.
roman numeral: A numeral represented using a Roman system involving the letters I, V, X, L, C, D, and
M.
18 electron rule: Rule used primarily for predicting formula for stable metal complexes; transition metals
can accomodate at most 18 electrons in their valence shells.

Oxidation Numbers

The oxidation number, or oxidation state, of an atom is the charge that would exist on the atom if the bonding were
completely ionic. This oxidation number is an indicator of the degree of oxidation (loss of electrons) of an atom in a
chemical compound. Conceptually, the oxidation state, which may be positive, negative or zero, is the hypothetical
charge that an atom would have if all bonds to atoms of different elements were 100% ionic, with no covalent
component. Oxidation number are typically represented by small integers.

In simple ions, the oxidation number of the atom is the charge on the ion. For example, Na+, K+, and H+ all have
oxidation numbers of +1. O2- and S2- have oxidation numbers of -2. In a molecule or compound, the oxidation
number is the sum of the oxidation numbers of its constituent atoms.

Example: What is the oxidation number of C2H6 ?
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Oxidation number of ethane: Oxidation numbers of carbon and
hydrogen in ethane.

Solution: The oxidation number of C is -3. The oxidation number of H is +1 (H+ has an oxidation number of +1). For
the compound, we calculate the oxidation number as follows: 2(-3) + 6(+1) = 0. Therefore, the oxidation number of
C2H6 is 0.

Many atoms, including most atoms with d subshells, can have several different oxidation numbers. In complex ions
or molecules, the oxidation numbers of these atoms can be calculated if we assume that the oxidation numbers of
the other atoms in the species are fixed.

Oxidation Numbers of Transition
Metals

The oxidation number in coordination chemistry has
a slightly different meaning. Transition metals are the
elements in Groups 3 to 12 representing the d block
of the periodic table. Due to the relatively low
reactivity of unpaired d electrons, these metals
typically form several oxidation states and therefore
can have several oxidation numbers. Unfortunately,
there is no simple rule to determining oxidation state
possibilities among the transition metals, so it is best
simply to memorize the common states of each
element.

Example 1: An oxide of chromium has the formula
Cr2O3. What is the oxidation number of each
chromium ion?

Solution: The oxidation number of oxygen is assigned a charge of -2 when it reacts with a metal because the metal
is more electropositive. The total charge of the oxygens is -6. Since the compound is neutral, the charge of each
chromium must be +3 because 2(3)+3(-2) = 0.

Example 2: Another compound has the formula K2CrO4. What is the oxidation number of chromium?

Solution: The oxidation number for oxygen is assigned a charge of -2 when it reacts with a metal. Because there are
4 oxygen atoms, the total charge of the oxygens is -8. Potassium has an oxidation number of +1, giving an overall
charge of +2. Because the compound is neutral and 2(1)+(Cr)+4(-2)=0, chromium must have an oxidation number
of +6.

Multiple Oxidation States

The oxidation number for metals that can have more than one oxidation state is represented by a Roman numeral.
The oxidation number is placed in parentheses after the name of the element (iron(III)). Sometimes, the oxidation
states can also be written as a superscripted number to the right of the element symbol (Fe3+).

The maximum oxidation number in the first row of transition metals is equal to the number of valence electrons from
scandium (+3) up to manganese (+7). However, it decreases in the latter elements. In the second and third rows,
the maximum oxidation number is that of ruthenium and osmium (+8). In compounds such as (MnO4)− and OsO4,
the elements achieve a stable octet by forming four covalent bonds.

Oxidation Numbers of Main-Group Elements

Main-group elements, those in Groups 13 to 17, also exhibit multiple oxidation states. The “common” oxidation
states of these elements typically differ by two. For example, in compounds containing gallium the oxidation states
of gallium are +1 and +3. No compound of gallium(II) is known; any such compound would have an unpaired
electron and would behave as a free radical and be destroyed rapidly. The only compounds in which gallium has a
formal oxidation state of +2 are dimeric compounds, such as [Ga2Cl6]2−, which contain a Ga -Ga bond formed from
the unpaired electron on each Ga atom.
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Naming Coordination Compounds

Transition-metal and coordination compounds are named using a set of rules that describe oxidation numbers and
anion and cation composition.

Learning Objectives

Identify the proper name for a coordination complex given its molecular formula.

Key Takeaways

Key Points

When you are naming a transition- metal compound, it is necessary to indicate which oxidation number
the metal has.
The oxidation number appears as a Roman numeral in parentheses after the cation.
Coordination compounds contain an ion and an array of ligands.
Naming coordination compounds involves a set of rules which includes the oxidation number of the
central ion and the chemical composition of the ligand, focusing on the anionic and cationic properties of
the molecule.

Key Terms

polyatomic: Of a molecule or ion consisting of three or more atoms.
polydentate: Coordinated to the central atom by several bonds; multidentate.
monodentate: Describing a ligand that has only a single bond with the central atom.
coordination compound: A class of compounds in which a central metal atom (normally a transition
element) is surrounded by a group of ions or molecules (ligands).

Naming Transition Metals

Many transition metals exist as more than one type of cation. For example, iron exists as Fe2+ and Fe3+. Therefore,
when you are naming an ionic compound containing iron, it is necessary to indicate which oxidation number the
metal has. The oxidation number appears as a Roman numeral in parenthesis after the cation. For metals, the
oxidation number is the same as the charge. Fe2+ in a compound with chloride would have a formula FeCl2 and
would be named iron(II) chloride. The cation Fe3+ paired with oxygen would have the formula Fe2O3 and would
have the name iron(III) oxide.

The procedure for naming ionic compounds containing polyatomic ions is the same as that for naming simple ions.
Thus, CaCO3 is named calcium carbonate; (NH4)2HPO4, a compound with two polyatomic ions, is named
ammonium hydrogen phosphate; and Pb2+ paired with SO4

2- (PbSO4) is named lead(II) sulfate.

Example 1: Write a correct chemical formula for each of the following ionic compounds: a. Aluminum oxide; b.
Copper (II) chloride; c. Iron(III) oxide.

Solution 1: a. Aluminum is 3+, oxide is 2-; Al2O3. b. From the oxidation state that is given, copper is 2+, chloride is
1-; CuCl2. c. From the oxidation state, iron is 3+, oxide is 2-; Fe2O3.

Example 2: Write the proper chemical name for each of the following ionic compounds: a. Li2S; b. NiCl2; c. FeO.
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Example coordination compound:
Chromium(III) 2-ethylhexanoate molecule.

Solution 2: a. We do not use multipliers, so this is simply lithium sulfide. b. We must specify that nickel is 2+ in this
compound, so this is nickel(II) chloride. c. We must specify that iron is 2+ in this compound, so this is iron(II) oxide.

Naming Coordination Compounds

More complicated coordination compounds are composed of an atom or ion (usually a metal) and a surrounding
array of bound molecules or anions, known as ligands. The atom within a ligand that is bonded to the central atom
or ion is called the donor atom. A typical complex is bound to several donor atoms, which can be the same or
different. Coordination refers to the coordinate covalent bonds (dipolar bonds) between the ligands and the central
atom.

The set of rules for naming a coordination compound is:

1. When naming a complex ion, the ligands are named before the
metal ion.

2. Write the names of the ligands in the following order: neutral,
negative, positive. If there are multiple ligands of the same charge
type, they are named in alphabetical order. (Numerical prefixes do
not affect the order.)

3. Multiple occurring monodentate ligands receive a prefix according
to the number of occurrences: di-, tri-, tetra-, penta-, or hexa.
Polydentate ligands (e.g., ethylenediamine, oxalate) receive bis-,
tris-, tetrakis-, etc.

4. Anions end in -ido. This replaces the final “e” when the anion ends
with “-ate” (e.g, sulfate becomes sulfato) and replaces “-ide”
(cyanide becomes cyanido).

5. Neutral ligands are given their usual name, with some exceptions:
NH3 becomes ammine; H2O becomes aqua or aquo; CO
becomes carbonyl; NO becomes nitrosyl.

6. Write the name of the central atom/ion. If the complex is an anion,
the central atom’s name will end in -ate, and its Latin name will be
used if available (except for mercury).

7. If the central atom’s oxidation state needs to be specified (when it is one of several possible, or zero), write it
as a Roman numeral (or 0) in parentheses.

8. End with “cation” or “anion” as separate words (if applicable).

Example:

Write a proper chemical name for each of the following coordination compounds:

a. [NiCl4]2−

b. Pt(NH3)2Cl4
c. [Pt(NH3)2Cl2]Cl2.

Solution:
a. Tetrachloridonickelate(II) ion. The complex ion, an anion, is inside the parentheses. We have to add the suffix
-ate in the name of the metal.
b. Diamminetetrachloroplatinum(IV). This is a neutral molecule. The total charge on the ligands is -4. Therefore,
the platinum oxidation number is +4.
c. Diamminedichloroplatinum(II) chloride. Here, the number of ions and atoms are the same. However, the
brackets as well as the different oxidation number of the platinum result in a very different name.
The coordination number of ligands attached to more than one metal (bridging ligands) is indicated by a
subscript to the Greek symbol μ placed before the ligand name. Thus the dimer of aluminum trichloride is
described by Al2Cl4(μ2-Cl)2.

Isomers in Coordination Compounds
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Coordination stereoisomers have the same bonds in different orientations; structural isomers have different bonding
orientations.

Learning Objectives

Explain the effect of isomerization on the properties of a coordination complex.

Key Takeaways

Key Points

Stereoisomers occur when the ligands have the same bond, but the bonds are in different orientations
relative to one another.
In cis molecules, the two ligands are on the same side of the complex. In trans molecules, the similar
ligands are on the opposite sides of the molecules. Tetrahedral molecules do not show stereoisomerism.
When three identical ligands occupy one face, the isomer is said to be facial, or fac. If the three ligands
and the metal ion are in one plane, the isomer is said to be meridional, or mer.
Optical isomerism occurs when a molecule is not superimposable with its mirror image.
Structural isomers have the same chemical composition but the bonds are different.

Key Terms

octahedron: A polyhedron with eight faces; the regular octahedron has regular triangles as faces and is
one of the Platonic solids.
superposable: Able to be superposed on each other in such a way as to coincide exactly.
bidentate: Of a ligand, forming two separate chemical bonds to a coordinating metal ion.
stereoisomers: Molecules that have the same molecular formula and sequence of bonded atoms
(constitution), but that differ only in the three-dimensional orientations of their atoms in space
optical isomers: One of a pair of stereoisomers that is the mirror image of the other but may not be
superimposed on the other stereoisomer

Isomers in Coordination Compounds

As with other compounds, there are several kinds of coordination complex isomers. Stereoisomers occur when the
ligands have the same bonds, but the bonds are in different orientations relative to one another. Structural
isomerism occurs when the bonds are different. Isomers are distinct compounds that can have different physical
properties such as color, crystal structure, and melting point.

Cis and Trans Stereoisomers

In octahedral complexes—with four of one ligand and two of another—and square planar complexes—with two of
one ligand and two of another—there are two different arrangements of the same atoms with the same bonds.
These different arrangements are called cis and trans. In cis molecules, the two ligands are on the same side of the
complex. This means that in both octahedral and square planar complexes the bond angle between the two similar
ligands will be 90 degrees. In trans molecules, the similar ligands are on the opposite sides of the molecules,
meaning the bond angle is 180 degrees. Tetrahedral molecules do not show stereoisomerism.

An example of cis and trans isomers can be seen for platin. Cisplatin is used as an anti-cancer drug because it can
bind to the DNA of rapidly growing cells and prevent replication. The trans form of this chemical is not as effective at
binding to the DNA.

Fac and Mer Stereoisomers
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Cisplatin and transplatin: Cis and trans isomers for
square planar complexes.

When three identical ligands occupy one face of an octahedron,
the isomer is said to be facial, or fac. In a fac isomer, any two
identical ligands are adjacent or cis to each other. If these three
ligands and the metal ion are in one plane, the isomer is said to be
meridional, or mer. A mer isomer can be considered as a
combination of a trans and a cis, since it contains both trans and
cis pairs of identical ligands.

Fac and mer isomers: Examples of fac and mer isomers.

Optical Stereoisomers

Optical isomerism occurs when a molecule is not superimposable with its mirror image. If you shine light through
pure solutions of each optical isomer they would rotate the plane of polarized light in opposite directions. The
symbol Λ (lambda) is used as a prefix to describe the left-handed propeller twist formed by three bidentate ligands.
The symbol Δ (delta) is used as a prefix for the right-handed propeller twist.

Optical isomers: The two optical isomers of a tris-chelate metal complex.
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Structural Isomers

There are four types of structural isomerism:

1. In ionisation isomerism, the isomers result in different ions in solution although they have the same
composition. This type of isomerism occurs when the center ion of the complex is also a potential ligand. For
example, pentaaminebromidocobalt(III) sulphate [Co(NH3)5Br]SO4 is violet and in solution gives a precipitate
with barium chloride, confirming the presence of sulphate ion. Pentaaminesulphatecobalt(III) bromide
[Co(NH3)5SO4]Br on the other hand, is red and tests negative for sulphate ion in solution. It gives a
precipitate of silver bromide (AgBr) with silver nitrate (AgNO3).

2. In solvate or hydrate isomerism, the isomers have the same composition but differ with respect to the number
of solvent ligand molecules as well as the counter ion in the crystal lattice. For example [Cr(H2O)6]Cl3 is
violet colored, [Cr(H2O)5Cl]Cl2·H2O is blue-green, and [Cr(H2O)4Cl2]Cl·2H2O is dark green.

3. Linkage isomerism occurs with ambidentate ligands that can bind in more than one place. For example, NO2
can bind to a metal at either the N atom or an O atom.

4. In coordination isomerism, both positive and negative ions of a salt are complex ions and the two isomers
differ in the distribution of ligands between the cation and the anion. For example, [Co(NH3)6][Cr(CN)6] and
[Cr(NH3)6][Co(CN)6].

Coordination Number, Ligands, and Geometries

The coordination number determines the number of ligands attached to the central ion and the overall shape of the
complex.

Learning Objectives

Calculate the coordination number of the metal in a coordination complex.

Key Takeaways

Key Points

The coordination number is the number of donor atoms connected to the central ion.
A ligand is a functional group that binds to the central ion in a coordination complex.
Coordination complex geometries result from coordination numbers.

Key Terms

donor atom: The atom within a ligand that is bonded to the central atom or ion.
pseudohalides: A chemical compound that is not a halide, but which resembles a halide in its charge
and reactivity.
monodentate: Describing a ligand that has only a single bond with the central atom.

Coordination Number

In coordination chemistry, the coordination number is the number of ligands attached to the central ion (more
specifically, the number of donor atoms). Coordination numbers are normally between two and nine. The number of
bonds depends on the size, charge, and electron configuration of the metal ion and the ligands.

Typically the chemistry of complexes is dominated by interactions between s and p molecular orbitals of the ligands
and the d orbitals of the metal ions. The s, p, and d orbitals of the metal can accommodate 18 electrons. The
maximum coordination number for a certain metal is thus related to the electronic configuration of the metal ion
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(specifically, the number of empty orbitals) and to the ratio of the size of the ligands and the metal ion. Large metals
and small ligands lead to high coordination numbers (e.g., [Mo(CN)8]4−). Small metals with large ligands lead to low
coordination numbers (e.g., Pt[P(CMe3)]2). Due to their large size, lanthanides, actinides, and early transition metals
tend to have high coordination numbers.

Ligands

In coordination chemistry, a ligand is an ion or molecule (functional group) that binds to a central metal atom to form
a coordination complex. Virtually every molecule and every ion can serve as a ligand for (or coordinate to) metals.
Denticity refers to the number of times a ligand bonds to a metal through donor atoms. Many ligands are capable of
binding metal ions through multiple sites, usually because the ligands have lone pairs on more than one atom.

Monodentate ligands include virtually all anions and all simple Lewis bases. Thus, the halides and pseudohalides
are important anionic ligands. Ammonia, carbon monoxide, and water are particularly common charge-neutral
ligands. Simple organic species are also very common. All unsaturated molecules are also ligands, utilizing their π-
electrons in forming the coordinate bond. Also, metals can bind to the σ bonds in, for example, silanes,
hydrocarbons, and dihydrogen.

Ligands that bind via more than one atom are often termed polydentate or chelating. A ligand that binds through two
sites is classified as bidentate, and three sites as tridentate. Chelating ligands are commonly formed by linking
donor groups via organic linkers. A classic bidentate ligand is ethylenediamine, which is derived by the linking of two
ammonia groups with an ethylene (-CH2CH2-) linker. A classic example of a polydentate ligand is the hexadentate
chelating agent EDTA, which is able to bond through six sites, completely surrounding some metals.

There are several types of polydentate ligands which can be characterized based on how they interact with the
central ion. For example, trans-spanning ligands are bidentate ligands that can span coordination positions on
opposite sides of a coordination complex. Ambidentate ligands can attach to the central atom in two places but not
both. A bridging ligand links two or more metal centers. Changing the size and electronic properties of ligands can
be used to control catalysis of the central ion and stabilize unusual coordination sites.

Geometries

Different ligand structural arrangements result from the coordination number. Most structures follow the pattern as if
the central atom were in the middle and the corners of that shape are the locations of the ligands. These shapes are
defined by orbital overlap between ligand and metal orbitals and ligand-ligand repulsions, which tend to lead to
certain regular geometries. However, there are many cases that deviate from regular geometry. For example,
ligands of different sizes and with different electronic effects often result in irregular bond lengths.
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Geometry of atoms around central atoms with coordination
numbers: Geometry of atoms around central atoms with
coordination numbers 3, 4, and 6. If L is any peripheral atom
and M is the central atom, then the bond angle L – M – L is
120° for trigonal planar, 109.5° for tetrahedral, and typically
around 109.5° for trigonal pyramidal geometries. Square planar
and octahedral geometries have two L – M – L angles, 90° and
180°.
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BONDING IN COORDINATION COMPOUNDS:
VALENCE BOND THEORY

Bonding in Coordination Compounds: Valence Bond Theory
Valence bond theory is used to explain covalent bond formation in many molecules.

Learning Objectives

Calculate the theoretical hybridization of a metal in a coordination complex based on valence bond theory

Key Takeaways

Key Points

Valence bond theory is a synthesis of early understandings of how covalent bonds form.
Resonance and orbital hybridization are key to valence bond theory.
Orbital hybridization occurs when bonding orbitals share the characteristics of several types of orbitals.
Valence bond structures are used when Lewis structures do not suffice to represent the different forms of
coordination molecules that occur as a result of resonance.

Key Terms

resonance: The property of a compound that can be visualized as having two structures differing only in
the distribution of electrons.
orbital hybridization: In chemistry, hybridization is the concept of mixing atomic orbitals to form new
hybrid orbitals suitable for the qualitative description of atomic bonding properties.

Valence Bond Theory

Valence bond theory is a synthesis of early understandings of how chemical bonds form. In 1916, G. N. Lewis
proposed that the basis of chemical bonding is in the ability of atoms to share two bonding electrons. In 1927,
physicist Walter Heitler and collaborator Fritz London developed the Heitler-London theory, which enabled the
calculation of bonding properties of the covalently bonded diatomic hydrogen molecule (H2) based on quantum
mechanical considerations. Finally, Linus Pauling integrated Lewis’ proposal and the Heitler-London theory to give
rise to two additional key concepts in valence bond theory: resonance and orbital hybridization.

According to Pauling’s theory, a covalent bond is formed between two atoms by the overlap of their half-filled
valence orbitals, each of which contains one unpaired electron. The bonds formed by participating atoms are
considered to be weakly coupled overlapping orbitals. Valence bond structures are similar to Lewis structures,
except where a single Lewis structure is insufficient, several valence bond structures can be used. It is in this aspect
of valence bond theory that we see the concept of resonance.
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Valence structures of a hypervalent molecule:
Several valence structures demonstrate the concept of
resonance.

The two types of overlapping orbitals are sigma (σ) and pi (π) orbitals. Where bond order is concerned, single bonds
are considered to be one sigma bond, double bonds are considered to contain one sigma and one pi bond, and
triple bonds consist of one sigma bond and two pi bonds. Sigma bonds occur when the like orbitals of shared
electrons overlap. For instance, when two s-orbital electrons overlap, we see a sigma bond. We see the concept of
orbital hybridization arise when bonding orbitals share the characteristics of several types of orbitals.

Orbital bonding: Sigma and pi bonding combinations of s-, p-, and d-orbitals.

When we apply valence bond theory to a coordination compound, the original electrons from the d orbital of the
transition metal move into non-hybridized d orbitals. The electrons donated by the ligand move into hybridized
orbitals of higher energy, which are then filled by electron pairs donated by the ligand.

Valence bond theory is used to explain covalent bond formation in many molecules, as it operates under the
condition of maximum overlap, which leads to the formation of the strongest possible bonds.

Licensing & Attributions
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BONDING IN COORDINATION COMPOUNDS:
CRYSTAL FIELD THEORY

Crystal Field Theory
Crystal field theory states that d or f orbital degeneracy can be broken by the electric field produced by ligands,
stabilizing the complex.

Learning Objectives

Discuss the relationships between ligand binding in a metal complex and the degeneracy of the d orbitals and
between the geometry of a metal complex and the splitting of the d orbitals.

Key Takeaways

Key Points

When the ligands approach the central metal ion, d- or f-subshell degeneracy is broken due to the static
electric field.
Because electrons repel each other, the d electrons closer to the ligands will have a higher energy than
those further away, resulting in the d orbitals splitting.
The crystal field stabilization energy (CFSE) is the stability that results from ligand binding.

Key Terms

degenerate: Having the same quantum energy level.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.

The Crystal Field Theory (CFT) is a model for the bonding interaction between transition metals and ligands. It
describes the effect of the attraction between the positive charge of the metal cation and negative charge on the
non-bonding electrons of the ligand. When the ligands approach the central metal ion, the degeneracy of electronic
orbital states, usually d or f orbitals, are broken due to the static electric field produced by a surrounding charge
distribution. CFT successfully accounts for some magnetic properties, colors, and hydration energies of transition
metal complexes, but it does not attempt to describe bonding.

The electrons in the d orbitals of the central metal ion and those in the ligand repel each other due to repulsion
between like charges. Therefore, the d electrons closer to the ligands will have a higher energy than those further
away, which results in the d orbitals splitting in energy. This splitting is affected by:

the nature of the metal ion
the metal’s oxidation state (a higher oxidation state leads to a larger splitting)
the arrangement of the ligands around the metal ion
the nature of the ligands surrounding the metal ion

All of the d orbitals have four lobes of electron density, except for the dz2 orbital, which has two opposing lobes and
a doughnut of electron density around the middle. The d orbitals can also be divided into two smaller sets. The dx2–
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y2 and dz2 all point directly along the x, y, and z axes. They form an eg set. On the other hand, the lobes of the dxy,
dxz, and dyz all line up in the quadrants, with no electron density on the axes. These three orbitals form the t2g set.
In most cases, the d orbitals are degenerate, but sometimes they can split, with the eg and t2g subsets having
different energy. The CFT accounts for this.

d xy d yz d xz

d x -y2 2 d z 2

d orbitals: This gives an overview of the d orbitals. The central model shows the combined d-orbitals on one set of
axes.

The crystal field stabilization energy (CFSE) is the stability that results from placing a transition metal ion in the
crystal field generated by a set of ligands. It arises due to the fact that when the d orbitals are split in a ligand field,
some of them become lower in energy than before. For example, in the case of an octahedron, the t2g set becomes
lower in energy. As a result, if there are any electrons occupying these orbitals, the metal ion is more stable in the
ligand field by the amount known as the CFSE. Conversely, the eg orbitals are higher in energy. So, putting
electrons in them reduces the amount of CFSE.

Octahedral CFT splitting: Electron diagram for octahedral d
shell splitting.

Crystal field stabilization is applicable to the transition-metal complexes of all geometries. The reason that many d8

complexes are square-planar is the very large amount of crystal field stabilization that this geometry produces with
this number of electrons.
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Square planar CFT splitting: Electron diagram
for square planer d subshell splitting.

Octahedral Complexes
Octahedral complexes have six ligands symmetrically arranged around a central atom, defining the vertices of an
octahedron.

Learning Objectives

Discuss the degeneracy of the d orbitals in an octahedral metal complex.

Key Takeaways

Key Points

The term octahedral is used somewhat loosely by chemists, focusing on the geometry of the bonds to the
central atom and not considering differences among the ligands themselves.
When two or more ligands are coordinated to an octahedral metal center, the complex can exist as
isomers.
In an octahedral complex, the d-subshell degeneracy is lifted.

Key Terms

degeneracy: Having the same quantum energy level.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.
vertex: The common point of the two rays of the angle, or its equivalent structure in polyhedra (meeting
of edges) and higher order polytopes.

Octahedral molecular geometry describes the shape of compounds wherein six atoms or groups of atoms or ligands
are symmetrically arranged around a central atom. The octahedron has eight faces, hence the prefix octa-. An
example of an octahedral compound is molybdenum hexacarbonyl (Mo(CO)6).

The term octahedral is used somewhat loosely by chemists, focusing on the geometry of the bonds to the central
atom and not considering differences among the ligands themselves. For example, [Co(NH3)6]3+, which is not
octahedral in the mathematical sense due to the orientation of the N-H bonds, is referred to as octahedral.

When two or more types of ligands are coordinated to an octahedral metal center, the complex can exist as isomers.
The number of possible isomers can reach 30 for an octahedral complex with six different ligands (in contrast, only
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Hexamminecobalt(III) chloride: Example of an
octahedral coordination complex.

two stereoisomers are possible for a tetrahedral complex with
four different ligands).

For a free ion, such as gaseous Ni2+ or Mo, the d orbitals are
degenerate. In an octahedral complex, this degeneracy is
lifted. The dz2 and dx2−y2 (the so-called eg set), which are
aimed directly at the ligands, are destabilized. On the other
hand, the dxz, dxy, and dyz orbitals (the so-called t2g set) see a
decrease in energy.

Given that such a variety of octahedral complexes exist, it is
not surprising that a wide variety of reactions have been
described. These reactions can be classified as follows:

Ligand substitution reactions (via a variety of
mechanisms)
Ligand addition reactions, including protonation (among
many others)
Redox reactions (in which electrons are gained or lost)
Rearrangements where the relative stereochemistry of the ligands change within the coordination sphere

Many reactions of octahedral transition metal complexes occur in water. For example, [Co(NH3)5Cl]2+ slowly
aquates to give [Co(NH3)5(H2O)]3+ in water, especially in the presence of acid or base.

Tetrahedral and Square Planar Complexes
Both tetrahedral and square planar complexes have a central atom with four substituents.

Learning Objectives

Discuss the d-orbital degeneracy of square planar and tetrahedral metal complexes.

Key Takeaways

Key Points

In tetrahedral molecular geometry, a central atom is located at the center of four substituents, which form
the corners of a tetrahedron.
Tetrahedral geometry is common for complexes where the metal has d0 or d10 electron configuration.
The CFT diagram for tetrahedral complexes has dx

2
−y

2 and dz
2 orbitals equally low in energy because

they are between the ligand axis and experience little repulsion.
In square planar molecular geometry, a central atom is surrounded by constituent atoms, which form the
corners of a square on the same plane.
The square planar geometry is prevalent for transition metal complexes with d8 configuration.
The CFT diagram for square planar complexes can be derived from octahedral complexes yet the dx2-y2
level is the most destabilized and is left unfilled.

Key Terms

substituents: Any atom, group, or radical substituted for another, or entering a molecule in place of some
other part which is removed.
degeneracy: Having the same quantum energy level.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.
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Tetrakis(triphenylphosphine)palladium: 3-dimensional
representation of tetrahedral
Tetrakis(triphenylphosphine)palladium

Nickel carbonyl: 2-dimensional representation of
tetrahedral nickel carbonyl.

Tetrahedral Complexes

In tetrahedral molecular geometry, a central atom is located
at the center of four substituent atoms, which form the
corners of a tetrahedron. The bond angles are
approximately 109.5° when all four substituents are the
same. This geometry is widespread, particularly for
complexes where the metal has d0 or d10 electron
configuration.

For
example,

tetrakis(triphenylphosphine)palladium(0), a popular catalyst, and
nickel carbonyl, an intermediate in nickel purification, are
tetrahedral. Many complexes with incompletely filled d-subshells
are tetrahedral as well—for example, the tetrahalides of iron(II),
cobalt(II), and nickel(II).

Tetrahedral complexes have ligands in all of the places that an
octahedral complex does not. Therefore, the crystal field splitting
diagram for tetrahedral complexes is the opposite of an

octahedral diagram. The dx2−dy2 and dz2 orbitals should be equally low in energy because they exist between the
ligand axis, allowing them to experience little repulsion. In contrast, the dxy,dyz, and dxz axes lie directly on top of
where the ligands go. This maximizes repulsion and raises energy levels.

Tetrahedral CFT splitting: Notice the energy splitting in the tetrahedral arrangement is the
opposite for the splitting in octahedral arrangements.

Square Planar Complexes

In square planar molecular geometry, a central atom is surrounded by constituent atoms, which form the corners of
a square on the same plane. The geometry is prevalent for transition metal complexes with d8 configuration. This
includes Rh(I), Ir(I), Pd(II), Pt(II), and Au(III). Notable examples include the anticancer drugs cisplatin [PtCl2(NH3)2]
and carboplatin.
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Carboplatin: 2- and 3-dimensional
representations of the anti-cancer drug
carboplatin

CFT energy diagram for square planar complexes:
Notice how the dx2 – y2 orbital is unfilled.

In principle, square planar geometry can be achieved by flattening a
tetrahedron. As such, the interconversion of tetrahedral and square
planar geometries provides a pathway for the isomerization of tetrahedral
compounds. For example, tetrahedral nickel(II) complexes such as
NiBr2(PPh3)2 undergo this change reversibly..

The removal of a pair
of ligands from the z-
axis of an octahedron
leaves four ligands in
the x-y plane.
Therefore, the crystal
field splitting diagram
for square planar
geometry can be
derived from the
octahedral diagram.
The removal of the two
ligands stabilizes the
dz2 level, leaving the
dx2-y2 level as the
most destabilized.
Consequently, the dx2-

y2 remains unoccupied in complexes of metals with the d8 configuration.
These compounds typically have sixteen valence electrons (eight from ligands, eight from the metal)

Color

Transition metal complexes are often colored due to either d-d or change band electron transitions induced by the
absorption of light.

Learning Objectives

Discuss the process which provides color in coordination complexes.

Key Takeaways

Key Points

The colors in metal complexes come from the d orbitals because they are not involved in bonding.
d-d electron transitions are allowed in complexes if the center of symmetry is disrupted, resulting in a
vibronic transition.
In Metal-to- Ligand Charge Transfer (MLCT), electrons can be promoted from a metal-based orbital into
an empty ligand-based orbital.
An electron may jump from a predominantly ligand orbital to a predominantly metal orbital (Ligand-to-
Metal Charge Transfer or LMCT).
Coordination complex color results from the absorption of complimentary colors.

Key Terms

ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.
band theory: In a solid, those ranges of energy that an electron is allowed to have.
centrosymmetric: Having a center of symmetry.

orbital: A specification of the energy and probability density of an electron at any point in an atom or
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orbital: A specification of the energy and probability density of an electron at any point in an atom or
molecule.

Color in Coordination Compounds

Metal complexes often have spectacular colors caused by electronic transitions induced by the absorption of light.
For this reason, they are often applied as pigments. We know that light can be emitted corresponding to the
difference in energy levels. We could expect them to come from the d-orbitals. This is because they are not involved
in bonding, since they do not overlap with the s and p orbitals of the ligands. Most transitions that are related to
colored metal complexes are either d–d transitions or charge band transfer.

d-d Transitions

In a d–d transition, an electron in a d orbital on the metal is excited by a photon to another d orbital of higher energy.
In complexes of the transition metals, the d orbitals do not all have the same energy. In centrosymmetric complexes,
d-d transitions are forbidden by the Laporte rule. The Laporte rule states that, if a molecule is centrosymmetric,
transitions within a given set of p or d orbitals are forbidden. However, forbidden transitions are allowed if the center
of symmetry is disrupted. Transitions that occur as a result of an asymmetrical vibration of a molecule are called
vibronic transitions. Through such asymmetric vibrations, transitions that would theoretically be forbidden, such as a
d-d transition, are weakly allowed.

An example occurs in octahedral complexes such as in complexes of manganese(II). It has a d5 configuration in
which all five electrons have parallel spins. The color of such complexes is much weaker than in complexes with
spin-allowed transitions. In fact, many compounds of manganese(II), like manganese(II) chloride, appear almost
colorless. Tetrahedral complexes have somewhat more intense color. This is because mixing d and p orbitals is
possible when there is no center of symmetry. Therefore, transitions are not pure d-d transitions.

Example of weaker color due to d-d transition: Sample of manganese(II)
chloride.

Change Band Transfer

Electrons can also be transferred between the orbitals of the metal and the ligands. In Metal-to-Ligand Charge
Transfer (MLCT), electrons can be promoted from a metal-based orbital into an empty ligand-based orbital. These
are most likely to occur when the metal is in a low oxidation state and the ligand is easily reduced. Ligands that are
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Examples of color due to LCMT
transitions: Samples of (from top
to bottom) potassium chromate,
potassium dichromate, and
potassium permanganate.

easily reduced include 2,2′-bipyridine (bipy), 1,10-phenanthroline (phen), CO, CN-, and SCN-. An example of color
due to MLCT is tris(2,2′-bipyridyl)ruthenium(II), which is a versatile photochemical redox reagent.

Example of color due to MLCT transition: Sample of tris(bipyridine)ruthenium(II)-
chloride

Conversely, an electron may jump from a predominantly ligand orbital to a
predominantly metal orbital (Ligand-to-Metal Charge Transfer or LMCT). These
can most easily occur when the metal is in a high oxidation state. For example,
the color of chromate, dichromate, and permanganate ions is due to LMCT
transitions.

“Seeing” Color

We can perceive colors for two reasons: either we see it because that color is the
only color not absorbed or because all colors of visible light are absorbed except
for a particular color known as its complimentary color.

Large energy differences should correspond to smaller wavelengths and purple
colors, while small energy differences should result in large wavelengths and
colors closer to red. For example, you might expect to see red for a complex with
a small energy gap and large wavelength. Green is the compliment of red, so
complexes with a small energy gap will actually appear green.

The color we see for coordination complexes is a result of absorption of
complimentary colors. A decrease in the wavelength of the complimentary color
indicates the energy gap is increasing and can be used to make general rankings
in the strengths of electric fields given off by ligands. These phenomena can be
observed with the aid of electronic spectroscopy (also known as UV-Vis).

Magnetic Properties

Metal complexes that have unpaired electrons are magnetic.

Learning Objectives
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Discuss the correlation between the electronic structure of a coordination complex and its magnetic properties.

Key Takeaways

Key Points

Unpaired electrons exist when the complex has an odd number of electrons or because electron pairing
is destabilized.
The more unpaired electrons, the stronger the magnetic property.
Tetrahedral complexes have weaker splitting because none of the ligands lie within the plane of the
orbitals.
Square planar compounds are always low-spin and therefore are weakly magnetic.
In bi- and polymetallic complexes, the electrons may couple through the ligands, resulting in a weak
magnet, or they may enhance each other.

Key Terms

diamagnetic: Exhibiting diamagnetism; repelled by a magnet.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form larger complex.
paramagnetic: Exhibiting paramagnetism (the tendency of magnetic dipoles to align with an external
magnetic field).

Magnetic Properties of Coordination Compounds

An interesting characteristic of transition metals is their ability to form magnets. Metal complexes that have unpaired
electrons are magnetic. Since the last electrons reside in the d orbitals, this magnetism must be due to having
unpaired d electrons. Considering only monometallic complexes, unpaired electrons arise because the complex has
an odd number of electrons or because electron pairing is destabilized.

For example, monomeric Ti(III) species have one d electron and must be (para)magnetic, regardless of the
geometry or the nature of the ligands. Ti(II), with two d electrons, forms some complexes that have two unpaired
electrons and others with none.

As an example, Fe prefers to exist as Fe3+ and is known to have a coordination number of six. Since the
configuration of Fe3+ has five d electrons, we would expect to see five unpaired spins in complexes with Fe. This is
true for [FeF6]3-; however, [Fe(CN)6]3- only has one unpaired electron, making it a weaker magnet. This trend can
be explained based on the properties of the ligands. We expect CN− to have a stronger electric field than that of F−,
so the energy differences in the d orbitals should be greater for the cyanide complex.

Crystal field theory splitting diagram: Example of influence of ligand electronic properties on d orbital splitting. This shows
the comparison of low-spin versus high-spin electrons.

In order for this to make sense, there must be some sort of energy benefit to having paired spins for our cyanide
complex. That is, the energy level difference must be more than the repulsive energy of pairing electrons together.
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Since systems strive to achieve the lowest energy possible, the electrons will pair up before they will move to the
higher orbitals. This is referred to as low spin, and an electron moving up before pairing is known as high spin.

Tetrahedral complexes have naturally weaker splitting because none of the ligands lie within the plane of the
orbitals. As a result, they have either have too many or too few d electrons to warrant worrying about high or low
spin. Square planar compounds, on the other hand, stem solely from transition metals with eight d electrons.
[Ni(CN)4]2-, [Pt(NH3)3Cl]+, and [PtCl4]2- are all diamagnetic.

Since this encompasses the full spectrum of ligand strength, we can conclude that square planar compounds are
always low spin and therefore are weakly magnetic. In bi- and polymetallic complexes, in which the individual
centers have an odd number of electrons or electrons are high-spin, the situation is more complicated.

If there is interaction between the two (or more) metal centers, the electrons may couple, resulting in a weak
magnet, or they may enhance each other. When there is no interaction, the two (or more) individual metal centers
behave as if in two separate molecules.
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REACTIONS AND APPLICATIONS OF
COORDINATION COMPOUNDS

Reactions of Coordination Compounds
Coordination complexes are anionic ligands bound to a cationic metal.

Learning Objectives

Discuss the common reaction classes of coordination compounds.

Key Takeaways

Key Points

A coordination complex, or metal complex, consists of an atom or ion (usually metallic) and a surrounding
array of molecules or anions called ligands or complexing agents.
A coordination compound is any molecule that contains a coordination complex.
The donor atom is the atom within a ligand that is bonded to the central atom or ion.
Coordination complexes can undergo a variety of reactions, including electron transfer, ligand exchange,
and associative processes.

Key Terms

coordination: The reaction of one or more ligands with a metal ion to form a coordination compound.
redox: A reversible chemical reaction in which one reaction is an oxidation and the reverse is a reduction.
donor atom: The atom within a ligand that is bonded to the central atom or ion within a coordination
complex.

In chemistry, a coordination or metal complex consists of an atom or ion (usually metallic) and a surrounding array
of bound molecules or anions known as ligands or complexing agents. Many metal-containing compounds consist of
coordination complexes.

Structure of Coordination Complexes

Donor Atom

The atom within a ligand that is bonded to the central atom or ion is called the donor atom. A typical complex is
bound to several donor atoms, which can be same or different elements.

Polydentate (multiple bonded) ligands consist of several donor atoms, several of which are bound to the central
atom or ion. These complexes are called chelate complexes, the formation of which is called chelation,
complexation, and coordination.
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Cisplatin: This complex, PtCl2(NH3)2, is an anti-tumor drug
and an example of a coordination complex.

EDTA chelation: The EDTA
molecule has six different donor
atoms that form the complex.

Ligands

The ions or molecules
surrounding the central
atom are called ligands.
These are generally bound
to the central atom by a
coordinate covalent bond
(donating electrons from a
lone electron pair into an
empty metal orbital ).
There are also organic
ligands such as alkenes
whose pi (π) bonds can
coordinate to empty metal
orbitals. An example is
ethene in the complex
known as Zeise’s salt, K+

[PtCl3(C2H4)]−.

The central atom or ion, together with all ligands, comprise the coordination sphere. The central atoms or ion and
the donor atoms comprise the first coordination sphere. Coordination refers to the coordinate covalent bonds
(dipolar bonds) between the ligands and the central atom.

Originally, a complex implied a reversible association of molecules, atoms, or ions through such weak chemical
bonds. As applied to coordination chemistry, this meaning has evolved. Some metal complexes are formed virtually
irreversibly and many are bound together by bonds that are quite strong.

Reactivity

Electron Transfers

A common reaction between coordination complexes involving ligands are electron transfers. There are two
different mechanisms of electron transfer redox reactions: inner sphere or outer sphere electron transfer. In electron
transfer, an electron moves from one atom to another, changing the charge on each but leaving the net charge of
the system the same.

Ligand Exchange

One important indicator of reactivity is the rate of degenerate exchange of ligands. For example, the rate of
interchange of the coordinate water in [M(H2O)6]n+ complexes varies over 20 orders of magnitude. Complexes
where the ligands are released and rebound rapidly are classified as labile. Such labile complexes can be quite
stable thermodynamically. Typically they either have low-charge (Na+), electrons in d orbitals that are antibonding
with respect to the ligands (Zn2+), or lack covalency (Ln3+, where Ln is any lanthanide).

The lability of a metal complex also depends on the high-spin vs. low-spin configurations when such is possible.
Thus, high-spin Fe(II) and Co(III) form labile complexes, whereas low-spin analogues are inert.

Associate Processes

Complexes that have unfilled or half-filled orbitals often show the capability to react with substrates. Most substrates
have a singlet ground-state; that is, they have lone electron pairs (e.g., water, amines, ethers). These substrates
need an empty orbital to be able to react with a metal center. Some substrates (e.g., molecular oxygen) have a
triplet ground state. Metals with half-filled orbitals have a tendency to react with such substrates. If the ligands
around the metal are carefully chosen, the metal can aid in (stoichiometric or catalytic) transformations of molecules
or be used as a sensor.
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Metallurgy

Extractive metallurgy is the study of the processes used in the separation and concentration of raw materials.

Learning Objectives

Discuss how coordination chemistry can be applied in metallurgic processes.

Key Takeaways

Key Points

Extractive metallurgy is the practice of removing valuable metals from an ore and refining the extracted
raw metals into purer form.
The field of extractive metallurgy encompasses many specialty sub-disciplines, including mineral
processing, hydrometallurgy, pyrometallurgy, and electrometallurgy.
Especially in hydrometallurgy, the coordination chemistry of the metals involved plays a large role in their
solubility and reactivity as the ore is refined into precious metal.

Key Terms

dissolution: Dissolving, or going into solution.
pyrometallurgy: The thermal treatment of minerals or ores to bring about physical and chemical
transformations in the materials to enable recovery of valuable metals.
metallurgy: The science of metals; their extraction from ores, purification and alloying, heat treatment,
and working.

Extractive Metallurgy

Extractive metallurgy is the practice of removing valuable metals from an ore and refining the extracted raw metals
into a purer form. The field is an applied science, covering all aspects of the physical and chemical processes used
to produce mineral-containing and metallic material. The practice of extractive metallurgy almost always involves
contributions from other scientific fields, such as analytical chemistry and mineralogy. Sometimes extractive
metallurgy produces a finished product, but more often it produces a form that requires further physical processing.

The field of extractive metallurgy encompasses many specialty sub-disciplines, each concerned with various
physical and chemical processes that are steps in an overall process to produce a particular material. These
specialties are generically grouped into the categories of mineral processing:

hydrometallurgy
pyrometallurgy
electrometallurgy

Mineral processing

Mineral processing manipulates the particle size of solid raw materials to separate valuable materials from materials
of no value. Usually, particle sizes must be reduced to efficiently separate valuable materials. Physical properties of
valuable materials can include density, particle size and shape, electrical and magnetic properties, and surface
properties.

Since many size reduction and separation processes involve the use of water, solid-liquid separation processes are
part of mineral processing. In order to dissolve an ore in an aqueous solution, it is often necessary to break the large
chunks into smaller pieces, thereby increasing the surface area and the rate of dissolution. It is further possible to
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Smelting furnace: High temperatures are often required to melt the
ores and metals that come out of mining operations.

break up only ores that are easily crushed, thus allowing them to be dissolved at a much faster rate than those
remaining in large chunks.

Hydrometallurgy

Hydrometallurgy describes the process of extracting metals from ores using aqueous solutions. The most common
hydrometallurgical process is leaching, which involves the dissolution of the valuable metals into the aqueous
solution. After the solution is separated from the ore solids, the solution is often subjected to various processes of
purification and concentration before the valuable metal is recovered.

The solution purification and concentration processes may include precipitation, distillation, adsorption, and solvent
extraction. The final recovery step may involve precipitation, cementation, or an electrometallurgical process.
Sometimes, hydrometallurgical processes may be carried out directly on the ore material without any pretreatment
steps. Often, the ore must be pretreated by various mineral processing steps and sometimes by pyrometallurgical
processes. Here, the coordination chemistry and solubility of the compound can become very important, as one
attempts to precipitate a mineral (metal) of interest over the other metals in the solution or attempts to selectively
leach one desired mineral over the others present in the sample.

Pyrometallurgy

Pyrometallurgy involves high temperature processes where chemical reactions take place among gases, solids, and
molten materials. Solids containing valuable metals are reacted to form intermediate compounds for further
processing or converted into their elemental or metallic state. Processes that produce molten products are
collectively referred to as smelting operations. The energy required to sustain the high temperature
pyrometallurgical processes may come entirely from the exothermic nature of the chemical reactions taking place,
usually oxidation reactions. Often, however, energy must be added to the process by combustion of fuel or, in the
case of some smelting processes, by the direct application of electrical energy.

Electrometallurgy

Electrometallurgy involves metallurgical processes
that take place in some form of electrolytic cell. The
most common types of electrometallurgical
processes are electrowinning and electro-refining.
Electrowinning is an electrolysis process used to
recover metals in aqueous solution, usually as the
result of an ore having undergone one or more
hydrometallurgical processes. The metal of interest
is plated onto the cathode, while the anode is an
inert electrical conductor. Electro-refining is used to
dissolve an impure metallic anode (typically from a
smelting process) and produce a high purity
cathode. The scope of electrometallurgy has
significant overlap with the areas of
hydrometallurgy and (in the case of fused salt
electrolysis) pyrometallurgy.

Chelating Agents

Chelating agents are ligands for metals that bind via multiple atoms, thus taking up several coordination sites on the
metal.

Learning Objectives

Describe the origin of the chelate effect.
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Metal-EDTA chelate: Chemical structure of EDTA
chelate.

Key Takeaways

Key Points

Chelation is the formation or presence of two or more separate coordinate bonds between a polydentate
(multiple bonded) ligand and a single central atom.
The chelate effect describes the enhanced affinity of chelating ligands for a metal ion, compared to the
affinity of a collection of similar non-chelating ( monodentate ) ligands for the same metal.
Chelation therapy is the use of chelating agents to detoxify poisonous metal agents, such as mercury,
arsenic, and lead, by converting them to a chemically inert form that can be excreted without further
interaction with the body.

Key Terms

chelate compound: A cyclic compound in which a metal atom is bonded to at least two other atoms.
chelating agent: Any compound that reacts with a metal ion to produce a chelate.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.

Chelation

Chelation is the formation or presence of two or more separate coordinate bonds between a polydentate (multiple
bonded) ligand and a single central atom. Usually these ligands are organic compounds and are called chelants,
chelators, chelating agents, or sequestering agents; the resulting complexes are called chelate compounds.

Chelate complexes are contrasted with coordination complexes
composed of monodentate ligands, which form only one bond
with the central atom. Chelating agents, unlike the other
ligands in coordination compounds, bind via multiple atoms in
the ligand molecule, not just one.

The Chelate E�ect

The chelate effect describes the enhanced affinity of chelating
ligands for a metal ion compared to the affinity of a collection of
similar nonchelating (monodentate) ligands for the same metal.
Consider the two equilibria, in aqueous solution, between the
copper (II) ion (Cu2+) and ethylenediamine (en) on the one
hand and methylamine (CH3NH2 (MeNH2)) on the other.

 (1)

 (2)

In (1), the bidentate ligand ethylenediamine forms a chelate
complex with the copper ion. Chelation results in the formation
of a five-membered ring. In (2), the two monodentate
methylamine ligands of approximately the same donor power
(the enthalpy of formation of Cu—N bonds is approximately the
same in the two reactions) forms a complex. Under conditions
of equal copper concentrations and when the concentration of
methylamine is twice the concentration of ethylenediamine, the
concentration of the complex in (1) will be greater than the

concentration of the complex in (2). The effect increases with the number of chelate rings, so the concentration of
the EDTA complex, which has six chelate rings, is much higher than a corresponding complex with two

+ en → [Cu(en)Cu2+ ]2+

+ 2 → [Cu(Cu2+ MeNH2 MeNH2)2]2+
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Ethylenediamine chelate: Ethylenediamine serves as a
chelating agent by binding via its two nitrogen atoms.

monodentate nitrogen donor ligands and four monodentate carboxylate ligands. Thus, the phenomenon of the
chelate effect is a firmly established empirical fact.

Applications of Chelating Agents

Chelation therapy is the use of chelating agents to
detoxify poisonous metal agents, such as mercury,
arsenic, and lead, by converting them to a chemically
inert form that can be excreted without further
interaction with the body. This therapy was approved by
the U.S. Food and Drug Administration in 1991.
Although they can be beneficial in cases of heavy metal
poisoning, chelating agents also can be dangerous. Use
of disodium EDTA instead of calcium EDTA has resulted
in fatalities due to hypocalcemia.

Virtually all biochemicals exhibit the ability to dissolve
certain metal cations. Thus, proteins, polysaccharides,
and polynucleic acids are excellent polydentate ligands
for many metal ions. Organic compounds such as the
amino acids glutamic acid and histidine, organic diacids
such as malate, and polypeptides such as phytochelatin are also typical chelators. In addition to these adventitious
chelators, several biomolecules are specifically produced to bind certain metals. Virtually all metalloenzymes feature
metals that are chelated, usually to peptides or cofactors and prosthetic groups. Such chelating agents include the
porphyrin rings in hemoglobin and chlorophyll. Many microbial species produce water-soluble pigments that serve
as chelating agents, termed siderophores. For example, species of Pseudomonas are known to secrete pyocyanin
and pyoverdin that bind iron. Enterobactin, produced by E. coli, is the strongest chelating agent known.

Chemical Analysis

Coordination complexes and their chemistry can be used to analyze the composition of a solution by precipitation or
colorimetric analysis.

Learning Objectives

Describe the application of coordination compounds in the analysis of chemical composition.

Key Takeaways

Key Points

Coordination complexes can be used to analyze chemical composition by precipitation analysis and
colorimetric analysis.
Classical qualitative inorganic analysis is a method of analytical chemistry that seeks to find the elemental
compositions of inorganic compounds.
Cations are usually classified into six groups according to their categories, while anions are classified into
three groups.

Key Terms

precipitation: A reaction that leads to the formation of a heavier solid in a lighter liquid; the precipitate so
formed at the bottom of the container.
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Solution Supernate

PrecipitateSuspension
Precipitation reaction: Difference in the visual appearance
of an aggregate and a precipitate.

Coordination complexes can be used to analyze chemical composition in a variety of ways. Two common
techniques are precipitation analysis and colorimetric analysis. These methods are called classical qualitative
inorganic analysis.

Qualitative Inorganic Analysis

Classical qualitative inorganic analysis is a method of
analytical chemistry that seeks to find the elemental
compositions of inorganic compounds. It is mainly focused on
detecting ions in aqueous solution, so materials in other
forms may need to be brought into this state before standard
methods can be used. The solution is then treated with
various reagents to test for reactions characteristic of certain
ions, which may cause color changes, solid formation, or
other visible changes.

Precipitation Analysis

Cations are usually classified into one of six groups
according to their properties, while anions are classified into
one of three groups. The details of classification vary slightly
from one source to another. Each group has a common
reagent that can be used to separate the cation or anion from
a solution. To obtain meaningful results, the separation must
be done in a specific sequence, as some ions of an earlier group may also react with the reagent of a later group,
leading to ambiguity as to which ions are present. This happens because cationic analysis is based on the solubility
products of the ions. As the cation achieves the optimum concentration needed, it precipitates, allowing detection.

Precipitation analysis: Copper from a wire displaces silver in a silver nitrate solution it is
dipped into, and solid silver precipitates out. Precipitation analysis can be used to determine the
chemical makeup of the solution.

The groups of cations include:

1. Those that form insoluble chlorides, such as lead, silver, and mercury.
2. Those that form acid-insoluble sulfides, such as cadmium, bismuth, copper, antimony, and tin.
3. Those that form insoluble hydroxide complexes, such as iron, aluminum, and chromium.
4. Zinc, nickel, cobalt, and manganese are determined by the addition of ammonium chloride, ammonium

hydroxide, and hydrogen sulfide gas. The color of the precipitate will indicate the metal.

5. A group of insoluble carbonate salts. (While many of the earlier cations will precipitate with carbonate, they
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5. A group of insoluble carbonate salts. (While many of the earlier cations will precipitate with carbonate, they
will have been detected prior to this point if the steps have been followed in order.) Barium, calcium, and
strontium will precipitate at this point, but not before.

6. Magnesium, lithium, sodium, potassium, and ammonium are difficult to precipitate and are usually detected
by flame color.

There are three groups of anions, and their detection methods vary widely. However, precipitation methods similar
to those mentioned above are often used.

Colorimetric Analysis

Colorimetric analysis is a method of determining the concentration of a chemical element or chemical compound in
a solution with the aid of a color reagent. It is applicable to both organic compounds and inorganic compound. The
method is widely used in medical laboratories and for industrial purposes, such as the analysis of water samples in
connection with industrial water treatment.

Coloring Agents

The electronic configuration of some metal complexes gives them important properties, such as color in
coordination compounds.

Learning Objectives

Discuss the relationship between charge transfer and the color of a metal complex.

Key Takeaways

Key Points

Metal complexes often have spectacular colors caused by electronic transitions by the absorption of light.
Most transitions that are related to colored metal complexes are either d–d transitions or charge transfer
bands.
A charge transfer band entails promotion of electrons from metal-based orbitals and ligand -based
orbitals.

Key Terms

inorganic chemistry: The chemistry of the elements (including carbon) and those compounds that do
not contain carbon.
ligand: An ion, molecule, or functional group that binds to another chemical entity to form a larger
complex.

Bonding in Coordination Compounds

Many of the properties of metal complexes are dictated by their electronic structures. The electronic structure can
be described by a relatively ionic model that ascribes formal charges to the metals and ligands. This approach is the
essence of crystal field theory (CFT), which is a core concept in inorganic chemistry.

More sophisticated models (relative to crystal field theory) embrace covalency. This approach is described by the
ligand field theory (LFT) and the molecular orbital theory (MO). Ligand field theory, introduced in 1935 and built from
molecular orbital theory, can handle a broader range of complexes. It can explain complexes in which the
interactions are covalent. The chemical applications of group theory can aid in the understanding of crystal or ligand
field theory, by allowing simple, symmetry-based solutions to the formal equations.
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Chemists tend to employ the simplest model required to predict the properties of interest. For this reason, CFT has
been a favorite for the discussions when possible. MO and LF theories are more complicated but provide a more
realistic perspective.

Color in Coordination Compounds

Metal complexes often have spectacular colors caused by electronic transitions due to the absorption of light. For
this reason, they are often applied as pigments. Most transitions that are related to colored metal complexes are
either d–d transitions or charge transfer bands. In a d–d transition, an electron in a d orbital on the metal is excited
by a photon to another d orbital of higher energy. However, the electron remains centered on the metal.

Color of various Ni(II) complexes in aqueous solutions: From left to right, [Ni(NH3)6]2+, [Ni3]2+, [NiCl4]2-, [Ni(H2O)6]2+.
Reactions starting from NiCl2·6H2O can be used to form a variety of nickel coordination complexes because the H2O ligands
are rapidly displaced by ammonia, amines, thioethers, thiolates, and organophosphines.

A charge transfer band entails promotion of an electron from a metal-based orbital into an empty ligand-based
orbital (Metal-to-Ligand Charge Transfer or MLCT). Conceptually, one can imagine the oxidation state of the metal
increasing by one (losing on electron), while the oxidation state of the ligand decreases by one (becomes anionic).
The overall charge of the system remains the same, but the localization of the electron changes.

The converse will also occur: excitation of an electron in a ligand-based orbital into an empty metal-based orbital
(Ligand to Metal Charge Transfer or LMCT). These phenomena can be observed with the aid of electronic
spectroscopy (also known as UV-Vis).

It is the relative energetics of these electronic transitions that allows for them to have absorbencies in the visible
region. Since the nature of the ligands and the metal can be tuned extensively, a variety of colors can be obtained.
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Colors of various coordination complexes: Changing the metal or the ligand can change the color of the coordination
complex.

Biomolecules
Coordination complexes are found in many biomolecules, especially as essential ingredients for the active site of
enzymes.

Learning Objectives

Discuss the application of coordination complexes in biomolecules.

Key Takeaways

Key Points

Coordination complexes and transition metals are an integral component of proteins, especially the class
of proteins that can perform chemical reactions, called enzymes.
It is estimated that approximately half of all proteins contain a metal.
The transition metals, particularly zinc and iron, are most often found at the active sites of enzymes.
In metalloenzymes, the metal ion is bound to the protein with one labile coordination site.

Key Terms

enzyme: A globular protein that catalyses a biological chemical reaction.
cofactor: A substance, especially a coenzyme or a metal, that must be present for an enzyme to
function.
labile: A property of transient chemical species that enables rapid synthesis and degradation of
substrates in biological systems.
Metalloprotein: A protein that contains a metal ion cofactor.
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Heme B: Heme B is a porphyrin (four linked pyrrole rings) that
readily binds iron, as shown. This is an example of a biomolecule
that contains non-protein ligands for a transition metal.

Coordination Complexes in Biology

Coordination complexes (also called coordination compounds) and transition metals are widespread in nature. They
are an integral component of proteins, especially the class of proteins that can perform chemical reactions, called
enzymes. The transition metals, particularly zinc and iron, are often key components of enzyme active sites. While
there are other biologically relevant molecules that also contain metals, coordination complexes contain a central
metal ion and are important in many biological processes.

Metalloprotein is a generic term for a protein that contains a metal ion cofactor. A large fraction of all proteins are
metalloenzymes, and they have many diverse functions including transport, storage, and signal transduction.

Coordination Chemistry Principles

In metalloproteins, metal ions are usually coordinated by nitrogen, oxygen, or sulfur centers belonging to amino acid
residues of the protein. These donor groups are often provided by side-chains on the amino acid residues.
Important donor groups include:

imidazole (a nitrogen atom donor) substituents in histidine residues
thiolate (sulfur atom) substituents in cysteinyl residues
carboxylate groups (oxygen atom) provided by aspartate

Given the diversity of metalloproteins, virtually all amino acid residues have been shown to bind metal centers. The
peptide backbone also provides donor groups; these include deprotonated amides and the amide carbonyl oxygen
centers (oxygen and nitrogen atoms as ligands ).

In addition to donor groups that are provided by amino acid residues, a large number of organic cofactors function
as ligands. Perhaps most famous are the tetradentate N4 macrocyclic ligands incorporated into the heme protein
(most commonly seen as part of hemoglobin). Inorganic ligands such as sulfide and oxide are also common.

Metalloenzymes

Metalloenzymes contain a metal ion bound to the
protein with one labile coordination site. As with all
enzymes, the shape of the active site is crucial. The
metal ion is usually located in a pocket whose shape
fits the substrate. The metal ion catalyzes reactions
that are difficult to achieve in organic chemistry.
Consider the following reaction:

This reaction is very slow in the absence of a catalyst,
but quite fast in the presence of the hydroxide ion.

A reaction similar to this is almost instantaneous with
carbonic anhydrase. The structure of the active site in
carbonic anhydrases is well known from a number of
crystal structures. It consists of a zinc ion coordinated
by three imidazole nitrogen atoms from three histidine
units. The fourth coordination site is occupied by a
water molecule.

The positively charged zinc ion polarizes the
coordinated water molecule, and the nucleophilic
attack by the negatively charged portion on carbon
dioxide proceeds rapidly. The catalytic cycle produces the bicarbonate ion and the hydrogen ion as the equilibrium
favors dissociation of carbonic acid at biological pH values.

+ O ⇌CO2 H2 H2CO3

+ ⇌CO2 OH− HCO−
3

⇌ +− +

1000



Carbonic anhydrase active site: Active site of carbonic anhydrase.
The three coordinating histidine residues are shown in green,
hydroxide in red and white, and the zinc in gray.
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ORGANIC CHEMISTRY

CLASSES OF ORGANIC COMPOUNDS

Organic Molecules and Functional Groups
Functional groups are groups of molecules attached to organic molecules and give them specific identities or
functions.

Learning Objectives

Describe the importance of functional groups to organic molecules

Key Takeaways

Key Points

Functional groups are collections of atoms that attach the carbon skeleton of an organic molecule and
confer specific properties.
Each type of organic molecule has its own specific type of functional group.
Functional groups in biological molecules play an important role in the formation of molecules like DNA,
proteins, carbohydrates, and lipids.
Functional groups include: hydroxyl, methyl, carbonyl, carboxyl, amino, phosphate, and sulfhydryl.

Key Terms

hydrophobic: lacking an affinity for water; unable to absorb, or be wetted by water
hydrophilic: having an affinity for water; able to absorb, or be wetted by water

Location of Functional Groups

Functional groups are groups of atoms that occur within organic molecules and confer specific chemical properties
to those molecules. When functional groups are shown, the organic molecule is sometimes denoted as “R.”
Functional groups are found along the “carbon backbone” of macromolecules which is formed by chains and/or
rings of carbon atoms with the occasional substitution of an element such as nitrogen or oxygen. Molecules with
other elements in their carbon backbone are substituted hydrocarbons. Each of the four types of macromolecules—
proteins, lipids, carbohydrates, and nucleic acids—has its own characteristic set of functional groups that
contributes greatly to its differing chemical properties and its function in living organisms.

1002



Properties of Functional Groups

A functional group can participate in specific chemical reactions. Some of the important functional groups in
biological molecules include: hydroxyl, methyl, carbonyl, carboxyl, amino, phosphate, and sulfhydryl groups. These
groups play an important role in the formation of molecules like DNA, proteins, carbohydrates, and lipids.

Classifying Functional Groups

Functional groups are usually classified as hydrophobic or hydrophilic depending on their charge or polarity. An
example of a hydrophobic group is the non-polar methane molecule. Among the hydrophilic functional groups is the
carboxyl group found in amino acids, some amino acid side chains, and the fatty acid heads that form triglycerides
and phospholipids. This carboxyl group ionizes to release hydrogen ions (H+) from the COOH group resulting in the
negatively charged COO– group; this contributes to the hydrophilic nature of whatever molecule it is found on. Other
functional groups, such as the carbonyl group, have a partially negatively charged oxygen atom that may form
hydrogen bonds with water molecules, again making the molecule more hydrophilic.

Examples of functional groups: The functional groups shown here are found in many
different biological molecules, where “R” is the organic molecule.

Hydrogen Bonds between Functional Groups
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Hydrogen bonds between functional groups (within the same molecule or between different molecules) are
important to the function of many macromolecules and help them to fold properly and maintain the appropriate
shape needed to function correctly. Hydrogen bonds are also involved in various recognition processes, such as
DNA complementary base pairing and the binding of an enzyme to its substrate.

Hydrogen bonds in DNA: Hydrogen bonds connect two strands of DNA together to create
the double-helix structure.

The Chemical Basis for Life

Carbon is the most important element to living things because it can form many different kinds of bonds and form
essential compounds.

Learning Objectives

Explain the properties of carbon that allow it to serve as a building block for biomolecules

Key Takeaways

Key Points

All living things contain carbon in some form.
Carbon is the primary component of macromolecules, including proteins, lipids, nucleic acids, and
carbohydrates.
Carbon’s molecular structure allows it to bond in many different ways and with many different elements.
The carbon cycle shows how carbon moves through the living and non-living parts of the environment.

Key Terms

octet rule: A rule stating that atoms lose, gain, or share electrons in order to have a full valence shell of 8
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Carbon is present in all life: All living things contain carbon in some
form, and carbon is the primary component of macromolecules,
including proteins, lipids, nucleic acids, and carbohydrates. Carbon
exists in many forms in this leaf, including in the cellulose to form the
leaf’s structure and in chlorophyll, the pigment which makes the leaf
green.

octet rule: A rule stating that atoms lose, gain, or share electrons in order to have a full valence shell of 8
electrons (has some exceptions).
carbon cycle: the physical cycle of carbon through the earth’s biosphere, geosphere, hydrosphere, and
atmosphere; includes such processes as photosynthesis, decomposition, respiration and carbonification
macromolecule: a very large molecule, especially used in reference to large biological polymers (e.g.,
nucleic acids and proteins)

Carbon is the fourth most abundant element in the universe and is the building block of life on earth. On earth,
carbon circulates through the land, ocean, and atmosphere, creating what is known as the Carbon Cycle. This
global carbon cycle can be divided further into two separate cycles: the geological carbon cycles takes place over
millions of years, whereas the biological or physical carbon cycle takes place from days to thousands of years. In a
nonliving environment, carbon can exist as carbon dioxide (CO2), carbonate rocks, coal, petroleum, natural gas, and
dead organic matter. Plants and algae convert carbon dioxide to organic matter through the process of
photosynthesis, the energy of light.

Carbon is Important to Life

In its metabolism of food and respiration, an animal
consumes glucose (C6H12O6), which combines with
oxygen (O2) to produce carbon dioxide (CO2),
water (H2O), and energy, which is given off as heat.
The animal has no need for the carbon dioxide and
releases it into the atmosphere. A plant, on the
other hand, uses the opposite reaction of an animal
through photosynthesis. It intakes carbon dioxide,
water, and energy from sunlight to make its own
glucose and oxygen gas. The glucose is used for
chemical energy, which the plant metabolizes in a
similar way to an animal. The plant then emits the
remaining oxygen into the environment.

Cells are made of many complex molecules called
macromolecules, which include proteins, nucleic
acids (RNA and DNA), carbohydrates, and lipids.
The macromolecules are a subset of organic
molecules (any carbon-containing liquid, solid, or
gas) that are especially important for life. The
fundamental component for all of these
macromolecules is carbon. The carbon atom has unique properties that allow it to form covalent bonds to as many
as four different atoms, making this versatile element ideal to serve as the basic structural component, or
“backbone,” of the macromolecules.

Structure of Carbon

Individual carbon atoms have an incomplete outermost electron shell. With an atomic number of 6 (six electrons and
six protons), the first two electrons fill the inner shell, leaving four in the second shell. Therefore, carbon atoms can
form four covalent bonds with other atoms to satisfy the octet rule. The methane molecule provides an example: it
has the chemical formula CH4. Each of its four hydrogen atoms forms a single covalent bond with the carbon atom
by sharing a pair of electrons. This results in a filled outermost shell.
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Structure of Methane: Methane has a tetrahedral geometry, with each of the four hydrogen atoms spaced
109.5° apart.
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ALIPHATIC HYDROCARBONS

Alkanes
Alkanes are relatively unreactive hydrocarbons that contain no double or triple bonds in their carbon skeletons.

Learning Objectives

Identify the basic properties of alkanes

Key Takeaways

Key Points

Alkanes are saturated hydrocarbons, which means that their carbon backbones contain no double or
triple bonds.
Due to the valence configuration of carbon, there are a variety of alkane isomers, which are commonly
separated into linear and branched structures.
Alkanes are used in a number of industrial applications and are found in natural gas and petroleum.

Key Terms

saturated hydrocarbon: A compound consisting entirely of hydrogen and carbon, composed entirely of
single bonds.
hydrocarbon: A compound consisting only of carbon and hydrogen atoms.

Alkanes, also called paraffins, are a class of hydrocarbons that are fully saturated with hydrogen. They contain no
double or triple bonds in their carbon skeletons and, therefore, have the maximum number of carbon to hydrogen
covalent bonds. This is in contrast to alkenes and alkynes, which contain double and triple bonds and are known as
unsaturated hydrocarbons.

Structure of Alkanes

Alkanes have the general formula CnH2n+2. For example, an alkane with 2 (n) carbon atoms, will have 6 (2n + 2)
hydrogen atoms. Their adjacent atoms are connected with sigma bonds and form tetrahedral centers around the
carbon atoms. As these bonds are all single bonds, there is free rotation around all connections. Each carbon atom
has four bonds (either C-H or C-C bonds), and each hydrogen atom is joined to a carbon atom (H-C bonds). A
series of linked carbon atoms is known as the carbon skeleton or carbon backbone. The number of carbon atoms is
used to define the size of the alkane (e.g., C2-alkane).
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Methane: The chemical structure of methane, a
simple alkane.

The octane molecule: The number of carbon atoms (n) in the octane molecule
is 8. The number of hydrogen atoms (2n +2) is 18.

An alkyl group, generally abbreviated with the symbol R, is a functional group or side-chain that, like an alkane,
consists solely of single-bonded carbon and hydrogen atoms; for example, R could represent a methyl or ethyl
group. An alkyl group is a piece of a molecule with the general formula (CH3)n, where n is any integer. For example,
a methyl group (CH3) is a fragment of a methane molecule (CH4). In this example, n=1.

The simplest possible alkane is methane (CH4). Saturated oils and
waxes are examples of larger alkanes where the number of carbons in
the carbon backbone is greater than ten.

In linear alkanes, the carbon atoms are joined in a snake-like structure.
In branched alkanes, the carbon backbone splits off in one or more
directions. In cyclic alkanes, the carbon backbone is linked so as to
form a loop. Cyclic and branched alkanes will be discussed in greater
detail in subsequent sections.

Nomenclature for Alkanes

Alkanes are named with the suffix “-ane” following the hydrocarbon
prefixes. The series contains methane (CH4), ethane (C2H6), propane
(C3H8), butane (C4H10), pentane (C5H12), and so on. For carbon
chains with length of 6, 7, 8, 9, and 10 atoms, the prefixes are “hex-,”
“hept-,” “oct-,” “non-,” and “dec-,” respectively.

For the higher molecular weight compounds, the four bonds formed by carbon allow for a number of variations on
the carbon skeleton. These multiple forms, which share the same molecular formula, are known as isomers. The
prefix “n-,” for normal, is reserved for the linear, unbranched forms of these alkanes.

Properties of Alkanes

The smaller members of the alkane family are gases, while the larger compounds are liquid and solid compounds.
They are commonly found in fuel sources, like natural gas and petroleum. The solid compounds are typically waxy
in texture.

Alkanes have a number of industrial applications beyond fuels, including uses in cosmetics and plastics. Alkanes
are generally less reactive than alkenes and alkynes because they lack the more reactive double and triple bonds.
However, they do participate in reactions with oxygen (combustion) and halogens.

Reactions of Alkanes

Alkanes are generally unreactive, but can participate in oxidation, halogenation, and cracking reactions.

Learning Objectives

Identify the general reactions of alkanes
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Key Takeaways

Key Points

Alkanes are stable compounds and are generally unreactive.
The most important application of alkanes is in oxidation reactions; they are used in internal combustion
engines as fuel.
Applying heat and a catalyst can crack larger, more complex alkanes and produce smaller, more useful
alkanes and alkenes.

Key Terms

cracking: The thermal decomposition of a substance, especially that of crude petroleum, in order to
produce petrol/gasoline.
radical: A group of atoms joined by covalent bonds that are characterized by a free, unpaired electron
that imparts their reactivity.
alkane: Any of the saturated hydrocarbons (including methane, ethane, and compounds with long carbon
chain known as paraffins, etc.) that have a chemical formula of the form CnH2n+2.

In comparison to alkenes and alkynes, alkanes are relatively unreactive due to the absence of a weaker pi bond in
their carbon skeletons. However, there are a few classes of reactions that are commonly performed with alkanes.

Oxidation Reactions

The most important reaction that alkanes undergo is combustion. Smaller, linear alkanes generally oxidize more
readily than larger, more branched molecules. Alkanes can be burned in the presence of oxygen to produce carbon
dioxide, water, and energy; in situations with limited oxygen, the products are carbon monoxide, water, and energy.
For this reason, alkanes are frequently used as fuel sources. The combustion of methane is shown:

Halogenation

With the addition of a halogen gas and energy, alkanes can be halogenated with the reactivity of the halogens
proceeding in the following order: Cl2>Br2>I2.

Monobromination of propane: Here, propane is brominated using diatomic bromine. The product distribution in this
reaction has to do with the stability of the intermediate radicals, a topic beyond the scope of this atom.

In this reaction, UV light or heat initiates a chain reaction, cleaving the covalent bond between the two atoms of a
diatomic halogen. The halogen radicals can then abstract protons from the alkanes, which can then combine or
react to form more radicals. Alkanes can be halogenated at a number of sites, and this reaction typically yields a
mixture of halogenated products.

Thermal Cracking

+ 2 → + 2 O +  energyCH4 O2 CO2 H2
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Thermal cracking: A Russian factory for
thermal cracking.

The complex alkanes with high molecular weights that are found in
crude oil are frequently broken into smaller, more useful alkanes by
thermal cracking; alkenes and hydrogen gas are also produced by using
this method. Thermal cracking is typically performed at high
temperatures, and often in the presence of a catalyst. A mixture of
products results, and these alkanes and alkenes can be separated by
fractional distillation.

Drawing Hydrocarbon Structures
Hydrocarbon structures can be drawn from the IUPAC names of
chemical compounds by starting with the carbon backbone and adding
substituents.

Learning Objectives

Identify the structure of a hydrocarbon from its IUPAC name

Key Takeaways

Key Points

Hydrocarbons frequently have both historical and IUPAC names; the IUPAC names can be used to draw
the chemical structures.
To draw a hydrocarbon structure, start with the carbon backbone, which can include a ring structure.
After the carbon backbone is drawn, add the substituent groups and the double and triple bonds that are
indicated by the prefixes and suffixes in the chemical name.

Key Terms

isomer: Any of two or more compounds with the same molecular formula, but with a different structure.

Hydrocarbons can be drawn in several equally valid ways. The most common method is using the bond line
formula, which is ubiquitous for its simplicity.

Bond Line Structures for Hydrocarbons

To draw a hydrocarbon using the bond line method, place your pencil on a piece of paper. This first dot represents
one carbon atom. To continue, draw a short, straight line. Now the hydrocarbon represented by the short, straight
line is two carbon atoms in length; it has two ends.

To increase the number of carbon atoms in your drawn structure, change direction and continue with a short,
straight line. In addition to the two ends, there is now a vertex that represents a third carbon atom. The angle
created by the three carbon atoms should be in the region of 110 degrees.

Extending the line with more and more vertices produces a longer carbon chain.

Note that no carbon atom is explicitly written; they are implicit from the number of vertices plus the two ends.
Additionally, no hydrogen atoms are written. Convention assumes that every bond line structure includes enough

hydrogen
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Hexane: The bond line structure of hexane can be illustrated by a
kinked line with four vertices. Each vertex, as well as the two ends,
represents a carbon atom.

Methane: Ball-and-stick model of
methane.

3-Ethyl hexane: Notice the two carbon chain that stems from the third
carbon atom in the hexane structure.

2-Pentyne: Four out of the
five carbons in 2-pentyne
are drawn in-line with one
another.

Kekulé structure for benzene:
Kekuléstructure for benzene, drawn
with the C for carbon atoms and with
all hydrogen atoms shown.

Methane structure: Notice the
shading of the hydrogen bonds to
indicate they are not all in the same
plane.

hydrogen
atoms so that
all carbon
atoms in the
structure
make four
bonds. All
non-hydrogen
and carbon
atoms should
be written
explicitly,
however.

Drawing
Carbon

Skeletons

Hydrocarbon structures
are drawn starting with
the carbon backbone,
which is the longest
branch, and are named
according to the alkane
series: one carbon,
“meth-“; two carbons,
“eth-“; three carbons,
“prop-“; etc. Compounds
that start with “cyclo-” are drawn starting with the
ring structure.

For example, 3-ethyl-hexane could be represented
by first drawing the hexane backbone, then adding
an ethyl (two-carbon) chain extending from the

third carbon of the backbone.

Drawing Double and Triple Bonds

Compounds ending with “-ane” consist of solely single bonds in the carbon
skeleton. The presence of double or triple bonds is determined by the suffix “-
ene” or “-yne,” respectively, and the positioning of the bond is defined by the
numbering in the name of the structure.

Kekulé Structures

Kekulé structures are less commonly used
than bond line structures because they are
more tedious to draw. The difference is that in
Kekulé structures, carbon atoms are signified
with C at the vertices, and hydrogen atoms
bonded to carbon are explicitly drawn.

When including an alkene bond in your
hydrocarbon structure, aim for 120 degree

bond angles about each doubly-bonded carbon. In the case of alkyne bonds,
simply draw the triple bond in-line with the carbon atoms immediately bound to the
alkyne carbons.
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Chair and boat configurations of cyclohexane: The first image represents
the chair configuration of cyclohexane, while the second represents the boat
configuration.

3D Structures

The 3D configuration for substituent groups on chemical structures is often indicated by shading bonds to indicate
those that are above and below the plane of the paper. These bond angles follow the sp, sp2, and sp3 hybridization
patterns of the atoms in the carbon backbone.

Cycloalkanes

Cycloalkanes are saturated hydrocarbons that contain a ring in their carbon backbones.

Learning Objectives

Identify the general properties of cycloalkanes

Key Takeaways

Key Points

Cycloalkanes with one ring in their carbon backbone have the chemical formula CnH2n.
Cycloalkanes are named similarly to their linear counterparts, but with the prefix “cyclo-,” such that a
three carbon ring, for example, would be cyclopropane.
The ring structure prevents cycloalkanes from achieving a tetrahedral configuration around their carbon
atoms, which produces ring strain.

Key Terms

isomer: Any of two or more compounds with the same molecular formula, but with a different structure.

General Properties of Cyclic Organic Compounds

Cycloalkanes are saturated hydrocarbons that contain a ring in their carbon backbones. Analogous ring structures
containing double and triple bonds are known as cycloalkenes and cycloalkynes. Cycloalkanes with one ring have
the chemical formula CnH2n.

Cycloalkanes, like alkanes, are subject to intermolecular forces called London dispersion forces. These weak
intermolecular interactions result in relatively low melting and boiling points. Like alkanes, cycloalkanes are not
particularly reactive, with the exception of the smallest, most strained cycloalkanes.

Cycloalkane Structures

Cycloalkanes are composed of sp3 hybridized
carbon and hydrogen atoms connected by
sigma bonds. However, unlike linear
hydrocarbons, which can achieve a more
stable tetrahedral configuration around each
carbon atom in the backbone, the bond
angles in cycloalkanes are constrained,
producing ring strain.
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Cyclobutane: Ball-and-stick model of cyclobutane.

Norbornane: Notice that norbornane
contains two 5-membered rings which
are fused. Carbon atoms 1, 4, 7 are
common to both cyclopentane rings.
(Formally named:
bicyclo[2.2.1]heptane).

In order to achieve a more optimal configuration, the rings form
puckered rather than flat structures. Cyclohexane forms a
configuration called the chair configuration, along with a less
stable boat configuration.

Cycloalkane Naming or Nomenclature

Cycloalkanes are named using the same conventions as linear
alkanes, with the prefix cyclo- added to the front of the name.
The series includes cyclopropane, cyclobutane, cyclopentane,
cyclohexane, and cycloheptane.

When naming substituted
cycloalkanes, the ring
positions are numbered to
minimize the numbering of
the appended groups.
Numbering is only
necessary when there is
more than one substituent.

Cycloalkane Isomers

The rings of cycloalkanes have two faces, and substituent groups can be
appended to either face. When two substituents occupy the same face, the
configuration is known as the cis isomer, while the isomer with substituents on
opposite faces is referred to as the trans isomer.

Polycyclic Compounds

Cyclic organic compounds can contain more than one ring. Hydrocarbons with two rings are called bicyclic, and
well-known examples are norbornane and decalin.

Decalin: Decalin, also known as bicyclo[4.4.0]decane.
Notice that the two fused cyclohexane rings have carbons
1, 6 in common.
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ALKENES AND ALKYNES

Naming Alkenes and Alkynes
Alkenes and alkynes are named similarly to alkanes, based on the longest chain that contains the double or triple
bond.

Learning Objectives

Translate between the structure and the name of an alkene or alkyne compound

Key Takeaways

Key Points

Alkenes and alkynes are named by identifying the longest chain that contains the double or triple bond.
The chain is numbered to minimize the numbers assigned to the double or triple bond.
The suffix of the compound is “-ene” for an alkene or “-yne” for an alkyne.

Key Terms

Alkenes: An unsaturated hydrocarbon containing at least one carbon–carbon double bond.
alkyne: An unsaturated hydrocarbon containing at least one carbon—carbon triple bond between two
carbon atoms.
stereoisomer: One of a set of the isomers of a compound that exhibits stereoisomerism.

Alkenes are hydrocarbons that contain one or more double bonds, while alkynes contain one or more triple bonds.
The naming conventions for these compounds are similar to those for alkanes.

Identifying and Numbering the Longest Chain

Alkene and alkyne compounds are named by identifying the longest carbon chain that contains both carbons of the
double or triple bond. This longest chain is named by the alkane series convention: “eth-” for two carbons; “prop-”
for three carbons; “but-” for four carbons; etc. The carbon backbone is numbered from the end that yields the lowest
positioning for the double or triple bond.

Adding Substituents

Substituents are added to the name as prefixes to the longest chain. Rotation is restricted around the double bond,
so prefixes can be added to differentiate stereoisomers. Cis or trans is used to indicate whether higher priority
substituents are located on the same or opposite sides of the bond. If the compound is cyclic, this information is
noted by adding the “cyclo-” prefix.

Changing the Su�x
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Next, the position of the double or triple bond is indicated using the position of the carbon in the bond with the lower
backbone number, and the suffix for the compound is changed to “-ene” for an alkene and “-yne” for an alkyne. For
cycloalkenes, the carbons in the double bond are numbered as positions 1 and 2.

Naming hexene with different substituents: Examples of substituted hex-1-enes. Remember that the 1 could go in
front of the word hexene as well. For example, the middle molecule could be named as 4-methyl-1-hexene.

For multiple double or triple bonds, “di-,” “tri-,” or “tetra-” can be added prior to the “-ene” or “-yne.” In these cases,
an extra “a” is appended to the end of the name of the alkyl chain, like in the case of butadiene. For compounds
containing both double and triple bonds, the “-ene” suffix precedes the “-yne,” and the compound is numbered to
minimize the bond positions.

Watch the video at this link.

Naming alkenes: This video shows you how to name alkene molecules using IUPAC conventions.

Properties of Alkenes

Due to the presence of a double bond in their carbon skeletons, alkenes are more reactive than their related
alkanes.

Learning Objectives

Recognize the properties of alkenes relative to alkanes

Key Takeaways

Key Points

Alkenes are generally more reactive than their related alkanes due to the relative instability of the pi bond.
The melting and boiling points of alkenes are dictated by the regularity with which they can pack and the
surface area of interaction.
Rotation is restricted around the double bond in alkenes, resulting in diastereoisomers with different
substitution patterns around the double bond.

Key Terms

diastereoisomer: A stereoisomer having multiple chiral centers; one cannot normally be superimposed
on the mirror image of another.

Alkene Structures
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Ethylene: A space-filling model of ethylene, the simplest alkene,
showing its planar structure.

Thermal cracking: The factory of the Shukhov
cracking process by the great Russian engineer and
scientist Vladimir Shukhov (1853-1939) in 1934. In
petroleum geology and chemistry, thermal cracking
is the process whereby complex organic molecules
such as kerogens or heavy hydrocarbons are
broken down into simpler molecules such as light
hydrocarbons, by the breaking of carbon-carbon
bonds in the precursors.

Alkenes contain a double bond that is composed of
one sigma and one pi bond between two carbon
atoms. The sigma bond has similar properties to
those found in alkanes, while the pi bond is more
reactive. The carbon atoms in the double bond are
sp2 hybridized, forming a planar structure. Rotation
around the double bond is disfavored, so alkenes
form fairly stable isomers depending on the
positioning of substituents on the same (cis) or
opposite (trans) sides of the double bond. These
isomers are called diastereoisomers.

Physical Properties of Alkenes

The melting and boiling points of alkenes are determined by the
regularity of the packing, or the closeness, of these molecules.
Alkene isomers that can achieve more regular packing have higher
melting and boiling points than molecules with the same molecular
formula but weaker dispersion forces. Alkenes are non-polar, and
they are both immiscible in water and less dense than water. They
are generally soluble in organic solvents. In addition, they do not
conduct electricity.

Reactivity of Alkenes

Alkenes are more reactive than their related alkanes due to the
relative instability of the double bond. They are more likely to
participate in a variety of reactions, including combustion, addition,
hydrogenation, and halogenation reactions. Alkenes can also be
reacted, typically in the presence of a catalyst, to form polymers.

Applications

Large amounts of ethylene are produced from natural gas via
thermal cracking. It is an important raw material for the synthesis of a number of plastics.

Reactions of Alkenes and Alkynes
Alkenes and alkynes are more reactive than alkanes due to their pi bonds.

Learning Objectives

Give examples of the various reactions that alkenes and alkynes undergo

Key Takeaways

Key Points
Addition reactions involving alkenes and alkynes include hydrogenation, halogenation, and
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Diels-Alder reaction: Here, the reaction of 1,3-
butadiene (the diene) reacts with ethylene (the
dienophile) to produce cyclohexene.

Addition reactions involving alkenes and alkynes include hydrogenation, halogenation, and
hydrohalogenation.
Alkenes and alkynes are useful reagents in polymer synthesis—an important industrial application.
Hydrogenation reactions typically employ a metallic catalyst consisting of platinum, nickel, palladium, or
rhodium.

Key Terms

Markovnikov’s rule: States that, with the addition of a protic acid HX to an alkene, the acid hydrogen (H)
becomes attached to the carbon with fewer alkyl substituents, and the halide (X) group becomes attached
to the carbon with more alkyl substituents.
polymer: A long or larger molecule consisting of a chain or network of many repeating units; formed by
chemically bonding together many identical or similar small molecules called monomers.

Reactions of Alkenes and Alkynes

Alkenes and alkynes are generally more reactive than alkanes due to the electron density available in their pi bonds.
In particular, these molecules can participate in a variety of addition reactions and can be used in polymer formation.

Addition Reactions

Unsaturated hydrocarbons can participate in a number of different addition reactions across their double or triple
bonds.

Addition reactions: Alkenes participate in a variety of addition reactions.

These addition reactions include catalytic hydrogenation (addition of H2), halogenation (reaction with X2, where X is
a halogen ), and hydrohalogenation (reaction with H-X, where X is a halogen), among others.

Cycloaddition

Alkenes undergo diverse cycloaddition reactions. Most notable is the Diels–Alder reaction with 1,3-dienes to give
cyclohexenes.

This general reaction has been extensively developed, and
electrophilic alkenes and alkynes are especially effective
dienophiles. Cycloaddition processes involving alkynes are often
catalyzed by metals.

Oxidation

Oxidation of alkynes by strong oxidizing agents such as potassium
permanganate or ozone will yield a pair of carboxylic acids. The general reaction can be pictured as:

RC ≡ H + HCR′ − →−−−
KMnO4

RCO2 R′CO2
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By contrast, alkenes can be oxidized at low temperatures to form glycols. At higher temperatures, the glycol will
further oxidize to yield a ketone and a carboxylic acid:

Here, we have 3-methyl-2-butene oxidizing to form acetone and acetic acid.

Hydrogenation

In the presence of a catalyst—typically platinum, palladium, nickel, or rhodium—hydrogen can be added across a
triple or a double bond to take an alkyne to an alkene or an alkene to an alkane. In practice, it is difficult to isolate
the alkene product of this reaction, though a poisoned catalyst—a catalyst with fewer available reactive sites—can
be used to do so. As the hydrogen is immobilized on the surface of the catalyst, the triple or double bonds are
hydrogenated in a syn fashion; that is to say, the hydrogen atoms add to the same side of the molecule.

Halogenation

Alkenes and alkynes can also be halogenated with the halogen adding across the double or triple bond, in a similar
fashion to hydrogenation. The halogenation of an alkene results in a dihalogenated alkane product, while the
halogenation of an alkyne can produce a tetrahalogenated alkane.

Hydrohalogenation

Alkenes and alkynes can react with hydrogen halides like HCl and HBr. Hydrohalogenation gives the corresponding
vinyl halides or alkyl dihalides, depending on the number of HX equivalents added. The addition of water to alkynes
is a related reaction, except the initial enol intermediate converts to the ketone or aldehyde. If the alkene is
asymmetric, the reaction will follow Markovnikov’s rule—the halide will be added to the carbon with more alkyl
substituents.

Markovnikov’s rule: This rule dictates that the addition of a hydrogen halide (HX, in the case of HBr) to an
alkene will lead to a product where the hydrogen is attached to the carbon with fewer alkyl substituents, while
the halide group is attached to the carbon with more alkyl substituents.

Hydration

Water can be added across triple bonds in alkynes to yield aldehydes and ketones for terminal and internal alkynes,
respectively. Hydration of alkenes via oxymercuration produces alcohols. This reaction takes place during the
treatment of alkenes with a strong acid as the catalyst.

( C C = + HH3 )2 CHCH3 − →−−−
heat

KMnO4
H3CCOCH3 H3CCO2
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AROMATIC HYDROCARBONS

Naming Aromatic Compounds
Aromatic compounds are named based on the number and type of substituents on the ring.

Learning Objectives

Recognize the methods for naming aromatic compounds, including IUPAC nomenclature and historical names

Key Takeaways

Key Points

For substituted benzene rings where the substituent contains more than six carbons, the benzene ring is
noted by using a phenyl prefix on the alkane name.
For substituted benzene rings where the substituent contains less than six carbons, the alkyl chain is
added as a prefix with the ending changed to -yl.
For benzene rings with multiple substituents, the ring atoms are numbered to minimize the numbering of
the substituents groups; alternatively, ortho/meta/para nomenclature can be used for disubstituted rings.

Key Terms

ortho: A prefix used to name an aromatic ring with two adjacent substituents.
meta: A prefix used to name an aromatic ring with two substituents separated by one carbon on the ring.
para: A prefix used to name an aromatic ring with two substituents directly across from one another on
the ring.

Aromatic compounds are ring structures with unusual stability due to delocalized pi electron density that is shared
between all of the carbon atoms in the ring.

There are a number of historically common names for aromatic structures. These names are frequently used in
favor of standardized IUPAC nomenclature. For example, methylbenzene is often referred to as toluene, and
dimethylbenzene is often called xylene.

Watch the video at this link.

Naming aromatic compounds: This nomenclature tutorial video takes you through the IUPAC rules for benzene
type molecules and includes the common names for substituted benzene.

Aromatic Compounds with a Single Substituent

When there is a single substituent on a benzene ring and the substituent contains six or fewer carbons, the
substituent is included as a prefix to benzene. Alkyl groups are named according to the alkane series convention
ending with -yl: methyl (for a single carbon), ethyl (for two carbons), propyl (for three carbons), etc.
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If the substituent contains more than six carbons, the alkane portion is named first, and the aromatic ring portion is
added as a suffix. For instance, an aromatic ring bonded to an 8-carbon chain would be 1-phenyloctane, and not
octylbenzene.

Aromatic Compounds with Multiple Substituents

When there are multiple substituents, ring atoms are numbered to minimize the numbers assigned to the substituted
positions.

Disubstituted benzene rings can be named based on the relative positions of the substituents: the prefix ortho– is
used if the substituents occupy adjacent positions on the ring (1,2), meta– is used if the substituents are separated
by one ring position (1,3), and para– if they are found on opposite sides of the ring (1,4).

p-Xylene: Chemical structure of 1,4-dimethylbenzene, better known as
para-xylene.

Properties of Aromatic Compounds
Aromatic compounds are ring structures with delocalized  electron density that imparts unusual stability.

Learning Objectives

Recognize the general properties of aromatic compounds

Key Takeaways

Key Points

Aromatic compounds are cyclic compounds in which all ring atoms participate in a network of  bonds,
resulting in unusual stability.
Aromatic compounds are less reactive than alkenes, making them useful industrial solvents for nonpolar
compounds.
Aromatic compounds are produced from petroleum and coal tar.

Key Terms

aromatic hydrocarbon: A compound having a closed ring of alternate single and double bonds with
delocalized electrons.
aromaticity: The property of organic compounds that have at least one conjugated ring of alternate
single and double bonds, and exhibit extreme stability.

Aromatic Compounds

π

π
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Benzene: Benzene can only be fully depicted with all of its resonance
structures, which show how its pi-electrons are delocalized throughout its
six-carbon ring. This delocalization leads to a lower overall energy for the
molecule, giving it greater stability.

Electrophilic Aromatic Substitution: The electron-rich
benzene makes a bond with an electron-deficient chemical
species (E+, the electrophile) which takes the place of an H-
atom in the original structure. The reaction preserves the pi
system of electrons and therefore the aromatic character of
the benzene ring.

Aromatic compounds, originally named because of their fragrant properties, are unsaturated hydrocarbon ring
structures that exhibit special properties, including unusual stability, due to their aromaticity. They are often
represented as resonance structures containing single and double bonds. However, the bonding is stronger than
expected for a conjugated structure, and it is more accurately depicted as delocalized electron density shared
between all the atoms in the ring.

Structure of Aromatic
Compounds

Aromatic compounds are cyclic structures in
which each ring atom is a participant in a  bond,
resulting in delocalized  electron density on both
sides of the ring. Due to this connected network
of  bonds, the rings are planar, unlike the boat
or table structures typical of cycloalkanes.

Physical Properties of Aromatic
Compounds

Aromatic compounds are generally nonpolar and
immiscible with water. As they are often
unreactive, they are useful as solvents for other
nonpolar compounds. Due to their high ratio of
carbon to hydrogen, aromatic compounds are
characterized by a sooty yellow flame.

Reactivity of Aromatic
Compounds

The double bonds in aromatic compounds are less likely to
participate in addition reactions than those found in typical
alkenes. Instead, cyclic aromatic compounds undergo
electrophilic substitution reactions (reactions in which the
ring acts as an nucleophile to a suitable electrophile). When
benzene participates in such substitution reactions, the
product retains the stability associated with the aromatic 
electron system. This stability is lost in electrophilic addition
because the product is not aromatic.

Sources of Aromatic Compounds

Aromatic compounds are produced from a variety of
sources, including petroleum and coal tar. Poly-aromatic hydrocarbons are components of atmospheric pollution
and are known carcinogens. Aromatic compounds are also interesting because of their presumed role in the origin
of life as precursors to nucleotides and amino acids.

Watch the video at this link.

Ortho, meta, and para nomenclature of aromatic compounds: This nomenclature tutorial video takes you
through the IUPAC rules for naming disubstituted benzene compounds using ortho-, meta-, and para- prefixes.

Reactions of Aromatic Compounds
Aromatic compounds can participate in a range of reactions including substitution, coupling, and hydrogenation
reactions.

π
π

π

π
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Learning Objectives

Give examples of the types of reactions that aromatic compounds typically undergo

Key Takeaways

Key Points

Aromatic compounds or arenes undergo substitution reactions, in which the aromatic hydrogen is
replaced with an electrophile, hence their reactions proceed via electrophilic substitution.
Arenes contain double bonds just like alkenes but they do not undergo electrophilic addition because
these would result to their loss of ring aromaticity.
The order of substitution on aromatic compounds is governed by the nature of substituents present in the
aromatic ring.
In electrophilic aromatic substitution reactions, a carbocation is generated while in nucleophilic aromatic
substitutions, a carboanion is generated.
Hydrogenation reactions convert aromatic compounds into saturated compounds.
Metal cross-coupling such as Suzuki reaction allows formation of carbon-carbon bonds between two or
more aromatic compounds.

Key Terms

electrophile: A compound or functional group that is attractive to, and accepts electrons; accepts an
electron pair from a nucleophile to form a bond.
hydrogenation: The chemical reaction of hydrogen with another substance, especially with an
unsaturated organic compound, and usually under the influence of temperature, pressure, and catalysts.
nucleophile: A compound or functional group that is attractive to centers of positive charge and donates
electrons; donates an electron pair to an electrophile to form a bond.

The benzene ring is frequently noted for the stability it gains from its aromaticity. However, aromatic compounds can
participate in a variety of chemical reactions, including a range of substitution, coupling, and hydrogenation
reactions. The electrons in the pi system of the benzene ring are responsible for the reactivity observed. While
aromatic compounds are best represented by a continuous electron density evenly distributed around the aromatic
core, the alternating single and double bonds that are commonly drawn are very useful when predicting the
reactivity of aromatic compounds. Many reactions common to alkenes (carbon-carbon double bonds) also function
in a similar fashion with the “double bonds” in aromatic compounds, though generally the activation barrier is higher
due to the stabilizing force of aromaticity (ca. 36 kcal/mol).

Aromatic Substitution

An example of an aromatic substitution reaction is shown below. In the presence of strong sulfuric and nitric acid, a
nitro group can be added to the ring.
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Electrophilic aromatic substitution (EAS): This reaction
mechanism takes place from bottom to top. EAS occurs ortho or
para to electron donating groups, such as amines, due to the
stabilization of the intermediate positive charge. The four structures
drawn in the middle of the diagram are all resonance structures.
Due to the electrons provided by the NH2 group, this intermediate is
stabilized, and the para-substitution is favored. As an exercise, draw
out the stabilization of the positive charge when ortho substitution
occurs.

Aromatic substitution: Example of an aromatic substitution reaction. The double
bond attacks the NO2 cation, then a proton (hydrogen cation) is lost to rearomatize
the system.

Nucleophilic Aromatic Substitutions

In a nucleophilic aromatic substitution reaction, a nucleophile displaces a substituent on an aromatic ring. The
replaced species is typically a good leaving group, like nitrogen gas or a halide ion. The presence of an electron-
withdrawing group on the ring can speed up the progress of this class of reactions. Chemically, this is similar to an
addition reaction to a Michael acceptor or other electron-deficient, unsaturated system, followed by an elimination
reaction.

Electrophilic Aromatic Substitutions

In an electrophilic aromatic substitution reaction, a
substituent on an aromatic ring is displaced by an
electrophile. These reactions include aromatic
nitration, aromatic halogenation, aromatic sulfonation,
and Friedel-Crafts acylations and alkylations. These
reactions can involve a resonance-stabilized
carbocation intermediate known as a sigma complex.
The reactivity can be thought of in terms of an alkene
attacking a cationic species, such as in the first step
of an acid-catalyzed hydration of an alkene.

A number of patterns have been observed regarding
the reaction of substituted benzene rings. These
observations have been generalized to provide a
predictive rule for electrophilic aromatic substitutions.
It states that an electron-donating substituent
generally accelerates substitution and directs
reactivity toward the positions that are ortho and para
to it on the ring, while an electron-withdrawing
substituent will slow reaction progress and favor the
meta position on the ring.

Coupling Reactions

Coupling reactions are reactions involving a metal
catalyst that can result in the formation of a carbon-
carbon bond between two radicals.

Hydrogenation

Hydrogenation can be used to create a fully saturated ring system. This is similar to the hydrogenation of an alkene
to form an alkane, albeit more difficult due to the stability of the aromatic system.
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FUNCTIONAL GROUP NAMES, PROPERTIES, AND
REACTIONS

Functional Groups
Functional groups refer to specific atoms bonded in a certain arrangement that give a compound certain physical
and chemical properties.

Learning Objectives

Define the term “functional group” as it applies to organic molecules

Key Takeaways

Key Points

Functional groups are often used to “functionalize” a compound, affording it different physical and
chemical properties than it would have in its original form.
Functional groups will undergo the same type of reactions regardless of the compound of which they are
a part; however, the presence of certain functional groups within close proximity can limit reactivity.
Functional groups can be used to distinguish similar compounds from each other.

Key Terms

functional group: A specific grouping of elements that is characteristic of a class of compounds, and
determines some properties and reactions of that class.
functionalization: Addition of specific functional groups to afford the compound new, desirable
properties.

The Role of Functional Groups

In organic chemistry, a functional group is a specific group of atoms or bonds within a compound that is responsible
for the characteristic chemical reactions of that compound. The same functional group will behave in a similar
fashion, by undergoing similar reactions, regardless of the compound of which it is a part. Functional groups also
play an important part in organic compound nomenclature; combining the names of the functional groups with the
names of the parent alkanes provides a way to distinguish compounds.

The atoms of a functional group are linked together and to the rest of the compound by covalent bonds. The first
carbon atom that attaches to the functional group is referred to as the alpha carbon; the second, the beta carbon;
the third, the gamma carbon, etc. Similarly, a functional group can be referred to as primary, secondary, or tertiary,
depending on if it is attached to one, two, or three carbon atoms.
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Classification of alcohols: Alcohols are a common functional group (-OH). They can be classified as primary, secondary, or
tertiary, depending on how many carbon atoms the central carbon is attached to.

Functional Groups and Reactivity

Functional groups play a significant role in directing and controlling organic reactions. Alkyl chains are often
nonreactive, and the direction of site-specific reactions is difficult; unsaturated alkyl chains with the presence of
functional groups allow for higher reactivity and specificity. Often, compounds are functionalized with specific groups
for a specific chemical reaction. Functionalization refers to the addition of functional groups to a compound by
chemical synthesis. Through routine synthesis methods, any kind of organic compound can be attached to the
surface. In materials science, functionalization is employed to achieve desired surface properties; functional groups
can also be used to covalently link functional molecules to the surfaces of chemical devices.

In organic chemistry, the most common functional groups are carbonyls (C=O), alcohols (-OH), carboxylic acids
(CO2H), esters (CO2R), and amines (NH2). It is important to be able to recognize the functional groups and the
physical and chemical properties that they afford compounds.

Watch the video at this link.

Organic chemistry functional groups lesson: This video provides a great overview of the various functional
groups in organic chemistry.

Alcohols

Alcohols are functional groups characterized by the presence of an -OH group.

Learning Objectives

Identify the general properties of the alcohol functional group

Key Takeaways

Key Points

Due to the presence of an -OH group, alcohols can hydrogen bond. This leads to higher boiling points
compared to their parent alkanes.
Alcohols are polar in nature. This is attributed to the difference in electronegativity between the carbon
and the oxygen atoms.
In chemical reactions, alcohols often cannot leave the molecule on their own; to leave, they often become
protonated to water, which is a better leaving group. Alcohols also can become deprotonated in the
presence of a strong base.
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The alcohol functional group: Alcohols are
characterized by the presence of an -OH
group, which is generally in a bent shape, like
that of water.

Key Terms

alkane: Any of the saturated hydrocarbons—including methane, ethane, and compounds with long
carbon chain known as paraffins, etc.— that have a chemical formula of the form CnH2n+2.
aldehyde: Any of a large class of reactive organic compounds (R·CHO) having a carbonyl functional
group attached to one hydrocarbon radical and a hydrogen atom.
carboxylic acid: Any of a class of organic compounds containing a carboxyl functional group—a carbon
with a double bond to an oxygen and a single bond to another oxygen, which is in turn bonded to a
hydrogen.
leaving group: In organic chemistry, the species that leaves the parent molecule following a substitution
reaction.

Alcohols are organic compounds in which the hydroxyl functional group (-OH) is bound to a carbon atom. Alcohols
are an important class of molecules with many scientific, medical, and industrial uses.

Nomenclature of Alcohols

According to the IUPAC nomenclature system, an alcohol is named by dropping the terminal “-e” of the parent
carbon chain (alkane, alkene, or alkyne in most cases) and the addition of “-ol” as the ending. If the location of the
hydroxyl group must be specified, a number is inserted between the parent alkane name and the “-ol” (propan-1-ol)
or before the IUPAC name (1-propanol). If a higher priority group is present, such as an aldehyde, ketone or
carboxylic acid, then it is necessary to use the prefix “hydroxy-” instead of the ending “-ol.”

Alcohols are classified as primary, secondary, or tertiary, based upon the number of carbon atoms connected to the
carbon atom that bears the hydroxyl group.

Structure and Physical Properties of Alcohols

The structure of an alcohol is similar to that of water, as it has a bent
shape. This geometrical arrangement reflects the effect of electron
repulsion and the increasing steric bulk of the substituents on the central
oxygen atom. Like water, alcohols are polar, containing an unsymmetrical
distribution of charge between the oxygen and hydrogen atoms. The high
electronegativity of the oxygen compared to carbon leads to the
shortening and strengthening of the -OH bond. The presence of the -OH
groups allows for hydrogen bonding with other -OH groups, hydrogen
atoms, and other molecules. Since alcohols are able to hydrogen bond,
their boiling points are higher than those of their parent molecules.

Alcohols are able to participate in many chemical reactions. They often undergo deprotonation in the presence of a
strong base. This weak acid behavior results in the formation in an alkoxide salt and a water molecule. Hydroxyl
groups alone are not considered good leaving groups. Often, their participation in nucleophilic substitution reactions
is instigated by the protonation of the oxygen atom, leading to the formation a water moiety—a better leaving group.
Alcohols can react with carboxylic acids to form an ester, and they can be oxidized to aldehydes or carboxylic acids.

Alcohols have many uses in our everyday world. They are found in beverages, antifreeze, antiseptics, and fuels.
They can be used as preservatives for specimens in science, and they can be used in industry as reagents and
solvents because they display an ability to dissolve both polar and non-polar substances.

Ethers

Ethers are a class of organic compounds characterized by an oxygen atom connected to two alkyl or aryl groups.

Learning Objectives

Define the term “ether” as it relates to organic compounds
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Ethers: The general structure of an ether. An ether is
characterized by an oxygen bonded to two alkyl or aryl groups,
represented here by R and R’. The substituents can be, but do
not need to be, the same.

Key Takeaways

Key Points

Ethers have relatively low boiling points due to their inability to form hydrogen bonds with each other.
Due to the electronegativity difference between the oxygen and carbon atoms of an ether, the molecule is
slightly polar.
Although they have low reactivity overall, the two lone pairs of electrons on the oxygen atom do afford the
ether molecule some reactivity; the ether molecule is subject to reacting with strong acids and serves as
a Lewis base.

Key Terms

alkene: An unsaturated, aliphatic hydrocarbon with one or more carbon–carbon double bond.
ester: A compound most often formed by the condensation of an alcohol and an acid, with elimination of
water. It contains the functional group C=O joined via carbon to another oxygen atom.
ether: Compound containing an oxygen atom bonded to two hydrocarbon groups.
amide: Any derivative of an oxoacid in which the hydroxyl group has been replaced with an amino or
substituted amino group; especially such derivatives of a carboxylic acid, the carboxamides.

Structure of Ethers

Ethers are a class of organic compounds that contain an ether group. An ether group is an oxygen atom connected
to two alkyl or aryl groups. They follow the general formula R-O-R’. The C-O-C linkage is characterized by bond
angles of 104.5 degrees, with the C-O distances being about 140 pm. The oxygen of the ether is more
electronegative than the carbons. Thus, the alpha hydrogens are more acidic than in regular hydrocarbon chains.

Nomenclature of Ethers

There are two ways to name ethers. The most common
way is to identify the alkyl groups on either side of the
oxygen atom in alphabetical order, then write “ether.” For
example, ethyl methyl ether is the ether that has an ethyl
group and a methyl group on either side of the oxygen
atom. If the two alkyl groups are identical, the ether is
called di[alkyl] ether. For example, diethyl ether is the
ether with an ethyl group on each side of the oxygen
atom.

The other way of naming ethers is the formal, IUPAC
method. This way, the form is: [short alkyl chain][oxy]
[long alkyl chain]. For example, the IUPAC name for

ethyl methyl ether would be methoxyethane.

In cyclic ethers, the stem of the compound is known as a oxacycloalkane. The “oxa” is an indicator of the
replacement of the carbon by an oxygen in the ring. An example is oxacyclopentane, a five-membered ring in which
there are four carbon atoms and one oxygen atom.

Properties of Ethers

Ethers are rather nonpolar due to the presence of an alkyl group on either side of the central oxygen. The presence
of the bulky alkyl groups that are adjacent to it means that the oxygen atom is largely unable to participate in
hydrogen bonding. Ethers, therefore, have lower boiling points compared to alcohols of similar molecular weight.
However, as the alkyl chain of the ethers becomes longer, the difference in boiling points becomes smaller. This is
due to the effect of increased Van der Waals interactions as the number of carbons increases, and therefore the
number of electrons increases as well. The two lone pairs of electrons present on
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Tetrahydrofuran (THF): The
common name of the cyclic ether
“oxacyclopentane” is
tetrahydrofuran, or THF. It is a
common organic solvent that is
miscible with water.

number of electrons increases as well. The two lone pairs of electrons present on
the oxygen atoms make it possible for ethers to form hydrogen bonds with water.
Ethers are more polar than alkenes, but not as polar as esters, alcohols or
amides of comparable structures.

Reactions

Ethers have relatively low chemical reactivity, but they are still more reactive than
alkanes. Although they resist undergoing hydrolysis, they are often cleaved by
acids, which results in the formation of an alkyl halide and an alcohol. Ethers tend
to form peroxides in the presence of oxygen or air. The general formula is R-O-O-
R’. Ethers can serve as Lewis and Bronsted bases, serving to donate electrons in
reactions, or accept protons. Ethers can be formed in the laboratory through the
dehydration of alcohols (2R-OH → R-O-R + H2O at high temperature),
nucleophilic displacement of alkyl halides by alkoxides (R-ONa + R’-X → R-O-R’
+ NaX), or electrophilic addition of alcohols to alkenes (R2C=CR2 + R-OH →
R2CH-C(-O-R)-R2).

Aldehydes and Ketones

Aldehydes and ketones are classes of organic compounds that contain a carbonyl (C=O) group.

Learning Objectives

Identify the general properties of ketones and aldehydes

Key Takeaways

Key Points

The carbonyl functional group is a carbon double bonded to an oxygen. Depending on the location of the
carbonyl group, it is termed differently; ketones contain the carbonyl inside the compound and aldehydes
contain the carbonyl at the end of the organic compound.
Ketones and aldehydes can undergo keto- enol tautomerism. This refers to the equilibrium between the
two possible tautomers. The interconversion of the two forms involves the movement of a proton and the
shifting of bonding electrons. This equilibrium affords the compounds more reactivity.
Ketones and aldehydes participate in a variety of reactions. They can undergo oxidation reactions, in
which they become oxidized to the corresponding carboxylic acids.

Key Terms

tautomerism: A form of isomerism in which a dynamic equilibrium between multiple isomers exists, such
as that between an enol and a ketone.
oxidize: To increase the valence (the positive charge) of an element by removing electrons.
aldehyde: An organic compound containing a formyl group, which is a functional group with the structure
R-CHO.
sp2: Hybrid orbital that forms when one pi bond is required for the double bond, and only three σ bonds
are formed per carbon atom. The 2s orbital is mixed with only two of the three 2p orbitals.
ketone: A compound containing an oxygen atom joined to a carbon atom by a double bond.

In organic chemistry, a carbonyl group is a functional group which has a carbon double bonded to an oxygen atom:
C=O.
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Ketone: A ketone is a type of organic
compound where a carbonyl group bonds to
two other carbon atoms of the carbon
backbone.

Aldehyde: An aldehyde is characterized by
the presence of a carbonyl functional group at
the end of a compound’s carbon skeleton.

Keto-enol tautomers: There exists an equilibrium between the ketone and the enol forms, which involves a shifting of the double
bond and the movement of a proton.

Ketones

When a carbonyl functional group is placed within a molecule, it is known as a ketone. Ketones are organic
compounds with the structure RC(=O)R’, where R and R’ can be a variety of carbon-containing substituents. IUPAC
nomenclature rules dictate that ketone molecules are named by changing the suffix of the parent carbon molecule to
“-one.” If the position of the ketone must be specified, then a number is placed between the parent chain name and
the “-one” prefix (e.g., propan-2-one), or at the beginning of the IUPAC name. The prefixes “oxo-” and “keto-” are
used to describe the ketone functional group.

The ketone carbon is sp2 hybridized, and it adopts a trigonal planar
geometry around the ketonic carbon. As such, the C–C–O and C–C–C
bond angles are approximately 120 degrees. Due to the carbonyl group,
ketones are polar and are able to interact with other compounds through
hydrogen bonding; this hydrogen bond capability makes ketones more
soluble in water than related methylene compounds. Ketones are not
usually hydrogen bond donors, and they tend not to exhibit intermolecular
attractions with other ketones. As a result, ketones are often more volatile
than alcohols and carboxylic acids of comparable molecular weights.
Ketones have alpha -hydrogens which participate in keto-enol
tautomerism. In the presence of a strong base, enolate formation and
subsequent deprotonation of the enolate will occur.

Aldehydes

An aldehyde is an organic
compound that contains a
carbonyl group with the central
carbon bonded to a hydrogen and R group (R-CHO). Aldehydes differ
from ketones in that the carbonyl is placed at the end of the carbon
skeleton rather than between two carbon atoms of the backbone. Like
ketones, aldehydes are sp2 hybridized and can exist in the keto or enol
tautomer. Aldehydes are named by dropping the suffix of the parent
molecule, and adding the suffix “-al.” For instance, a three-carbon chain
with an aldehyde group on a terminal carbon would be propanal. If there
are higher order functional groups on the compound, the prefix “oxo-” can
be used to indicate which carbon atom is part of the aldehyde group. If
the location of the aldehyde must be specified, a number can be used in
between the parent chain and suffix, or at the beginning of the compound
name.

Similarities of Aldehydes and Ketones

Both aldehydes and ketones exist in an equilibrium with their enol forms; the enol form is defined as an alkene with
a hydroxyl group affixed to one of the carbon atoms composing the double bond. The keto form predominates at
equilibrium for most ketones. However, the enol form is important for some reactions because the deprotonated
enolate form is a strong nucleophile. The equilibrium is strongly thermodynamically driven, and at room temperature
the keto form is favored. The interconversion can be catalyzed by the presence of either an acid or a base.
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Keto-enol tautomerism: The interconversion between the two forms can be catalyzed by an acid or a
base.

Ketone and Aldehyde Spectroscopy

Both ketones and aldehydes can be identified by spectroscopic methods. They display strong CO absorption bands
near 1700 cm-1. In NMR spectroscopy, the carbonyl hydrogen shows a strong absorption peak, and any coupling to
protons on the alpha carbon will also show strong signals.

Ketones and aldehydes can both be readily reduced to alcohols, usually in the presence of a strong reducing agent
such as sodium borohydride. In the presence of strong oxidizing agents, they can be oxidized to carboxylic acids.
As electrophiles, they are subject to attack by nucleophiles, meaning they participate in many nucleophilic addition
reactions.

Carboxylic Acids

Carboxylic acids are organic acids that contain a carbon atom that participates in both a hydroxyl and a carbonyl
functional group.

Learning Objectives

Recognize the general properties of carboxylic acids
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A carboxylic acid: Carboxylic acids are organic
oxoacids characterized by the presence of at least
one carboxyl group, which has the formula -
C(=O)OH, usually written as -COOH or -CO2H.

Hydrogen bonding between carboxylic acids: Carboxylic
acids hydrogen bond with themselves, giving them an
increased level of stability.

Key Takeaways

Key Points

Carboxylic acids are used as precursors to form other compounds such as esters, aldehydes, and
ketones.
Carboxylic acids can exhibit hydrogen bonding with themselves, especially in non- polar solvents; this
leads to increased stabilization of the compounds and elevates their boiling points.
Since they contain both hydroxyl and carbonyl functional groups, carboxylic acids participate in hydrogen
bonding as both hydrogen acceptors and hydrogen donors.

Key Terms

nitrile: Any of a class of organic compounds containing a cyano functional group (-C≡N).
olefin: Any of a class of unsaturated, open-chain hydrocarbons such as ethylene; an alkene with only
one carbon-carbon double bond.
ester: A compound most often formed by the condensation of an alcohol and an acid, with elimination of
water. It contains the functional group C=O joined via carbon to another oxygen atom.

A carboxyl group (COOH) is a functional group consisting of a carbonyl group (C=O) with a hydroxyl group (O-H)
attached to the same carbon atom. Carboxyl groups have the formula -C(=O)OH, usually written as -COOH or
CO2H. Carboxylic acids are a class of molecules which are characterized by the presence of one carboxyl group. As
proton donors, carboxylic acids are characterized as Brønsted-Lowry acids. Acids with two or more carboxylic
groups are called dicarboxylic, tricarboxylic, etc. Salts and esters of carboxylic acids are called carboxylates.
Carboxylate ions are resonance-stabilized. This increased stability leads to increased acidity compared to that of
alcohols. Generally, in IUPAC nomenclature, carboxylic acids have an “-oic acid ” suffix, although “-ic acid” is the
suffix most commonly used.

Physical Properties of Carboxylic Acids

Carboxylic acids act as both hydrogen bond acceptors, due to the
carbonyl group, and hydrogen bond donors, due to the hydroxyl
group. As a result, they often participate in hydrogen bonding.
Carboxylic acids usually exist as dimeric pairs in nonpolar media
because of their tendency to “self-associate.” This tendency to
hydrogen bond gives them increased stability as well as higher
boiling points relative to the acid in aqueous solution. Carboxylic
acids are polar molecules; they tend to be soluble in water, but as
the alkyl chain gets longer, their solubility decreases due to the
increasing hydrophobic nature of the carbon chain. Carboxylic
acids are characterized as weak acids, meaning that they do not
fully dissociate to produce H+ cations in a neutral aqueous
solution.

Spectroscopy of Carboxylic Acids

Carboxylic acids can be characterized by IR spectroscopy;
they exhibit a sharp band associated with vibration of the C-
O bond between 1680 and 1725 cm-1. Additionally, a broad
peak appears in the 2500 to 3000 cm-1 region. By 1H NMR
spectroscopy, the hydroxyl hydrogen appears in the 10–13
ppm region, although it is often either broadened or not
observed owing to exchange with traces of water.
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Applications and Reactivity of Carboxylic Acids

Carboxylic acids are used in the production of polymers, pharmaceuticals, solvents, and food additives. As such,
they are often produced industrially on a large scale. Carboxylic acids are generally produced from oxidation of
aldehydes and hydrocarbons, and base catalyzed dehydrogenation of alcohols. They can be produced in the
laboratory for small scale reactions via the oxidation of primary alcohols or aldehydes, oxidative cleavage of olefins,
and through the hydrolysis of nitriles, esters, or amides.

Carboxylic acids are widely used as precursors to produce other compounds. Upon exposure to a base, the
carboxylic acid is deprotonated and forms a carboxylate salt. They also react with alcohols to produce esters and
can undergo reduction reactions by hydrogenation or the use of reducing agents. There are also various specialized
reactions that carboxylic acids participate in that lead to the formation of amines, aldehydes, and ketones.

Esters
Esters are functional groups produced from the condensation of an alcohol with a carboxylic acid, and are named
based on these components.

Learning Objectives

Identify the general properties of the ester functional group

Key Takeaways

Key Points

Esters are a functional group commonly encountered in organic chemistry. They are characterized by a
carbon bound to three other atoms: a single bond to a carbon, a double bond to an oxygen, and a single
bond to an oxygen. The singly bound oxygen is bound to another carbon.
Ester names are derived from the parent alcohol and the parent acid. While simple esters are often called
by their common names, all esters can be named using the systematic IUPAC name, based on the name
for the acid followed by the suffix “-oate.”
Esters react with nucleophiles at the carbonyl carbon. The carbonyl is weakly electrophilic, but is attacked
by strong nucleophiles. The C-H bonds adjacent to the carbonyl are weakly acidic, but undergo
deprotonation with strong bases.

Key Terms

carboxylic acid: Any of a class of organic compounds containing a carboxyl functional group—a carbon
with one double bond to an oxygen and a single bond to another oxygen, which is in turn bonded to a
hydrogen.
alcohol: Class of organic compounds containing a hydroxyl functional group.
nucleophile: A compound or functional group that is attractive to centers of positive charge and donates
electrons; donates an electron pair to an electrophile to form a bond.

Esters are an important functional group in organic chemistry, and they are generally written RCOOR’ or RCO2R’.

As usual, R and R’ are both alkyl groups or groups initiating with carbon. Esters are derivative of carboxylic acids
where the hydroxyl (OH) group has been replaced by an alkoxy (O-R) group. They are commonly synthesized from
the condensation of a carboxylic acid with an alcohol:

H + OH → + ORCO2 R′ RCO2 R′ H2
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Esters: An ester is characterized by the
orientation and bonding of the atoms shown,
where R and R’ are both carbon-initiated
chains of varying length, also known as alkyl
groups.

Esters are ubiquitous. Most naturally occurring fats and oils are the fatty
acid esters of glycerol. Esters are typically fragrant, and those with low
enough molecular weights to be volatile are commonly used as perfumes
and are found in essential oils and pheromones. Polymerized esters, or
polyesters, are important plastics, with monomers linked by esteric units
like this:

CO2RCO2RCO2R… etc.

Nomenclature

The word “ester” was coined in 1848 by German chemist Leopold
Gmelin, probably as a contraction of the German Essigäther, meaning
acetic ether.

Ester names are derived from the parent alcohol and acid. For example,
the ester formed by ethanol and ethanoic acid is known as ethyl
ethanoate; “ethanol” is reduced to “ethyl,” while “ethanoic acid” is reduced to “ethanoate.” Other examples of ester
names include methyl propanoate, from methanol and propanoic acid, and butyl octanoate, from butane and
octanoic acid.
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Ethyl ethanoate

Ethyl group 
from the alcohol

Acetate/ethanoate group 
from the acid

Ethyl ethanoate: The name ethyl ethanoate is derived from the components from which it is synthesized:
ethanol and ethanoic acid. In this diagram, the red part of the molecule represents the portion formerly
attributed to ethanol (minus a H), and the green part of the molecule represents the ethanoic acid portion (minus
an OH). Esterification is a form of dehydration synthesis, so the H and OH components are removed as water.

In the case of esters formed from common carboxylic acids, more colloquial terms are sometimes used. For
example, ethanoic acid is more commonly known as acetic acid, and thus its esters contain “acetate” instead of
“ethanoate” in their names. Other such substitutions include “formate” instead of “methanoate,” “propionate” instead
of “propanoate,” and “butyrate” instead of “butanoate.”

The chemical formulas of organic esters are typically written in the format of RCO2R’, where R and R’ are the
hydrocarbon parts of the carboxylic acid and alcohol, respectively. For example, butyl acetate, systematically known
as ethanoic acid, is derived from butanol and acetic acid and would be written CH3CO2C4H9. Alternative
presentations are common, including BuOAc and CH3COOC4H9. Cyclic esters are known as lactones.

Structure and Bonding

Esters contain a carbonyl center, which gives rise to 120 degree C-C-O and O-C-O bond angles due to sp2

hybridization. Unlike amides, esters are structurally flexible functional groups because rotation about the C-O-C
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bonds has a lower energy barrier. Their flexibility and low polarity affects their physical properties on a macroscopic
scale; they tend to be less rigid, leading to a lower melting point, and more volatile, leading to a lower boiling point,
than the corresponding amides. The pKa of the alpha-hydrogens, or the hydrogens attached to the carbon adjacent
to the carbonyl, on esters is around 25, making them essentially non-acidic except in the presence of very strong
bases.

Physical Properties and Characterization

Esters are more polar than ethers, but less so than alcohols. They participate in hydrogen bonds as hydrogen bond
acceptors, but cannot act as hydrogen bond donors, unlike their parent alcohols and carboxylic acids. This ability to
participate in hydrogen bonding confers some water-solubility, depending on the length of the alkyl chains attached.
Since they have no hydrogens bonded to oxygens, as alcohols and carboxylic acids do, esters do not self-
associate. Consequently, esters are more volatile than carboxylic acids of similar molecular weight.

Characterization and Analysis

Esters are usually identified by gas chromatography, taking advantage of their volatility. IR (infrared) spectra for
esters feature an intense, sharp band in the range 1730–1750 cm−1 assigned to νC=O, or vibration of the C=O
bond. This peak changes depending on the functional groups attached to the carbonyl. For example, a benzene ring
or double bond in conjugation with the carbonyl will bring the wavenumber down to around 30 cm−1.

Reactivity

Esters react with nucleophiles at the carbonyl carbon. The carbonyl is weakly electrophilic, but is attacked by strong
nucleophiles such as amines, alkoxides, hydride sources, and organolithium compounds. The carbonyl’s
electrophilicity can increase if it is protonated; in acidic media, an ester can be hydrolyzed by water to form a
carboxylic acid and an alcohol.

The C-H bonds adjacent to the carbonyl are weakly acidic, but undergo deprotonation with strong bases. This
process is the one that usually initiates condensation reactions. The carbonyl oxygen is weakly basic (less so than
in amides), but can form adducts with Lewis acids.

Amines

Amines are compounds characterized by the presence of a nitrogen atom, a lone pair of electrons, and three
substituents.

Learning Objectives

Identify the general properties of amines

Key Takeaways

Key Points

Due to the lone pair of electrons, amines are basic compounds. The basicity of the compound can be
influenced by neighboring atoms, steric bulk, and the solubility of the corresponding cation to be formed.
Amine compounds can hydrogen bond, which affords them solubility in water and elevated boiling points.
The general structure of an amine is a nitrogen atom with a lone pair of electrons and three substituents.
However, the nitrogen may bind to four substituents, leaving a positive charge on the nitrogen atom.
These charged species can serve as intermediates for important reactions.
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Tertiary amine: The central carbon is attached to an amine
group and three other carbon atoms.

Key Terms

aliphatic: Of a class of organic compounds in which the carbon atoms are arranged in an open chain.
chiral: Literally, “handedness;” refers to a compound in which central atoms are bonded to multiple
different substituents, such that the mirror image of the compound is not identical to the original.
amine: Organic compounds or the functional group that contains a basic nitrogen atom with a lone pair.
inversion: For a secondary or tertiary amine bonded to three different substitutents, the flipping of the
three bonds about the central N atom, resulting in the opposite stereoisomer.

The amine functional group contains a basic nitrogen atom with a lone pair of electrons. As such, the group is
derivative of ammonia, in which one or more hydrogen atoms have been replaced by a carbon-containing
substituent. Compounds with the nitrogen group attached to a carbonyl within the structure are referred to as
amides, and they have the structure R-CO-NR’R”. Amine groups bonded to an aromatic (conjugated cyclic)
structure are known as aromatic amines. The aromatic structure effectively decreases the alkalinity of the amine,
while the presence of the amine group significantly decreases the reactivity of the ring due to an electron donating
effect. The prefix “amino-” or the suffix “-amine” is used when naming an amine compound. An organic compound
with multiple amino groups is called a diamine, triamine, tetramine, etc.

Amine Structure

Amines are generally organized into categories based on their bonding environments. Amines that have one of their
three hydrogen atoms replaced by an alkyl or aromatic substituent are referred to as primary amines. Secondary
amines are those that have two substituents and one hydrogen bonded to a nitrogen. Tertiary amines are amines
whose hydrogens have been completely replaced by organic substituents. Finally, cyclic amines are those in which
the nitrogen has been incorporated into a ring structure, effectively making it either a secondary or tertiary amine.
The general structure of an amine contains a nitrogen atom, a lone pair of electrons, and three substituents.
However, it is possible to have four organic substituents on the nitrogen, making it an ammonium cation with a
charged nitrogen center.

Physical Properties of Amines

Amines are able to hydrogen bond. As a result, the boiling
points of these compounds are higher than those of the
corresponding phosphines, but lower than those of the
corresponding alcohols, which hydrogen bond to a
stronger extent. Amines also display some solubility in
water. However, the solubility decreases with an increase
in carbon atoms, due to the increased hydrophobicity of
the compound as the chain length increases. Aliphatic
amines, which are amines connected to an alkyl chain,
display solubility in organic polar solvents. Aromatic
amines, which are amines that participate in a conjugated
ring, donate their lone pair of electrons into the benzene
ring, and thus their ability to engage in hydrogen bonding
decreases. This results in a decrease in their solubility in water and high boiling points.

Acidity and Alkalinity of Amines

Amines of the type NHRR’ and NR’R”R”’ are chiral molecules and can undergo inversion. Since the barrier for
inversion is quite low (~7 kcal/mol), these compounds cannot be resolved optically. Amines are bases, and their
basicity depends on the electronic properties of the substituents (alkyl groups enhance the basicity; aryl groups
diminish it), steric hindrance, and the degree of solvation of the protonated amine. In general, the effect of alkyl
groups raises the energy of the lone pair of electrons, thus elevating the basicity. Thus, the basicity of an amine can
be expected to increase with the number of alkyl groups on the amine. Additionally, the effect of the aromatic ring
delocalizes the lone pair of electrons on nitrogen into the ring, resulting in decreased basicity. The solvation of
protonated amines changes upon their conversion to ammonium compounds. Typically, salts of ammonium
compounds exhibit the following order of solubility in water: primary ammonium (RNH3

+) > secondary ammonium
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Imine formation: A primary amine is reacted with an
aldehyde to produce an imine.

(R2NH2
+) > tertiary ammonium (R3NH+). Quaternary ammonium salts usually exhibit the lowest solubility of the

series.

Amine Preparation and Reactivity

Industrially, amines are prepared from ammonia by alkylation
with alcohols. They can also be prepared via reduction of
nitriles to amines using hydrogen in the presence of a nickel
catalyst. Amines are quite reactive due to their basicity as
well as their nucleophilicity. Most primary amines are good
ligands and react with metal ions to yield coordination
complexes. One of the most important reactions for amines
is their formation of imines, or organic compounds where
nitrogen participates in a double bond, upon reacting with
ketones or aldehydes.

Applications of Amines

Amines are ubiquitous in biology. Many important molecules are amine-based, such as neurotransmitters and amino
acids. Their applications in the world include being starting material for dyes and models for drug design. They are
also used for gas treatment, such as removing CO2 from combustion gases.
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POLYMERS

PROPERTIES OF POLYMERS

Types of Biological Macromolecules
Biological macromolecules, the large molecules necessary for life, include carbohydrates, lipids, nucleic acids, and
proteins.

Learning Objectives

Identify the four major classes of biological macromolecules

Key Takeaways

Key Points

Biological macromolecules are important cellular components and perform a wide array of functions
necessary for the survival and growth of living organisms.
The four major classes of biological macromolecules are carbohydrates, lipids, proteins, and nucleic
acids.

Key Terms

polymer: A relatively large molecule consisting of a chain or network of many identical or similar
monomers chemically bonded to each other.
monomer: A relatively small molecule that can form covalent bonds with other molecules of this type to
form a polymer.

Nutrients are the molecules that living organisms require for survival and growth but that animals and plants cannot
synthesize themselves. Animals obtain nutrients by consuming food, while plants pull nutrients from soil.

1041



Sources of biological macromolecules: Foods such as bread, fruit, and cheese are
rich sources of biological macromolecules.

Many critical nutrients are biological macromolecules. The term “macromolecule” was first coined in the 1920s by
Nobel laureate Hermann Staudinger. Staudinger was the first to propose that many large biological molecules are
built by covalently linking smaller biological molecules together.

Living organisms are made up of chemical building blocks: All organisms are composed of a
variety of these biological macromolecules.

Monomers and Polymers

Biological macromolecules play a critical role in cell structure and function. Most (but not all) biological
macromolecules are polymers, which are any molecules constructed by linking together many smaller molecules,
called monomers. Typically all the monomers in a polymer tend to be the same, or at least very similar to each
other, linked over and over again to build up the larger macromolecule. These simple monomers can be linked in
many different combinations to produce complex biological polymers, just as a few types of Lego blocks can build
anything from a house to a car.
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Monomers and polymers: Many small monomer subunits combine to form this carbohydrate polymer.

Examples of these monomers and polymers can be found in the sugar you might put in your coffee or tea. Regular
table sugar is the disaccharide sucrose (a polymer), which is composed of the monosaccharides fructose and
glucose (which are monomers). If we were to string many carbohydrate monomers together we could make a
polysaccharide like starch. The prefixes “mono-” (one), “di-” (two),and “poly-” (many) will tell you how many of the
monomers have been joined together in a molecule.

The molecule sucrose (common table sugar): The carbohydrate monosaccharides (fructose and
glucose) are joined to make the disaccharide sucrose.

Biological macromolecules all contain carbon in ring or chain form, which means they are classified as organic
molecules. They usually also contain hydrogen and oxygen, as well as nitrogen and additional minor elements.

Four Classes of Biological Macromolecules

There are four major classes of biological macromolecules:

1. carbohydrates
2. lipids
3. proteins
4. nucleic acids

Each of these types of macromolecules performs a wide array of important functions within the cell; a cell cannot
perform its role within the body without many different types of these crucial molecules. In combination, these
biological macromolecules make up the majority of a cell’s dry mass. (Water molecules make up the majority of a
cell’s total mass.) All the molecules both inside and outside of cells are situated in a water-based (i.e., aqueous)
environment, and all the reactions of biological systems are occurring in that same environment.
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Visit this page in your course online to use this simulation.
Interactive: Monomers and Polymers: Carbohydrates, proteins, and nucleic acids are built from small
molecular units that are connected to each other by strong covalent bonds. The small molecular units are called
monomers (mono means one, or single), and they are linked together into long chains called polymers (poly
means many, or multiple). Each different type of macromolecule, except lipids, is built from a different set of
monomers that resemble each other in composition and size. Lipids are not polymers, because they are not built
from monomers (units with similar composition).
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LIPIDS

Lipid Molecules
Fats and oils, which may be saturated or unsaturated, can be unhealthy but also serve important functions for plants
and animals.

Learning Objectives

Differentiate between saturated and unsaturated fatty acids

Key Takeaways

Key Points

Fats provide energy, insulation, and storage of fatty acids for many organisms.
Fats may be saturated (having single bonds) or unsaturated (having double bonds).
Unsaturated fats may be cis (hydrogens in same plane) or trans (hydrogens in two different planes).
Olive oil, a monounsaturated fat, has a single double bond whereas canola oil, a polyunsaturated fat, has
more than one double bond.
Omega-3 fatty acid and omega-6 fatty acid are essential for human biological processes, but they must
be ingested in the diet because they cannot be synthesized.

Key Terms

hydrogenation: The chemical reaction of hydrogen with another substance, especially with an
unsaturated organic compound, and usually under the influence of temperature, pressure and catalysts.
ester: Compound most often formed by the condensation of an alcohol and an acid, by removing water. It
contains the functional group carbon-oxygen double bond joined via carbon to another oxygen atom.
carboxyl: A univalent functional group consisting of a carbonyl and a hydroxyl functional group (-
CO.OH); characteristic of carboxylic acids.

Fats have important functions, and many vitamins are fat soluble. Fats serve as a long-term storage form of fatty
acids and act as a source of energy. They also provide insulation for the body.

Glycerol and Fatty Acids

A fat molecule consists of two main components: glycerol and fatty acids. Glycerol is an alcohol with three carbons,
five hydrogens, and three hydroxyl (OH) groups. Fatty acids have a long chain of hydrocarbons with a carboxyl
group attached and may have 4-36 carbons; however, most of them have 12-18. In a fat molecule, the fatty acids
are attached to each of the three carbons of the glycerol molecule with an ester bond through the oxygen atom.
During the ester bond formation, three molecules are released. Since fats consist of three fatty acids and a glycerol,
they are also called triacylglycerols or triglycerides.
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Triacylglycerols: Triacylglycerol is formed by the joining of three fatty acids to a glycerol
backbone in a dehydration reaction. Three molecules of water are released in the
process.

Saturated vs. Unsaturated Fatty Acids

Fatty acids may be saturated or unsaturated. In a fatty acid chain, if there are only single bonds between
neighboring carbons in the hydrocarbon chain, the fatty acid is said to be saturated. Saturated fatty acids are
saturated with hydrogen since single bonds increase the number of hydrogens on each carbon. Stearic acid and
palmitic acid, which are commonly found in meat, are examples of saturated fats.

When the hydrocarbon chain contains a double bond, the fatty acid is said to be unsaturated. Oleic acid is an
example of an unsaturated fatty acid. Most unsaturated fats are liquid at room temperature and are called oils. If
there is only one double bond in the molecule, then it is known as a monounsaturated fat; e.g. olive oil. If there is
more than one double bond, then it is known as a polyunsaturated fat; e.g. canola oil. Unsaturated fats help to lower
blood cholesterol levels whereas saturated fats contribute to plaque formation in the arteries.

Unsaturated fats or oils are usually of plant origin and contain cis unsaturated fatty acids. Cis and trans indicate the
configuration of the molecule around the double bond. If hydrogens are present in the same plane, it is referred to
as a cis fat; if the hydrogen atoms are on two different planes, it is referred to as a trans fat. The cis double bond
causes a bend or a “kink” that prevents the fatty acids from packing tightly, keeping them liquid at room temperature.
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Fatty Acids: Saturated fatty acids have hydrocarbon chains connected by single bonds only.
Unsaturated fatty acids have one or more double bonds. Each double bond may be in a cis or
trans configuration. In the cis configuration, both hydrogens are on the same side of the
hydrocarbon chain. In the trans configuration, the hydrogens are on opposite sides. A cis
double bond causes a kink in the chain.

Trans Fats

In the food industry, oils are artificially hydrogenated to make them semi-solid and of a consistency desirable for
many processed food products. During this hydrogenation process, gas is bubbled through oils to solidify them, and
the double bonds of the cis-conformation in the hydrocarbon chain may be converted to double bonds in the trans-
conformation.

Margarine, some types of peanut butter, and shortening are examples of artificially-hydrogenated trans fats. Recent
studies have shown that an increase in trans fats in the human diet may lead to an increase in levels of low-density
lipoproteins (LDL), or “bad” cholesterol, which in turn may lead to plaque deposition in the arteries, resulting in heart
disease. Many fast food restaurants have recently banned the use of trans fats, and food labels are required to
display the trans fat content.

Essential Fatty Acids

Essential fatty acids are fatty acids required for biological processes, but not synthesized by the human body.
Consequently, they have to be supplemented through ingestion via the diet and are nutritionally very important.
Omega-3 fatty acid, or alpha-linoleic acid (ALA), falls into this category and is one of only two fatty acids known to
be essential for humans (the other being omega-6 fatty acid, or linoleic acid). These polyunsaturated fatty acids are
called omega-3 because the third carbon from the end of the hydrocarbon chain is connected to its neighboring
carbon by a double bond. Salmon, trout, and tuna are good sources of omega-3 fatty acids.
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Research indicates that omega-3 fatty acids reduce the risk of sudden death from heart attacks, reduce triglycerides
in the blood, lower blood pressure, and prevent thrombosis by inhibiting blood clotting. They also reduce
inflammation and may help reduce the risk of some cancers in animals.

Omega Fatty Acids: Alpha-linolenic acid is an example of an omega-3
fatty acid. It has three cis double bonds and, as a result, a curved shape.
For clarity, the carbons are not shown. Each singly bonded carbon has
two hydrogens associated with it, also not shown.

Phospholipids

Phospholipids are amphipathic molecules that make up the bilayer of the plasma membrane and keep the
membrane fluid.

Learning Objectives

Describe phospholipids and their role in cells

Key Takeaways

Key Points

Phospholipids consist of a glycerol molecule, two fatty acids, and a phosphate group that is modified by
an alcohol.
The phosphate group is the negatively-charged polar head, which is hydrophilic.
The fatty acid chains are the uncharged, nonpolar tails, which are hydrophobic.
Since the tails are hydrophobic, they face the inside, away from the water and meet in the inner region of
the membrane.
Since the heads are hydrophilic, they face outward and are attracted to the intracellular and extracellular
fluid.
If phospholipids are placed in water, they form into micelles, which are lipid molecules that arrange
themselves in a spherical form in aqueous solutions.

Key Terms

micelle: Lipid molecules that arrange themselves in a spherical form in aqueous solutions.
amphipathic: Describing a molecule, such as a detergent, which has both hydrophobic and hydrophilic
groups.
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Phospholipid Molecule: A phospholipid is a molecule
with two fatty acids and a modified phosphate group
attached to a glycerol backbone. The phosphate may be
modified by the addition of charged or polar chemical
groups. Two chemical groups that may modify the
phosphate, choline and serine, are shown here. Both
choline and serine attach to the phosphate group at the
position labeled R via the hydroxyl group indicated in
green.

De�ning Characteristics of Phospholipids

Phospholipids are major components of the plasma membrane, the outermost layer of animal cells. Like fats, they
are composed of fatty acid chains attached to a glycerol backbone. Unlike triglycerides, which have three fatty
acids, phospholipids have two fatty acids that help form a diacylglycerol. The third carbon of the glycerol backbone
is also occupied by a modified phosphate group. However, just a phosphate group attached to a diacylglycerol does
not qualify as a phospholipid. This would be considered a phosphatidate (diacylglycerol 3-phosphate), the precursor
to phospholipids. To qualify as a phospholipid, the phosphate group should be modified by an alcohol.
Phosphatidylcholine and phosphatidylserine are examples of two important phospholipids that are found in plasma
membranes.

Structure of a Phospholipid Molecule

A phospholipid is an amphipathic molecule which means it has
both a hydrophobic and a hydrophilic component. A single
phospholipid molecule has a phosphate group on one end,
called the “head,” and two side-by-side chains of fatty acids
that make up the lipid “tails. ” The phosphate group is
negatively charged, making the head polar and hydrophilic, or
“water loving.” The phosphate heads are thus attracted to the
water molecules in their environment.

The lipid tails, on the other hand, are uncharged, nonpolar, and
hydrophobic, or “water fearing.” A hydrophobic molecule repels
and is repelled by water. Some lipid tails consist of saturated
fatty acids and some contain unsaturated fatty acids. This
combination adds to the fluidity of the tails that are constantly in
motion.

Phospholipids and Biological Membranes

The cell membrane consists of two adjacent layers of
phospholipids, which form a bilayer. The fatty acid tails of
phospholipids face inside, away from water, whereas the
phosphate heads face the outward aqueous side. Since the
heads face outward, one layer is exposed to the interior of the
cell and one layer is exposed to the exterior. As the phosphate
groups are polar and hydrophilic, they are attracted to water in
the intracellular fluid.

Because of the phospholipds’ chemical and physical characteristics, the lipid bilayer acts as a semipermeable
membrane; only lipophilic solutes can easily pass the phospholipd bilayer. As a result, there are two distinct
aqueous compartments on each side of the membrane. This separation is essential for many biological functions,
including cell communication and metabolism.

Membrane Fluidity

A cell’s plasma membrane contain proteins and other lipids (such as cholesterol) within the phospholipid bilayer.
Biological membranes remain fluid because of the unsaturated hydrophobic tails, which prevent phospholipid
molecules from packing together and forming a solid.

If a drop of phospholipids is placed in water, the phospholipids spontaneously form a structure known as a micelle,
with their hydrophilic heads oriented toward the water. Micelles are lipid molecules that arrange themselves in a
spherical form in aqueous solution. The formation of a micelle is a response to the amphipathic nature of fatty acids,
meaning that they contain both hydrophilic and hydrophobic regions.
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Phospholipid Bilayer: The phospholipid bilayer consists of two adjacent
sheets of phospholipids, arranged tail to tail. The hydrophobic tails
associate with one another, forming the interior of the membrane. The
polar heads contact the fluid inside and outside of the cell.

Micelles: An example of micelles in water.

Steroids

Steroids, like cholesterol, play roles in
reproduction, absorption, metabolism
regulation, and brain activity.

Learning Objectives

Describe some functions of steroids

Key Takeaways

Key Points

Steroids are lipids because they are hydrophobic and insoluble in water, but they do not resemble lipids
since they have a structure composed of four fused rings.
Cholesterol is the most common steroid and is the precursor to vitamin D, testosterone, estrogen,
progesterone, aldosterone, cortisol, and bile salts.
Cholesterol is a component of the phospholipid bilayer and plays a role in the structure and function of
membranes.
Steroids are found in the brain and alter electrical activity in the brain.
Because they can tone down receptors that communicate messages from neurotransmitters, steroids are
often used in anesthetic medicines.

Key Terms

neurotransmitter: any substance, such as acetylcholine or dopamine, responsible for sending nerve
signals across a synapse between two neurons
osmoregulation: the homeostatic regulation of osmotic pressure in the body in order to maintain a
constant water content
hormone: any substance produced by one tissue and conveyed by the bloodstream to another to affect
physiological activity

Structure of Steroid Molecules

Unlike phospholipids and fats, steroids have a fused ring structure. Although they do not resemble the other lipids,
they are grouped with them because they are also hydrophobic and insoluble in water. All steroids have four linked
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Steroid Structures: Steroids, such as cholesterol and cortisol, are
composed of four fused hydrocarbon rings.

carbon rings, and many of them, like cholesterol, have a short tail. Many steroids also have the –OH functional
group, and these steroids are classified as alcohols called sterols.

Cholesterol

Cholesterol is the most common steroid and is
mainly synthesized in the liver; it is the precursor to
vitamin D. Cholesterol is also a precursor to many
important steroid hormones like estrogen,
testosterone, and progesterone, which are secreted
by the gonads and endocrine glands. Therefore,
steroids play very important roles in the body’s
reproductive system. Cholesterol also plays a role in
synthesizing the steroid hormones aldosterone,
which is used for osmoregulation, and cortisol,
which plays a role in metabolism.

Cholesterol is also the precursor to bile salts, which
help in the emulsification of fats and their absorption
by cells. It is a component of the plasma membrane
of animal cells and the phospholipid bilayer. Being
the outermost structure in animal cells, the plasma
membrane is responsible for the transport of
materials and cellular recognition; and it is involved
in cell-to-cell communication. Thus, steroids also
play an important role in the structure and function
of membranes.

It has also been discovered that steroids can be
active in the brain where they affect the nervous
system, These neurosteroids alter electrical activity
in the brain. They can either activate or tone down
receptors that communicate messages from neurotransmitters. Since these neurosteroids can tone down receptors
and decrease brain activity, steroids are often used in anesthetic medicines.
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CARBOHYDRATES

Carbohydrate Molecules
Carbohydrates are essential macromolecules that are classified into three subtypes: monosaccharides,
disaccharides, and polysaccharides.

Learning Objectives

Describe the structure of mono-, di-, and poly-saccharides

Key Takeaways

Key Points

Monosaccharides are simple sugars made up of three to seven carbons, and they can exist as a linear
chain or as ring-shaped molecules.
Glucose, galactose, and fructose are monosaccharide isomers, which means they all have the same
chemical formula but differ structurally and chemically.
Disaccharides form when two monosaccharides undergo a dehydration reaction (a condensation
reaction); they are held together by a covalent bond.
Sucrose (table sugar) is the most common disaccharide, which is composed of the monomers glucose
and fructose.
A polysaccharide is a long chain of monosaccharides linked by glycosidic bonds; the chain may be
branched or unbranched and can contain many types of monosaccharides.

Key Terms

isomer: Any of two or more compounds with the same molecular formula but with different structure.
dehydration reaction: A chemical reaction in which two molecules are covalently linked in a reaction that
generates H2O as a second product.
biopolymer: Any macromolecule of a living organism that is formed from the polymerization of smaller
entities; a polymer that occurs in a living organism or results from life.

Carbohydrates can be represented by the stoichiometric formula (CH2O)n, where n is the number of carbons in the
molecule. Therefore, the ratio of carbon to hydrogen to oxygen is 1:2:1 in carbohydrate molecules. The origin of the
term “carbohydrate” is based on its components: carbon (“carbo”) and water (“hydrate”). Carbohydrates are
classified into three subtypes: monosaccharides, disaccharides, and polysaccharides.

Monosaccharides

Monosaccharides (mono- = “one”; sacchar- = “sweet”) are simple sugars. In monosaccharides, the number of
carbons usually ranges from three to seven. If the sugar has an aldehyde group (the functional group with the
structure R-CHO), it is known as an aldose, and if it has a ketone group (the functional group with the structure
RC(=O)R’), it is known as a ketose. Depending on the number of carbons in the sugar, they also may be known as
trioses (three carbons), pentoses (five carbons), and or hexoses (six carbons). Monosaccharides can exist as a
linear chain or as ring-shaped molecules; in aqueous solutions they are usually found in ring forms.
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Monosaccharides: Monosaccharides are classified based on the position of their
carbonyl group and the number of carbons in the backbone. Aldoses have a
carbonyl group (indicated in green) at the end of the carbon chain, and ketoses
have a carbonyl group in the middle of the carbon chain. Trioses, pentoses, and
hexoses have three, five, and six carbon backbones, respectively.

Common
Monosaccharides

Glucose (C6H12O6) is a common
monosaccharide and an important
source of energy. During cellular
respiration, energy is released from
glucose and that energy is used to help
make adenosine triphosphate (ATP).
Plants synthesize glucose using carbon
dioxide and water, and glucose, in turn,
is used for energy requirements for the
plant.

Galactose (a milk sugar) and fructose
(found in fruit) are other common
monosaccharides. Although glucose,
galactose, and fructose all have the
same chemical formula (C6H12O6), they
differ structurally and stereochemically.
This makes them different molecules
despite sharing the same atoms in the
same proportions, and they are all
isomers of one another, or isomeric
monosaccharides. Glucose and
galactose are aldoses, and fructose is a
ketose.

Disaccharides

Disaccharides (di- = “two”) form when
two monosaccharides undergo a
dehydration reaction (also known as a
condensation reaction or dehydration
synthesis). During this process, the
hydroxyl group of one monosaccharide
combines with the hydrogen of another
monosaccharide, releasing a molecule
of water and forming a covalent bond. A
covalent bond formed between a
carbohydrate molecule and another
molecule (in this case, between two

monosaccharides) is known as a glycosidic bond. Glycosidic bonds (also called glycosidic linkages) can be of the
alpha or the beta type.

Common Disaccharides

Common disaccharides include lactose, maltose, and sucrose. Lactose is a disaccharide consisting of the
monomers glucose and galactose. It is found naturally in milk. Maltose, or malt sugar, is a disaccharide formed by a
dehydration reaction between two glucose molecules. The most common disaccharide is sucrose, or table sugar,
which is composed of the monomers glucose and fructose.

Polysaccharides

A long chain of monosaccharides linked by glycosidic bonds is known as a polysaccharide (poly- = “many”). The
chain may be branched or unbranched, and it may contain different types of monosaccharides. Starch, glycogen,
cellulose, and chitin are primary examples of polysaccharides.
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Disaccharides: Sucrose is formed when a monomer of glucose
and a monomer of fructose are joined in a dehydration reaction to
form a glycosidic bond. In the process, a water molecule is lost. By
convention, the carbon atoms in a monosaccharide are numbered
from the terminal carbon closest to the carbonyl group. In sucrose,
a glycosidic linkage is formed between carbon 1 in glucose and
carbon 2 in fructose.

Plants are able to synthesize glucose, and the excess
glucose is stored as starch in different plant parts,
including roots and seeds. Starch is the stored form of
sugars in plants and is made up of glucose monomers
that are joined by α1-4 or 1-6 glycosidic bonds. The
starch in the seeds provides food for the embryo as it
germinates while the starch that is consumed by
humans is broken down by enzymes into smaller
molecules, such as maltose and glucose. The cells
can then absorb the glucose.

Common Polysaccharides

Glycogen is the storage form of glucose in humans
and other vertebrates. It is made up of monomers of
glucose. Glycogen is the animal equivalent of starch
and is a highly branched molecule usually stored in
liver and muscle cells. Whenever blood glucose levels
decrease, glycogen is broken down to release glucose
in a process known as glycogenolysis.

Cellulose is the most abundant natural biopolymer.
The cell wall of plants is mostly made of cellulose and
provides structural support to the cell. Cellulose is
made up of glucose monomers that are linked by β 1-
4 glycosidic bonds. Every other glucose monomer in
cellulose is flipped over, and the monomers are
packed tightly as extended long chains. This gives
cellulose its rigidity and high tensile strength—which is
so important to plant cells.

Polysaccharides: In cellulose, glucose monomers are linked in unbranched chains by β
1-4 glycosidic linkages. Because of the way the glucose subunits are joined, every glucose
monomer is flipped relative to the next one resulting in a linear, fibrous structure.

Carbohydrate Function

Carbohydrates serve various functions in different animals. Arthropods have an outer skeleton, the exoskeleton,
which protects their internal body parts. This exoskeleton is made of chitin, which is a polysaccharide-containing
nitrogen. It is made of repeating units of N-acetyl-β-d-glucosamine, a modified sugar. Chitin is also a major
component of fungal cell walls.
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PROTEINS

Amino Acids
An amino acid contains an amino group, a carboxyl group, and an R group, and it combines with other amino acids
to form polypeptide chains.

Learning Objectives

Describe the structure of an amino acid and the features that confer its specific properties

Key Takeaways

Key Points

Each amino acid contains a central C atom, an amino group (NH2), a carboxyl group (COOH), and a
specific R group.
The R group determines the characteristics (size, polarity, and pH) for each type of amino acid.
Peptide bonds form between the carboxyl group of one amino acid and the amino group of another
through dehydration synthesis.
A chain of amino acids is a polypeptide.

Key Terms

amino acid: Any of 20 naturally occurring α-amino acids (having the amino, and carboxylic acid groups
on the same carbon atom), and a variety of side chains, that combine, via peptide bonds, to form
proteins.
R group: The R group is a side chain specific to each amino acid that confers particular chemical
properties to that amino acid.
polypeptide: Any polymer of (same or different) amino acids joined via peptide bonds.

Structure of an Amino Acid

Amino acids are the monomers that make up proteins. Each amino acid has the same fundamental structure, which
consists of a central carbon atom, also known as the alpha (α) carbon, bonded to an amino group (NH2), a carboxyl
group (COOH), and to a hydrogen atom. In the aqueous environment of the cell, the both the amino group and the
carboxyl group are ionized under physiological conditions, and so have the structures -NH3

+ and -COO–,
respectively. Every amino acid also has another atom or group of atoms bonded to the central atom known as the R
group. This R group, or side chain, gives each amino acid proteins specific characteristics, including size, polarity,
and pH.
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Amino acid structure: Amino acids have a central asymmetric carbon to
which an amino group, a carboxyl group, a hydrogen atom, and a side
chain (R group) are attached. This amino acid is unionized, but if it were
placed in water at pH 7, its amino group would pick up another hydrogen
and a positive charge, and the hydroxyl in its carboxyl group would lose
and a hydrogen and gain a negative charge.

Types of Amino Acids

The name “amino acid” is derived from the amino group and carboxyl-acid-group in their basic structure. There are
21 amino acids present in proteins, each with a specific R group or side chain. Ten of these are considered essential
amino acids in humans because the human body cannot produce them and they must be obtained from the diet. All
organisms have different essential amino acids based on their physiology.
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Types of amino acids: There are 21 common amino acids commonly found in
proteins, each with a different R group (variant group) that determines its chemical
nature. The 21st amino acid, not shown here, is selenocysteine, with an R group of -
CH2-SeH.

Characteristics of Amino Acids

Which categories of amino acid would you expect to find on the surface of a soluble protein, and which would you
expect to find in the interior? What distribution of amino acids would you expect to find in a protein embedded in a
lipid bilayer?

The chemical composition of the side chain determines the characteristics of the amino acid. Amino acids such as
valine, methionine, and alanine are nonpolar (hydrophobic), while amino acids such as serine, threonine, and
cysteine are polar (hydrophilic). The side chains of lysine and arginine are positively charged so these amino acids
are also known as basic (high pH) amino acids. Proline is an exception to the standard structure of an amino acid
because its R group is linked to the amino group, forming a ring-like structure.

Amino acids are represented by a single upper case letter or a three-letter abbreviation. For example, valine is
known by the letter V or the three-letter symbol val.

Peptide Bonds

The sequence and the number of amino acids ultimately determine the protein’s shape, size, and function. Each
amino acid is attached to another amino acid by a covalent bond, known as a peptide bond. When two amino acids
are covalently attached by a peptide bond, the carboxyl group of one amino acid and the amino group of the
incoming amino acid combine and release a molecule of water. Any reaction that combines two monomers in a
reaction that generates H2O as one of the products is known as a dehydration reaction, so peptide bond formation
is an example of a dehydration reaction.

Polypeptide Chains
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Peptide bond formation: Peptide bond formation is a dehydration
synthesis reaction. The carboxyl group of one amino acid is linked to the
amino group of the incoming amino acid. In the process, a molecule of
water is released.

The resulting chain of amino acids is called a
polypeptide chain. Each polypeptide has a free
amino group at one end. This end is called the
N terminal, or the amino terminal, and the other
end has a free carboxyl group, also known as
the C or carboxyl terminal. When reading or
reporting the amino acid sequence of a protein
or polypeptide, the convention is to use the N-
to-C direction. That is, the first amino acid in
the sequence is assumed to the be one at the
N terminal and the last amino acid is assumed
to be the one at the C terminal.

Although the terms polypeptide and protein are
sometimes used interchangeably, a polypeptide
is technically any polymer of amino acids,
whereas the term protein is used for a
polypeptide or polypeptides that have folded
properly, combined with any additional
components needed for proper functioning, and
is now functional.

Peptide Bonding between
Amino Acids

The peptide bond is an amide bond which links amino acids together to form proteins.

Learning Objectives

Identify the amino acids that were combined to create a peptide.

Key Takeaways

Key Points

An amide bond has various resonance forms which allow for extra stabilization and extra versatility in
various environments.
Amino acids is the basic building block of proteins; they are composed of a carbon atom attached to a
hydrogen, a carbonyl group, an amine group, and an R group. Large proteins are formed by linking amino
acids with peptide bonds.
The amide bond is formed through a condensation reaction, whereby the carbonyl and the amine group
link together with the release of water.

Key Terms

amino acid: any of the 20 naturally occurring α-amino acids (having the amino and carboxylic acid
groups on the same carbon atom) and a variety of side chains that combine, via peptide bonds, to form
proteins
dipole: any molecule or radical that has delocalized positive and negative charges

Amino acids are the building blocks for the proteins responsible for the biological functions within our body. Amino
acids are chemical compounds consisting of a carbon atom bonded to an amine group, a hydrogen atom, a
carboxylic group, and a varying side-chain (R group); it is this side chain that distinguishes each amino acid from
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The Peptide Bond: The peptide bond (circled) links two amino acids
together. The blue balls represent the nitrogen that connect from the
amine terminus of one amino acid to the carboxylate of another. The
green balls are carbon, and the red are oxygen.

another. Higher-ordered structures such as peptide chains and proteins are formed when amino acids bond to each
other.

Peptides

A peptides is a molecule composed of two or more
amino acids. The bond that holds together the two
amino acids is a peptide bond, or a covalent
chemical bond between two compounds (in this
case, two amino acids). It occurs when the
carboxylic group of one molecule reacts with the
amino group of the other molecule, linking the two
molecules and releasing a water molecule.

Long chain polypeptides can be formed by linking
many amino acids to each other via peptide bonds.
The amide bond can only be broken by amide
hydrolysis, where the bonds are cleaved with the
addition of a water molecule. The peptide bonds of
proteins are metastable, and will break
spontaneously in a slow process. Living organisms
have enzymes which are capable of both forming
and breaking peptide bonds.

The Amide Bond: Peptide bonds are amide bonds, characterized by the presence of a carbonyl group
attached to an amine.

Resonance Forms of the Amid Group

The amide group has three resonance forms, which confer important properties. First, the stabilization afforded from
the resonance structures effectively stabilizes it by 80kj/mol, making it less reactive than similar groups. The peptide
bond is uncharged at normal pH values, but the double bonded character from the resonance structure creates a
dipole, which can line up in secondary structures. The partial double bond character can be strengthened or
weakened by modifications that favor one another, allowing some flexibility for the presence of the peptide group in
varying conditions. The extra stabilization makes the peptide bond relatively stable and unreactive. However,
peptide bonds can undergo chemical reactions, typically through an attack of the electronegative atom on the
carbonyl carbon, resulting in the formation of a tetrahedral intermediate.
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PROTEIN STRUCTURE

Protein Structure
Each successive level of protein folding ultimately contributes to its shape and therefore its function.

Learning Objectives

Summarize the four levels of protein structure

Key Takeaways

Key Points

Protein structure depends on its amino acid sequence and local, low-energy chemical bonds between
atoms in both the polypeptide backbone and in amino acid side chains.
Protein structure plays a key role in its function; if a protein loses its shape at any structural level, it may
no longer be functional.
Primary structure is the amino acid sequence.
Secondary structure is local interactions between stretches of a polypeptide chain and includes α-helix
and β-pleated sheet structures.
Tertiary structure is the overall the three-dimension folding driven largely by interactions between R
groups.
Quarternary structures is the orientation and arrangement of subunits in a multi-subunit protein.

Key Terms

antiparallel: The nature of the opposite orientations of the two strands of DNA or two beta strands that
comprise a protein’s secondary structure
disulfide bond: A bond, consisting of a covalent bond between two sulfur atoms, formed by the reaction
of two thiol groups, especially between the thiol groups of two proteins
β-pleated sheet: secondary structure of proteins where N-H groups in the backbone of one fully-
extended strand establish hydrogen bonds with C=O groups in the backbone of an adjacent fully-
extended strand
α-helix: secondary structure of proteins where every backbone N-H creates a hydrogen bond with the
C=O group of the amino acid four residues earlier in the same helix.

The shape of a protein is critical to its function because it determines whether the protein can interact with other
molecules. Protein structures are very complex, and researchers have only very recently been able to easily and
quickly determine the structure of complete proteins down to the atomic level. (The techniques used date back to
the 1950s, but until recently they were very slow and laborious to use, so complete protein structures were very
slow to be solved.) Early structural biochemists conceptually divided protein structures into four “levels” to make it
easier to get a handle on the complexity of the overall structures. To determine how the protein gets its final shape
or conformation, we need to understand these four levels of protein structure: primary, secondary, tertiary, and
quaternary.

Primary Structure
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Sickle cell disease: Sickle cells are crescent
shaped, while normal cells are disc-shaped.

A protein’s primary structure is the unique sequence of amino acids in each polypeptide chain that makes up the
protein. Really, this is just a list of which amino acids appear in which order in a polypeptide chain, not really a
structure. But, because the final protein structure ultimately depends on this sequence, this was called the primary
structure of the polypeptide chain. For example, the pancreatic hormone insulin has two polypeptide chains, A and
B.

Primary structure: The A chain of insulin is 21 amino acids long and the B chain is 30 amino acids long, and
each sequence is unique to the insulin protein.

The gene, or sequence of DNA, ultimately determines the unique sequence of amino acids in each peptide chain. A
change in nucleotide sequence of the gene’s coding region may lead to a different amino acid being added to the
growing polypeptide chain, causing a change in protein structure and therefore function.

The oxygen-transport protein hemoglobin consists of four polypeptide chains, two identical α chains and two
identical β chains. In sickle cell anemia, a single amino substitution in the hemoglobin β chain causes a change the
structure of the entire protein. When the amino acid glutamic acid is replaced by valine in the β chain, the
polypeptide folds into an slightly-different shape that creates a dysfunctional hemoglobin protein. So, just one amino
acid substitution can cause dramatic changes. These dysfunctional hemoglobin proteins, under low-oxygen
conditions, start associating with one another, forming long fibers made from millions of aggregated hemoglobins
that distort the red blood cells into crescent or “sickle” shapes, which clog arteries. People affected by the disease
often experience breathlessness, dizziness, headaches, and abdominal pain.

Secondary Structure

A protein’s secondary structure is whatever regular structures arise
from interactions between neighboring or near-by amino acids as the
polypeptide starts to fold into its functional three-dimensional form.
Secondary structures arise as H bonds form between local groups of
amino acids in a region of the polypeptide chain. Rarely does a
single secondary structure extend throughout the polypeptide chain.
It is usually just in a section of the chain. The most common forms of
secondary structure are the α-helix and β-pleated sheet structures
and they play an important structural role in most globular and
fibrous proteins.
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Secondary structure: The α-helix and β-pleated sheet form because of hydrogen bonding
between carbonyl and amino groups in the peptide backbone. Certain amino acids have a
propensity to form an α-helix, while others have a propensity to form a β-pleated sheet.

In the α-helix chain, the hydrogen bond forms between the oxygen atom in the polypeptide backbone carbonyl
group in one amino acid and the hydrogen atom in the polypeptide backbone amino group of another amino acid
that is four amino acids farther along the chain. This holds the stretch of amino acids in a right-handed coil. Every
helical turn in an alpha helix has 3.6 amino acid residues. The R groups (the side chains) of the polypeptide
protrude out from the α-helix chain and are not involved in the H bonds that maintain the α-helix structure.

In β-pleated sheets, stretches of amino acids are held in an almost fully-extended conformation that “pleats” or zig-
zags due to the non-linear nature of single C-C and C-N covalent bonds. β-pleated sheets never occur alone. They
have to held in place by other β-pleated sheets. The stretches of amino acids in β-pleated sheets are held in their
pleated sheet structure because hydrogen bonds form between the oxygen atom in a polypeptide backbone
carbonyl group of one β-pleated sheet and the hydrogen atom in a polypeptide backbone amino group of another β-
pleated sheet. The β-pleated sheets which hold each other together align parallel or antiparallel to each other. The
R groups of the amino acids in a β-pleated sheet point out perpendicular to the hydrogen bonds holding the β-
pleated sheets together, and are not involved in maintaining the β-pleated sheet structure.

Tertiary Structure

The tertiary structure of a polypeptide chain is its overall three-dimensional shape, once all the secondary structure
elements have folded together among each other. Interactions between polar, nonpolar, acidic, and basic R group
within the polypeptide chain create the complex three-dimensional tertiary structure of a protein. When protein
folding takes place in the aqueous environment of the body, the hydrophobic R groups of nonpolar amino acids
mostly lie in the interior of the protein, while the hydrophilic R groups lie mostly on the outside. Cysteine side chains
form disulfide linkages in the presence of oxygen, the only covalent bond forming during protein folding. All of these
interactions, weak and strong, determine the final three-dimensional shape of the protein. When a protein loses its
three-dimensional shape, it will no longer be functional.
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Tertiary structure: The tertiary structure of proteins is determined by hydrophobic
interactions, ionic bonding, hydrogen bonding, and disulfide linkages.

Quaternary Structure

The quaternary structure of a protein is how its subunits are oriented and arranged with respect to one another. As a
result, quaternary structure only applies to multi-subunit proteins; that is, proteins made from more than one
polypeptide chain. Proteins made from a single polypeptide will not have a quaternary structure.

In proteins with more than one subunit, weak interactions between the subunits help to stabilize the overall
structure. Enzymes often play key roles in bonding subunits to form the final, functioning protein.

For example, insulin is a ball-shaped, globular protein that contains both hydrogen bonds and disulfide bonds that
hold its two polypeptide chains together. Silk is a fibrous protein that results from hydrogen bonding between
different β-pleated chains.
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Four levels of protein structure: The four levels of protein structure can be
observed in these illustrations.

Denaturation and Protein Folding
Denaturation is a process in which proteins lose their shape and, therefore, their function because of changes in pH
or temperature.

Learning Objectives

Discuss the process of protein denaturation

Key Takeaways

Key Points

Proteins change their shape when exposed to different pH or temperatures.
The body strictly regulates pH and temperature to prevent proteins such as enzymes from denaturing.

Some proteins can refold after denaturation while others cannot.
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Some proteins can refold after denaturation while others cannot.
Chaperone proteins help some proteins fold into the correct shape.

Key Terms

chaperonin: proteins that provide favorable conditions for the correct folding of other proteins, thus
preventing aggregation
denaturation: the change of folding structure of a protein (and thus of physical properties) caused by
heating, changes in pH, or exposure to certain chemicals

Each protein has its own unique sequence of amino acids and the interactions between these amino acids create a
specify shape. This shape determines the protein’s function, from digesting protein in the stomach to carrying
oxygen in the blood.

Changing the Shape of a Protein

If the protein is subject to changes in temperature, pH, or exposure to chemicals, the internal interactions between
the protein’s amino acids can be altered, which in turn may alter the shape of the protein. Although the amino acid
sequence (also known as the protein’s primary structure) does not change, the protein’s shape may change so
much that it becomes dysfunctional, in which case the protein is considered denatured. Pepsin, the enzyme that
breaks down protein in the stomach, only operates at a very low pH. At higher pHs pepsin’s conformation, the way
its polypeptide chain is folded up in three dimensions, begins to change. The stomach maintains a very low pH to
ensure that pepsin continues to digest protein and does not denature.

Enzymes

Because almost all biochemical reactions require enzymes, and because almost all enzymes only work optimally
within relatively narrow temperature and pH ranges, many homeostatic mechanisms regulate appropriate
temperatures and pH so that the enzymes can maintain the shape of their active site.

Reversing Denaturation

It is often possible to reverse denaturation because the primary structure of the polypeptide, the covalent bonds
holding the amino acids in their correct sequence, is intact. Once the denaturing agent is removed, the original
interactions between amino acids return the protein to its original conformation and it can resume its function.

However, denaturation can be irreversible in extreme situations, like frying an egg. The heat from a pan denatures
the albumin protein in the liquid egg white and it becomes insoluble. The protein in meat also denatures and
becomes firm when cooked.
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Denaturing a protein is occasionally irreversible: (Top)
The protein albumin in raw and cooked egg white.
(Bottom) A paperclip analogy visualizes the process: when
cross-linked, paperclips (‘amino acids’) no longer move
freely; their structure is rearranged and ‘denatured’.

Chaperone proteins (or chaperonins ) are helper proteins that provide favorable conditions for protein folding to take
place. The chaperonins clump around the forming protein and prevent other polypeptide chains from aggregating.
Once the target protein folds, the chaperonins disassociate.
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NUCLEIC ACIDS

DNA and RNA
DNA and RNA are nucleic acids that carry out cellular processes, especially the regulation and expression of genes.

Learning Objectives

Describe the structure of nucleic acids and the types of molecules that contain them

Key Takeaways

Key Points

The two main types of nucleic acids are DNA and RNA.
Both DNA and RNA are made from nucleotides, each containing a five-carbon sugar backbone, a
phosphate group, and a nitrogen base.
DNA provides the code for the cell ‘s activities, while RNA converts that code into proteins to carry out
cellular functions.
The sequence of nitrogen bases (A, T, C, G) in DNA is what forms an organism’s traits.
The nitrogen bases A and T (or U in RNA) always go together and C and G always go together, forming
the 5′-3′ phosphodiester linkage found in the nucleic acid molecules.

Key Terms

nucleotide: the monomer comprising DNA or RNA molecules; consists of a nitrogenous heterocyclic
base that can be a purine or pyrimidine, a five-carbon pentose sugar, and a phosphate group
genome: the cell’s complete genetic information packaged as a double-stranded DNA molecule
monomer: A relatively small molecule which can be covalently bonded to other monomers to form a
polymer.

Types of Nucleic Acids

The two main types of nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is the
genetic material found in all living organisms, ranging from single-celled bacteria to multicellular mammals. It is
found in the nucleus of eukaryotes and in the chloroplasts and mitochondria. In prokaryotes, the DNA is not
enclosed in a membranous envelope, but rather free-floating within the cytoplasm.

The entire genetic content of a cell is known as its genome and the study of genomes is genomics. In eukaryotic
cells, but not in prokaryotes, DNA forms a complex with histone proteins to form chromatin, the substance of
eukaryotic chromosomes. A chromosome may contain tens of thousands of genes. Many genes contain the
information to make protein products; other genes code for RNA products. DNA controls all of the cellular activities
by turning the genes “on” or “off. ”

The other type of nucleic acid, RNA, is mostly involved in protein synthesis. In eukaryotes, the DNA molecules
never leave the nucleus but instead use an intermediary to communicate with the rest of the cell. This intermediary
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is the messenger RNA (mRNA). Other types of RNA—like rRNA, tRNA, and microRNA—are involved in protein
synthesis and its regulation.

Nucleotides

DNA and RNA are made up of monomers known as nucleotides. The nucleotides combine with each other to form a
polynucleotide: DNA or RNA. Each nucleotide is made up of three components:

1. a nitrogenous base
2. a pentose (five-carbon) sugar
3. a phosphate group

Each nitrogenous base in a nucleotide is attached to a sugar molecule, which is attached to one or more phosphate
groups.

DNA and RNA: A nucleotide is made up of three components: a nitrogenous base, a pentose sugar,
and one or more phosphate groups. Carbon residues in the pentose are numbered 1′ through 5′ (the
prime distinguishes these residues from those in the base, which are numbered without using a prime
notation). The base is attached to the 1′ position of the ribos e, and the phosphate is attached to the 5′
position. When a polynucleotide is formed, the 5′ phosphate of the incoming nucleotide attaches to the
3′ hydroxyl group at the end of the growing chain. Two types of pentose are found in nucleotides,
deoxyribose (found in DNA) and ribose (found in RNA). Deoxyribose is similar in structure to ribose, but
it has an H instead of an OH at the 2′ position. Bases can be d ivided into two categories: purines and
pyrimidines. Purines have a double ring structure, and pyrimidines have a single ring.

Nitrogenous Base
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The nitrogenous bases are organic molecules and are so named because they contain carbon and nitrogen. They
are bases because they contain an amino group that has the potential of binding an extra hydrogen, and thus,
decreasing the hydrogen ion concentration in its environment, making it more basic. Each nucleotide in DNA
contains one of four possible nitrogenous bases: adenine (A), guanine (G) cytosine (C), and thymine (T).

Adenine and guanine are classified as purines. The primary structure of a purine consists of two carbon-nitrogen
rings. Cytosine, thymine, and uracil are classified as pyrimidines which have a single carbon-nitrogen ring as their
primary structure. Each of these basic carbon-nitrogen rings has different functional groups attached to it. In
molecular biology shorthand, the nitrogenous bases are simply known by their symbols A, T, G, C, and U. DNA
contains A, T, G, and C whereas RNA contains A, U, G, and C.

Five-Carbon Sugar

The pentose sugar in DNA is deoxyribose and in RNA it is ribose. The difference between the sugars is the
presence of the hydroxyl group on the second carbon of the ribose and hydrogen on the second carbon of the
deoxyribose. The carbon atoms of the sugar molecule are numbered as 1′, 2′, 3′, 4′, and 5′ (1′ is read as “one
prime”).

Phosphate Group

The phosphate residue is attached to the hydroxyl group of the 5′ carbon of one sugar and the hydroxyl group of the
3′ carbon of the sugar of the next nucleotide, which forms a 5′3′ phosphodiester linkage. The phosphodiester
linkage is not formed by simple dehydration reaction like the other linkages connecting monomers in
macromolecules: its formation involves the removal of two phosphate groups. A polynucleotide may have thousands
of such phosphodiester linkages.

The DNA Double Helix
The DNA double helix looks like a twisted staircase, with the sugar and phosphate backbone surrounding
complementary nitrogen bases.

Learning Objectives

Describe the structure of DNA

Key Takeaways

Key Points

The structure of DNA is called a double helix, which looks like a twisted staircase.
The sugar and phosphate make up the backbone, while the nitrogen bases are found in the center and
hold the two strands together.
The nitrogen bases can only pair in a certain way: A pairing with T and C pairing with G. This is called
base pairing.
Due to the base pairing, the DNA strands are complementary to each other, run in opposite directions,
and are called antiparallel strands.

Key Terms

mutation: any error in base pairing during the replication of DNA
sugar-phosphate backbone: The outer support of the ladder, forming strong covalent bonds between
monomers of DNA.
base pairing: The specific way in which bases of DNA line up and bond to one another; A always with T
and G always with C.
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DNA is a Double Helix: Native DNA is an
antiparallel double helix. The phosphate
backbone (indicated by the curvy lines) is on
the outside, and the bases are on the inside.
Each base from one strand interacts via
hydrogen bonding with a base from the
opposing strand.Antiparallel Strands: In a double stranded DNA molecule,

the two strands run antiparallel to one another so one is
upside down compared to the other. The phosphate
backbone is located on the outside, and the bases are in
the middle. Adenine forms hydrogen bonds (or base pairs)
with thymine, and guanine base pairs with cytosine.

A Double-Helix Structure

DNA has a double-helix structure, with sugar and phosphate on the
outside of the helix, forming the sugar-phosphate backbone of the DNA.
The nitrogenous bases are stacked in the interior in pairs, like the steps
of a staircase; the pairs are bound to each other by hydrogen bonds. The
two strands of the helix run in opposite directions. This antiparallel
orientation is important to DNA replication and in many nucleic acid
interactions.

 

Base Pairs

Only certain types
of base pairing are
allowed. This
means Adenine
pairs with
Thymine, and
Guanine pairs with
Cytosine. This is
known as the base
complementary rule because the DNA strands are
complementary to each other. If the sequence of one strand is
AATTGGCC, the complementary strand would have the
sequence TTAACCGG.

DNA Replication

During DNA replication, each strand is copied, resulting in a daughter DNA double helix containing one parental
DNA strand and a newly synthesized strand. At this time it is possible a mutation may occur. A mutation is a change
in the sequence of the nitrogen bases. For example, in the sequence AATTGGCC, a mutation may cause the
second T to change to a G. Most of the time when this happens the DNA is able to fix itself and return the original
base to the sequence. However, sometimes the repair is unsuccessful, resulting in different proteins being created.
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SYNTHETIC ORGANIC POLYMERS

Types of Synthetic Organic Polymers
Synthetic organic polymers are human-made polymers with various main chain and side chain compositions.

Learning Objectives

Describe how the chemical structure of a polymer relates to its physical properties.

Key Takeaways

Key Points

Synthetic polymers are human-made polymers. They can be classified into four main categories:
thermoplastics, thermosets, elastomers, and synthetic fibers. They are commonly found in a variety of
consumer products.
Various main chains and side chains are used to make different synthetic organic polymers. The
backbones of common synthetic polymers are made of carbon-carbon bonds, whereas heterochain
polymers have other elements (e.g. oxygen, sulfur, nitrogen) inserted along the backbone.
The seven most common types of synthetic organic polymers are: low density polyethylene (LDPE), high
density polyethylene (HDPE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), nylon,
Teflon, and thermoplastic polyurethane (TPU).

Key Terms

thermoplastic: a polymer that becomes pliable or moldable above a specific temperature and returns to
a solid state upon cooling
synthetic polymers: human-made polymers

Synthetic polymers are human-made polymers. From the utility point of view, they can be classified into four main
categories: thermoplastics, thermosets, elastomers, and synthetic fibers. Thermoplastics are a type of polymer that
become moldable and malleable past a certain temperature, and they solidify upon cooling. Similarly, thermosets
similarly become hard and cannot change shape once they have set; for this reason, they are often used in
adhesives. An elastomer—a term used interchangeably with rubber—is a flexible polymer. Synthetic fibers are
created by improving upon natural plant and animal fibers and make up a large category of polymers.

Poly acrylates are the backbones of common synthetic polymers such as polythene and polystyrene. They are
made up of carbon-carbon bonds, whereas hetero chain polymers such as polyamides, polyesters, polyurethanes,
polysulfides, and polycarbonates have other elements (e.g. oxygen, sulfur, nitrogen) inserted along the backbone.
Coordination polymers may contain a range of metals in the backbone, with non-covalent bonding present. A wide
variety of synthetic polymers are also available with variations in their main chains and side chains.

Synthetic Polymers in Everyday Use

Some familiar household synthetic polymers include nylons in textiles and fabrics, Teflon in non-stick pans, and
polyvinyl chloride in pipes. The common PET bottles are made of a synthetic polymer, polyethylene terephthalate.
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The plastic kits and covers are mostly made of synthetic polymers like polythene, and tires are manufactured from
Buna rubbers. Due to the environmental issues created by these synthetic polymers, which are often non-
biodegradable and synthesized from petroleum, alternatives like bioplastics are also being considered; these
bioplastics are often more expensive than synthetic polymers, however.

Many polymers are made entirely from hydrocarbons. This makes them hydrophobic, meaning they do not readily
absorb water; this is a useful trait, as the alternative—imagine a water bottle that becomes soggy when filled with
water, for instance—might be disastrous.

Types of Synthetic Polymers

Low Density Polyethylene

Low Density Polyethylene (LDPE) polymers are among the most common types of synthetic organic polymers,
which are often found in households. LDPE is a thermoplastic made from the monomer ethylene. One of the first
polymers to be created, it was produced in 1933 by Imperial Chemical Industries using a high pressure process via
free radical polymerization. It is manufactured the way method today. LDPE is commonly recycled, with the number
4 as its recycling symbol. Despite competition from more modern polymers, LDPE continues to be an important
plastic grade.

High Density Polyethylene

High Density Polyethylene (HDPE) or polyethylene high-density (PEHD) is a polyethylene thermoplastic made from
petroleum. It takes 1.75 kilograms of petroleum (in terms of energy and raw materials) to make one kilogram of
HDPE. HDPE is commonly recycled, with the number 2 as its recycling symbol.

Polypropylene

Polypropylene (PP), also known as polypropene, is a thermoplastic polymer used in a wide variety of applications,
including packaging and labeling, textiles, stationery, plastic parts and reusable containers of various types,
laboratory equipment, loudspeakers, automotive components, and polymer banknotes. An additional polymer made
from the monomer propylene, it is rugged and unusually resistant to many chemical solvents, bases, and acids.

Polyvinyl Chloride

Polyvinyl Chloride (PVC) is the third-most widely produced plastic, after polyethylene and polypropylene. PVC is
used in construction because it is cheaper and stronger than more traditional alternatives such as copper or ductile
iron. It can be made softer and more flexible by adding plasticizers, the most popular of which are phthalates. In this
form, PVC is used in clothing and upholstery, electrical cable insulation, inflatable products, and many applications
in which it replaces rubber.

Polystyrene

Polystyrene (PS) is an aromatic polymer made from the monomer styrene, a liquid petrochemical. One of the most
popular plastics, PS is a colorless solid that is used, for example, in disposable cutlery, plastic models, CD and DVD
cases, and smoke detector housings. Products made from foamed polystyrene include packing materials, insulation,
and foam drink cups. Its very slow biodegradation is a focus of controversy, and it can often be found littered
outdoors, particularly along shores and waterways.

Nylon

Nylon, a family of synthetic polymers known generically as polyamides, was first produced on February 28, 1935 by
Wallace Carothers at DuPont’s research facility. Nylon is one of the most commonly-used polymers. The amide
backbone present in nylon causes it to be more hydrophilic than the polymers discussed above. Notice that your
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Teflon frying pan: Teflon (PTFE) is often used to coat non-stick frying pans as it is
hydrophobic and possesses fairly high heat resistance.

nylon clothing will absorb water, for instance; this is because nylon can engage in hydrogen bonding with water,
unlike the purely hydrocarbon polymers that make up most plastics.

Te�on

Teflon (Polytetrafluoroethylene or
PTFE) is a synthetic fluoropolymer of
tetrafluoroethylene, and has numerous
applications. PTFE is a solid, high-
molecular-weight compound consisting
entirely of carbon and fluorine. PTFE is
hydrophobic: neither water nor water-
containing substances can interact with
PTFE. PTFE is used as a non-stick
coating for pans and other cookware
because it has very low friction with
other compounds. It is very non-
reactive, partly because of the strength
of carbon–fluorine bonds, so it is often
used in containers and pipework for
reactive and corrosive chemicals.
Where used as a lubricant, PTFE
reduces friction, wear, and energy
consumption of machinery. Although
the widespread belief that Teflon is the
result of NASA space projects is not
true, it has been used by NASA.

Thermoplastic
Polyurethane

Thermoplastic polyurethane (TPU) is any of a class of polyurethane plastic. It has many useful properties, including
elasticity, transparency, and resistance to oil, grease, and abrasion. Most of these properties are resultant of the fact
that TPU is hydrophilic and can react with water. Technically, TPU is a thermoplastic elastomer consisting of linear
segmented block copolymers made of hard and soft segments.

Addition Reactions

In addition reaction, two molecules combine to create one bigger molecule.

Learning Objectives

Define an addition reaction.

Key Takeaways

Key Points

An addition reaction is an organic reaction in which two or more molecules recombine to form a larger
molecule. The reaction only occurs between chemical compounds that have multiple bonds. An
elimination reaction is the opposite of an addition reaction.
Polar addition reactions are electrophilic and nucleophilic additions: in electrophilic additions, electrons
from the double bond “attack” another compound to form bonds; in nucleophilic additions, a pair of
electrons from the new compound “attack” the double bond to form new single bonds.
Non-polar addition reactions include free radical additions. Free radicals attack the double bonds so that
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Non-polar addition reactions include free radical additions. Free radicals attack the double bonds so that
new single bonds form and the radical will no longer have an unpaired electron.
In an addition-elimination reaction, elimination reaction takes place after addition reaction.

Key Terms

addition reaction: an organic reaction in which two or more molecules combine to form a larger
molecule
radical: a very reactive substance with an unpaired electron
electrophilic addition: a reaction in which a compound is added to an alkene by breaking the double
bond to create new single bonds to the additional compound

In organic chemistry, an addition reaction is, in its simplest terms, an organic reaction in which two or more
molecules combine to form a larger molecule. Addition reactions are limited to chemical compounds that have
multiple bonds, such as molecules with carbon-carbon double bonds ( alkenes ) or with triple bonds (alkynes).
Molecules containing carbon based double bonds, like carbonyl (C=O) groups or imine (C=N) groups, can also
undergo addition. An addition reaction is the opposite of an elimination reaction. For instance, an alkene’s hydration
reaction adds water to an alkene, and an alcohol ‘s dehydration removes water from the alkene; these two reactions
are opposites and are considered addition-elimination pairs.

There are two main types of polar addition reactions: electrophilic addition and nucleophilic addition. Two non-polar
addition reactions also exist: free radical addition and cycloadditions. In the related addition-elimination reaction, an
addition reaction is followed by an elimination reaction; in most reactions, this involves addition to carbonyl
compounds in nucleophilic acyl substitution. The hydrolysis of nitriles to carboxylic acids is also a form of addition-
elimination.

General outline of addition reactions: Top to bottom: electrophilic addition to
alkene, nucleophilic addition of nucleophile to carbonyl, and free radical addition of
halide to alkene.

Electrophilic Addition

Most addition reactions to alkenes follow the mechanism of electrophilic addition. An example is the Prins reaction,
where the electrophile is a carbonyl group. In halogenation, adding elementary bromine or chlorine to alkenes yields
dibromo- and dichloro- alkanes, respectively.
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Adding chlorine to ethene: This shows an addition reaction, where chlorine and
ethene form single molecule 1,2-dichloroethane.

Nucleophilic Addition Reactions

In nucleophilic addition reactions, the nucleophile donates an electron pair to the electrophile (one of the atoms in
the double bond). In hydrohalogenation, the nucleophile is the halogen. The halogen donates an electron pair to one
of the carbons participating in a double bond. The hydrogen is then added to the other carbon that was originally
double bonded. Addition of hydrohalic acids like HCl or HBr to alkenes yields the corresponding haloalkanes. An
example of this type of reaction is:

Free Radical Additions of Halogens to Alkanes

In free radical additions of halogens to alkanes (or alkenes), a radical halogen can attack an alkane to produce
another radical, in this case a radical version of the alkane. The radical alkane can attack another compound,
producing another radical that can continue on to attack another compound.

Polymerization of alkenes is an economically important reaction that yields polymers of high industrial value, such
as the plastics polyethylene and polypropylene. Polymerization can either proceed via a free-radical or an ionic
mechanism.

Condensation Reactions

Condensation is a chemical reaction in which one molecule is formed and one small molecule (often water) is lost.

Learning Objectives

Recognize the chemical principles of condensation reactions as they relate to polymerization.

Key Takeaways

Key Points

During condensation reaction, two molecules combine to form a single molecule with the loss of a small
molecule; in dehydration reaction, this lost molecule is water.
Intermolecular condensation occurs between two separate molecules, while intramolecular condensation
is the union between atoms or groups of the same molecule, often leading to ring formation.
Condensation reactions are used in condensation polymerization, when a series of condensation steps
form long chains; this reaction may be either a homopolymerization of a single monomer or a
copolymerization of two co-monomers; many biological transformations are condensation reactions.

Key Terms

condensation reaction: any reaction in which two molecules react with the resulting loss of a water
molecule (or other small molecule); the formal reverse of hydrolysis

condensation polymerization: a polymerization mechanism in which monomers react to form dimers

CH = + HBr → −CHBr−CH3 CH2 CH3 CH3
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condensation polymerization: a polymerization mechanism in which monomers react to form dimers
first, then trimers, longer oligomers, and eventually long chain polymers
dehydration reaction: an elimination (condensation) reaction in which the small molecule that is
removed is water

In a condensation reaction, two molecules or parts thereof combine, releasing a small molecule. When this small
molecule is water, it is known as a dehydration reaction. Other possible lost molecules include hydrogen chloride,
methanol, and acetic acid.

When two separate molecules react, their condensation is termed intermolecular. A simple example is the
condensation of two amino acids to form a peptide. This reaction example is the reverse of hydrolysis, which splits a
chemical entity into two parts through action from the polar water molecule, which itself splits into hydroxide and
hydrogen ions.

Peptide bond formed during condensation reaction: The condensation (dehydration) of two amino acids
to form a peptide bond (red) with expulsion of water (blue).

When a condensation is performed between different parts of the same molecule, the reaction is termed
intramolecular condensation; in many cases, this leads to ring formation. An example is the Dieckmann
condensation, in which the two ester groups of a single diester molecule react with each other to lose a small
alcohol molecule and form a β-ketoester product.

Many condensation reactions follow a nucleophilic acyl substitution or an aldol condensation reaction mechanism
(see previous concept for more information). Other condensations, such as the acyloin condensation, are triggered
by radical conditions.

Condensation Polymerization Reactions

In one type of polymerization reaction, a series of condensation steps takes place whereby monomers or monomer
chains add to each other to form longer chains. This is termed “condensation polymerization,” or “step-growth
polymerization,” and occurs in such processes as the synthesis of polyesters or nylons. Nylon is a silky material
used to make clothes made of repeating units linked by amide bonds, and is frequently referred to as polyamide.
This reaction may be either a homopolymerization of a single monomer A-B with two different end groups that
condense, or a copolymerization of two co-monomers A-A and B-B. Small molecules are usually liberated in these
condensation steps, unlike polyaddition reactions.
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Condensation of diacid and diamine: The condensation of a diacid and diamine is an example of A-B polymerization.

Condensation polymers often require heat, form slower than do addition polymers, and are lower in molecular
weight. This type of reaction is used as a basis for making many important polymers, such as nylon, polyester, and
various epoxies. It is also the basis for the laboratory formation of silicates and polyphosphates. Many biological
transformations, such as polypeptide synthesis, polyketide synthesis, terpene syntheses, phosphorylation, and
glycosylations are condensations.
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Nylon molecular structure: Nylon is a synthetic polymer produced by condensation
polymerization.
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CHEMISTRY AND THE REAL WORLD

OUTER LAYERS OF THE ATMOSPHERE

Earth’s Atmosphere
The Earth’s atmosphere is a layer of mixed gases that is trapped near the surface due to gravitational forces.

Learning Objectives

Recall the composition and relative amounts of the various gases that make up the Earth’s atmosphere and how
the atmosphere helps the planet survive

Key Takeaways

Key Points

Atmospheric stratification describes the structure of the atmosphere, dividing it into distinct layers, each
with specific characteristics such as temperature or composition.
Dry air contains roughly (by volume ) 78.09% nitrogen, 20.95% oxygen, 0.93% argon, 0.039% carbon
dioxide, and small amounts of other gases.
The atmosphere protects life on Earth by absorbing ultraviolet solar radiation and warming the surface
through heat retention (the greenhouse effect ).
The atmosphere is further classified into multiple layers by temperature, which include the thermosphere,
the mesosphere, the stratosphere, and the troposphere.
In general, air pressure and density decrease with altitude in the atmosphere.

Key Terms

greenhouse gas: a series of compounds that are particularly adept at trapping heat; as a result, the
Earth is beginning to warm
atmosphere: a layer of gases that may surround a material body of sufficient mass, such as the Earth,
and that is held in place by the body’s gravity
ozone layer: a region of the stratosphere that absorbs most solar ultraviolet radiation; in the past century,
the release of CFCs has caused a hole to appear in this layer

The Earth’s atmosphere is composed of a layer of gases that encase the planet and that are constrained by
gravitational forces.
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The Earth’s atmosphere: A view of the Earth from space, looking from orbit beyond the exosphere, down
through the layers of the thermosphere, mesosphere, and stratosphere, at a thick cloud layer topping the
troposphere.

In the 1800s, scientists, including John Dalton, realized that the atmosphere was composed of a variety of gases.
By volume, air is made up of approximately 78% nitrogen, 21% oxygen, and 1% argon, with small amounts of
additional gases including water vapor and carbon dioxide. While the three major components have remained
relatively constant over time and space, the minor components, which also include methane, sulfur dioxide, ozone,
and nitrogen oxides, have varied more widely. These minor components are the major contributors to phenomena
like weather, the greenhouse effect, and global warming.

In recent years, additional carbon dioxide has helped trap additional heat being radiating off the planet. Carbon
dioxide, water vapor, and other greenhouse gases are adept at stopping heat from leaving the atmosphere, causing
the Earth to heat up. Some greenhouse gases are beneficial—without them, Earth would be as cold as the moon—
but the recent increase in carbon dioxide has upset the precise balance between too cold, too hot, and just right.

The atmosphere is further classified into multiple layers by temperature, which include the thermosphere, the
mesosphere, the stratosphere, and the troposphere. Both air pressure and density increase upon approaching the
Earth’s surface. The layer closest to the Earth, the troposphere, contains most of the water vapor and is where
weather occurs. The next layer, the stratosphere, contains an ozone layer that results from the reaction of ionizing
solar radiation with oxygen gas; this ozone layer is responsible for the absorption of UV light.

In the recent past, we have damaged our ozone layer by putting chlorofluorocarbons (CFCs) into the atmosphere.
The CFCs have damaged ozone, resulting in a hole in the ozone layer. In recent years, CFCs have been banned
and the ozone layer hole is shrinking. Farther from the surface, the mesosphere, the thermosphere, and then the
exosphere make up the top layers of our atmosphere. Planes typically fly in the stratosphere.

The atmosphere performs a various beneficial functions for the inhabitants of Earth including: absorbing UV
radiation, heating the Earth’s surface, and buffering temperature fluctuations.

Aurora Borealis and the Aurora Australis

Aurora borealis and australis are glowing sky phenomena that occur when charged particles from the sun excite
atmospheric molecules.

Learning Objectives
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Recall how and why the aurora forms.

Key Takeaways

Key Points

An aurora is a natural light display in the sky, particularly in the high-latitude (arctic and antarctic) regions,
that is caused by the collision of energetic charged particles with atoms in the high-altitude atmosphere.
Auroras result from emissions of photons in the Earth’s upper atmosphere (above 80 km), from ionized
nitrogen atoms regaining an electron, and from electrons from oxygen and nitrogen atoms returning from
an excited state to ground state.
The solar wind coming from the sun is the origin of the charged protons and electrons that excite oxygen
and nitrogen and cause auroras.
The aurora’s color depends on the type of atom that is excited and how its electrons return from those
excited states to the ground state.

Key Terms

solar wind: consists of free, high-energy electrons and protons that originate at the sun; these particles
retain the energy until they collide with the Earth’s atmosphere, causing the northern lights
aurora: an atmospheric phenomenon created by charged particles from the sun striking the upper
atmosphere, creating colored lights in the sky

Auroras

An aurora (plural aurorae or auroras; from the Latin word aurora forsunrise) is a natural light display in the sky,
particularly in the high-latitude (arctic and antarctic) regions; it is caused by the collision of atmospheric atoms with
energetic, charged particles coming from space. The charged particles originate in the magnetosphere and solar
wind and then are directed by the Earth’s magnetic field into the atmosphere. The Earth’s magnetic field directs the
charged particles to the Earth’s magnetic poles—as a result, it is the easiest to see the aurora near the poles.

An aurora is classified as either a diffuse or a discrete aurora. A diffuse aurora is a featureless glow in the sky that
may not be visible to the naked eye even on a dark night and defines the extent of the auroral zone (the area in
which auroras are visible). Discrete auroras are sharply-defined features within the diffuse aurora; they vary in
brightness from barely visible to bright enough for reading a newspaper at night.

In northern latitudes, the effect is known as the aurora borealis (or the northern lights), named by Pierre Gassendi in
1621 after the Roman goddess of dawn, Aurora, and the Greek name for the north wind, Boreas. The northern lights
have had a number of names throughout history: the Cree called the phenomenon the “Dance of the Spirits”; in
Europe in the Middle Ages, the auroras were commonly believed to be a sign from God.

Auroras seen near the magnetic pole may be high overhead, but from farther away, they illuminate the northern
horizon as a greenish glow or sometimes a faint red, as if the sun were rising from an unusual direction. Discrete
auroras often display magnetic field lines or curtain-like structures. They can change within seconds or glow
unchanging for hours, most often in fluorescent green. The aurora borealis most often occurs near the winter
equinox when it is dark for long periods of time. Clouds in the sky and any light (natural sunlight or man-made light)
can prevent the possibility of seeing the aurora from the ground.

The aurora borealis’ southern counterpart, the aurora australis (or the southern lights), has almost identical features.
It changes simultaneously with the northern auroral zone and is visible from high southern latitudes in Antarctica,
South America, New Zealand, and Australia.
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Aurora borealis: Some images of aurora borealis.

What Causes the Aurora?

Auroras result from emissions of photons in the Earth’s upper atmosphere (above 80 km, or 50 mi), from ionized
nitrogen atoms regaining an electron, and from oxygen and nitrogen atoms returning from an excited state to ground
state. They are ionized or excited by the collision of solar wind and magnetospheric particles (such as high energy
protons and electrons) funneling down and accelerating along the Earth’s magnetic field lines. The excited particles’
energy is lost by the emitting photon or colliding with another atom or molecule.

The solar wind consists of free, high-energy electrons and protons that originate at the sun. In the vacuum of space,
they maintain their energy because the normal method of energy loss, collision, is not possible due to the low
particle density. Instead, this energetic flow of particles is attracted to the Earth’s magnetic field, where it collides
with oxygen and nitrogen in the top regions of the atmosphere. The movement of these charged particles also
causes electricity, which serves to further excite the molecules in the Earth’s atmosphere. This energy serves to
move the electrons in nitrogen and oxygen from their ground state up to an excited state, where they can then
decay back to the ground state by emitting photons of visible light (see the concept on emission spectra for more
information). Collisions with other atoms or molecules can absorb the excitation energy and prevent emission.

Oxygen emissions are green or brownish-red, depending on the amount of energy absorbed. Nitrogen emissions
are blue if the atom regains an electron after it has been ionized and red if the atom returns to ground state from an
excited state. Oxygen is unusual in terms of its return to ground state: it can take three-quarters of a second to emit
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green light and up to two minutes to emit red. Because the very top of the atmosphere has a higher percentage of
oxygen and is sparsely distributed, collisions preventing emission are rare enough to allow oxygen the time needed
to emit red light.

Collisions become more frequent farther down in the atmosphere, and red emissions do not have time to happen;
eventually, even green light emissions are prevented. This is why there is a color differential with altitude: at high
altitudes, oxygen’s red emissions remain; then, oxygen’s green emissions and nitrogen’s blue and red emissions;
and finally, only nitrogen’s blue and red emissions are left, because collisions prevent oxygen from emitting any light
at all. Green is the most common color of all auroras, followed by pink, a mixture of light green and red, pure red,
yellow (a mixture of red and green), and pure blue.

Glow of Space Shuttles

The glow observed as a space shuttle re-enters the atmosphere is due to excited NO2 releasing light to return to its
ground state.

Learning Objectives

Recall that excited-state nitrogen dioxide is responsible for the glow observed as space shuttles re-enter Earth’s
atmosphere.

Key Takeaways

Key Points

When space shuttles return from space, there is often a phenomenon observed as they begin to re-enter
the Earth’s atmosphere: a glow, especially around the tail end of the shuttle, is usually seen.
The glow around the space shuttle is due to excited-state nitrogen dioxide returning to its ground state
and emitting photons or light; the excited-state nitrogen dioxide forms from nitric oxide (found on the
surface of the space shuttle) and atomic oxygen (found in the atmosphere).
Atomic oxygen forms from the interaction of the sun’s high- energy light with molecular oxygen; the light
has sufficient energy to break the oxygen-oxygen bond in diatomic oxygen, producing single oxygen
atoms (O2 goes to O).

Key Terms

excited state: any state of a particle (often an electron) or system of particles that has a higher energy
than that of its ground state
ground state: the lowest energy state of a particle or system of particles

When space shuttles return from space and being to re-enter the Earth’s atmosphere, a glow, especially around the
tail end of the shuttle, can often be observed. This phenomenon has to do with the composition of the atmosphere
at these altitudes and the lack of shielding from the sun.
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Shuttle glow: When atomic oxygen from the high atmosphere combines with nitric oxide on the surface of
the space shuttle, the resulting excited nitrogen dioxide returns to the ground state emitting an apparent
glow.

Where Does the Glow Come From?

You may have heard of the ozone layer, which protects the Earth from ultraviolet radiation. This protection is not
present higher up in the atmosphere, however, where the high-energy light from the sun interacts with molecular
oxygen, breaking it apart into atomic oxygen. This highly-reactive species interacts with almost any molecule with
which it comes in contact.

The lining of the space shuttle is no exception; specifically, the glow on the space shuttle forms when atomic oxygen
reacts with the nitric oxide (NO) on the exterior of the shuttle. The origin of the NO is unclear, although it may be
collected from the atmosphere or be a byproduct of the fuel consumption from the shuttle thrusters. This interaction
produces NO2 according to the equation:

where NO2* represents the excited state of electrons in NO2. It is the relaxation of these electrons from the excited
state back to the ground state that produces the glow that is visible around the space shuttle (see the concept about
the emission spectra for more information).
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POLLUTION AND ENVIRONMENTAL ISSUES

Polar Ozone Holes
Chlorofluorocarbons have disrupted stratospheric ozone generation, resulting in a thinning of the ozone layer at the
poles.

Learning Objectives

Recall that chlorofluorocarbons produce halogen radicals that catalytically destroy ozone.

Key Takeaways

Key Points

In the stratosphere, ozone is cyclically destroyed and re-formed.
Atomic chlorine and bromine from chlorofluorocarbons and bromofluorocarbons can catalytically disrupt
the cycle of ozone formation in the stratosphere, destroying many more ozone molecules then are re-
made.
The thinning of the ozone layer has resulted in increased levels of UV radiation at the Earth’s surface,
which can cause skin cancer and cataracts.

Key Terms

stratosphere: the region of the uppermost atmosphere where ozone is found
Chlorofluorocarbons: compounds that were commonly used prior to the 1980s for a number of
industrial applications, including refrigerants and cleaning solutions; they can cause holes in the ozone
layer
ozone: a molecule found in the upper regions of the Earth’s atmosphere; important for blocking UV light
from reaching Earth; chemical symbol O3

The Hole in the Ozone Layer

There is a constant cycle of ozone formation and destruction in the stratospheric layer of the atmosphere. Ultraviolet
light splits oxygen gas (O2) to form monatomic oxygen (O) that can react with additional oxygen gas molecules to
form ozone (O3). The ozone produced can then go on to react with monatomic oxygen and re-form oxygen gas.

Chlorofluorocarbons (CFCs) are compounds that were commonly used prior to the 1980s for a number of industrial
applications, including refrigerants and cleaning solutions. CFCs released at the Earth’s surface migrated to the
stratosphere, where they interrupted the cycle of ozone generation. Atomic chlorine radicals formed from CFCs (and
bromine radicals from bromofluorocarbons, or BFCs) act as catalysts to destroy ozone. The whole process, using
CFCl3 as the CFC, is outlined below:

+ UVlight → + Cl⋅CFCl3 CFCl2
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Ultraviolet light breaks a C-Cl bond, resulting in a highly-reactive chlorine radical (Cl ). The chlorine radical can then
react with ozone, as shown below:

The chlorine breaks an oxygen off from ozone, producing diatomic oxygen. The resulting ClO can also destroy
another ozone molecule to form more diatomic oxygen:

Having destroyed two ozone molecules, the chlorine radical is produced once more and can destroy more ozone
molecules.

CFCs have caused a gradual decrease in ozone levels throughout the stratosphere. However, air currents have
resulted in increased accumulation at the poles, leading to pronounced thinning in these regions during the spring.
This thinning is commonly referred to as a hole in the ozone layer, and it allows for harmful ultraviolet radiation to
reach the Earth.

Increased UV radiation has been linked to a number of negative health effects, including skin cancer and cataracts.
The role of CFCs in the destruction of the ozone layer was determined in 1974, and a number of bans on CFCs
were passed in the years that followed; these bans led to a decrease in the size of the holes in the ozone layer.

Ozone depletion: From September 21-30, 2006. The
average area of the ozone hole was the largest ever
observed, at 10.6 million square miles. There is the
least ozone at the blue and purple areas, and the most
at the green, yellow, and red areas.

Volcanoes

Volcanoes can cause environmental damage due to the hot lava, ash, and gases that are released during an
eruption.

Learning Objectives

Recall that volcanoes release toxic gases, including sulfur dioxide, hydrogen sulfide, hydrogen chloride, and
hydrogen fluoride.

Key Takeaways

⋅

Cl ⋅ +  → ClO +O3 O2

ClO + → Cl ⋅ + 2 O3 O2
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Volcanic eruption: The 1991 eruption of
Mount Pinatubo in the Philippines.

Key Points

Volcanoes are vents on the Earth’s surface that release lava, ash, and a variety of gases including sulfur
dioxide and carbon dioxide.
The carbon dioxide released in a volcanic eruption can contribute to the greenhouse effect, while sulfur
dioxide is a component in acid rain.
Sulfur dioxide is also converted into sulfuric acid, which can reflect solar radiation and cool the
atmosphere.
Volcanoes are considered active if they have erupted in the last 10,000 years; volcanic activity is often
preceded by earthquakes or the release of new gases from the volcano.

Key Terms

Volcano: A rupture on the crust of a planetary mass object, such as the Earth, which allows hot lava,
volcanic ash, and gases to escape from a magma chamber below the surface.

Volcanoes form at locations on the Earth’s surface where tectonic plates converge or diverge. They release lava,
gas, and ash, acting as vents for magma chambers miles below the surface. There are approximately 1,900 active
volcanoes on the Earth’s surface.

Volcanic Eruptions

A volcanic eruption, such as that of Mount Pinatubo in the Philippines, can cause severe environmental damage.

Volcanic eruptions and lava can cause immediate danger to the surrounding
area. The extremely hot lava can burn houses and forests very quickly. The
ash can also make air travel difficult and be transferred over long distances
by the wind, sometimes causing respiratory ailments such as asthma.
Volcanoes can also cause more delayed damage through the gases and
particulate matter that are released into the atmosphere.

Contribution to Air Pollution

Volcanoes can contribute to air pollution through the release of toxic gases,
which can include water vapor, carbon dioxide, sulfur dioxide, hydrogen
sulfide, hydrogen chloride, and hydrogen fluoride, along with trace amounts
of hydrogen, carbon monoxide, and hydrogen fluoride. Carbon dioxide is a
greenhouse gas, and sulfur dioxide, hydrogen chloride, and hydrogen
fluoride are all components of acid rain. Sulfur dioxide is converted into aerosolized sulfuric acid, which reflects solar
radiation and leads to atmospheric cooling, agricultural decline, and occasionally famine. The release of these
gases has also been linked to breathing problems and nausea in communities near volcanoes, such as the
Hawaiian islands.

Volcanic Activity

Volcanoes are considered active if they have had an explosion in the last 10,000 years. They have extremely long
life spans and can appear to be inactive for many years before erupting with little warning. Often, eruptions are
preceded by an earthquake or the release of new gases from the volcano. When either of these warnings happen,
scientists monitor the volcano more carefully and may call for an evacuation of the surrounding towns.

Volcanoes can also have beneficial effects on the surrounding environment. Volcanic rocks, for example, add a
variety of nutrients to the soil, which can improve agricultural yields.

The Greenhouse E�ect
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The greenhouse effect: A summary of the heat transfer in the Earth’s
atmosphere.

The greenhouse effect is an elevation in surface temperatures due to atmospheric gases absorbing and re-radiating
thermal energy.

Learning Objectives

Recall the causes of global warming and how humans have aggravated the phenomenon.

Key Takeaways

Key Points

Solar radiation is absorbed at the Earth’s surface and emitted as thermal energy that can be re-absorbed
by greenhouse gases.
Greenhouse gases include water vapor, carbon dioxide, ozone, and methane; the major components of
atmospheric gas — nitrogen, oxygen, and argon—are transparent to infrared radiation.
The greenhouse effect insulates the Earth’s surface, making it hospitable to life; however, human
activities have increased the concentration of these gases, causing global warming.

Key Terms

greenhouse gases: gases such as water vapor, carbon dioxide, ozone, and methane that absorb and
trap heat as it tries to escape from the Earth’s atmosphere
global warming: a rapid increase in temperatures; caused by greenhouse gases trapping extra heat in
the atmosphere; it may produce a number of environmental consequences
greenhouse effect: an elevation in surface temperatures due to atmospheric gases absorbing and re-
radiating thermal energy

While about 30 percent of the solar radiation directed at the Earth scatters at the outer atmosphere, the remainder is
either absorbed by clouds and atmospheric gases or is transmitted to the Earth’s surface. The energy that reaches
the Earth’s surface is absorbed and subsequently reflected back into the atmosphere in the form of infrared
radiation, as shown in the diagram below. This thermal radiation from the surface has a much longer wavelength
than the solar radiation that was initially absorbed.

The majority of gases in the atmosphere, such as
nitrogen, oxygen, and argon, cannot absorb this
infrared radiation. Gases known as greenhouse
gases, including water vapor, carbon dioxide,
ozone, and methane, absorb and trap this heat
as it tries to escape from the atmosphere.
Greenhouse gases then re-radiate this energy
back to Earth, elevating atmospheric
temperatures even when the surface is not being
directly irradiated by the sun. The cloud layer can
also absorb infrared radiation and contribute
further to the greenhouse effect.

Without this trapping effect, it is estimated that
the surface of the Earth would be approximately
30 degrees cooler than current temperatures.
The greenhouse effect modulates the
temperature at the Earth’s surface and makes it
hospitable to life.

Human activities have increased greenhouse gas concentrations n the atmosphere through the combustion of fossil
fuels, release of methane from farms, industrial emissions, and deforestation. This increase in greenhouse gases is
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producing the phenomenon known as global warming, a rapid increase in atmospheric temperatures that may
produce a number of environmental consequences, such as more extreme weather.

Photochemical Smog
Photochemical smog forms when primary pollutants react with ultraviolet light to create a variety of toxic and
reactive compounds.

Learning Objectives

Recall what causes photochemical smog and why it is a problem for humans

Key Takeaways

Key Points

Photochemical smog is composed of primary and secondary pollutants.
Primary pollutants, which include nitrogen oxides and volatile organic compounds, are introduced into the
atmosphere via vehicular emissions and industrial processes.
Secondary pollutants, like ozone, result from the reaction of primary pollutants with ultraviolet light.
Photochemical smog is most common in sunny and dry cities, like Los Angeles.
Smog has a variety of negative health impacts.

Key Terms

volatile: evaporating or vaporizing readily under normal conditions; having a low boiling point
Photochemical smog: a type of air pollution formed through solar radiation reacting with airborne
pollutants, like nitrogen oxides and volatile organic compounds
monatomic: a substance consisting of a single atom (not molecules of the element); examples include
the noble gases and many metals

Photochemical smog is a major contributor to air pollution. The word “smog” was originally coined as a mixture of
“smoke” and “fog” and was historically used to describe air pollution produced from the burning of coal, which
released smoke and sulfur dioxide. Nineteenth and 20th century London was particularly well-known for this type of
air pollution. The “Great Smog of 1952” was identified as the cause of over 4,000 deaths in London. While air
pollution caused by burning coal has become less common, the combustion of fossil fuels continues to affect air
quality.

What Causes Photochemical Smog?

The components of photochemical smog were established during the 1950s. This type of air pollution is formed
through the reaction of solar radiation with airborne pollutants like nitrogen oxides and volatile organic compounds.
These compounds, which are called primary pollutants, are often introduced into the atmosphere through
automobile emissions and industrial processes. Ultraviolet light can split nitrogen dioxide into nitric oxide and
monatomic oxygen; this monatomic oxygen can then react with oxygen gas to form ozone. Products like ozone,
aldehydes, and peroxyacetyl nitrates are called secondary pollutants. The mixture of these primary and secondary
pollutants forms photochemical smog.

Both the primary and secondary pollutants in photochemical smog are highly reactive. These oxidizing compounds
have been linked to a variety of negative health outcomes; ozone, for example, is known to irritate the lungs. Smog
is a particular health danger in some of the world’s sunniest and most populated cities, such as Los Angeles; Los
Angeles is typically sunny, and the sun reacts with the chemicals produced by cars and other industrial processes.
Smog can also affect areas of the country that are sunny less frequently, such as New York City. In fact, most major
cities have problems with smog and air pollution.
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Smog in London during the 19th and 20th centuries: Claude Monet made
several trips to London between 1899 and 1901, during which he painted views
of the Thames and Houses of Parliament which show the sun struggling to
shine through London’s smog-laden atmosphere.

Smog in New York City: Photochemical smog is composed of primary and
secondary pollutants. Primary pollutants include nitrogen oxides and volatile
organic compounds as a result of industrial processes, while secondary pollutants
are created through the reaction of primary pollutants with ultraviolet light.

Indoor Pollution: Radon

Radon gas, the result of radium’s radioactive decay, can severely compromise indoor air quality.

Learning Objectives

1090



Radon gas: A gold tube filled with
radon gas.

Recall the process by which radon is produced, why it is dangerous to humans, and how to prevent radon
poisoning

Key Takeaways

Key Points

Radon is a colorless, odorless gas, the primary source of indoor air pollution.
Radon sinks in air because it has a high density; it is therefore often found in the basements of homes,
particularly in areas where with a lot of shale and boulders in the soil.
Radon results from the radioactive decay of radium in the soil, and it further decays to produce
radioactive daughters including polonium and lead.
Radon gas, along with decay products that can attach to dust and airborne particles, enters the lungs and
decays, producing alpha and beta radiation that damages DNA and causes lung cancer.

Key Terms

alpha: a large, positive particle; the same size and charge as a helium nucleus; the result of a nuclear
reaction or nuclear decay
beta particle: an energetic electron or positron produced as the result of a nuclear reaction or nuclear
decay

A variety of contaminants can affect the quality of indoor air and the health of the people who inhabit that space.
One serious source of indoor air pollution is radon. Radon is a dense, colorless, odorless noble gas that occurs
naturally in the soil as the product of the radioactive decay of radium; it is a decay product of uranium and thorium,
which occur naturally in the Earth’s crust.

Sources of Radon

Radon has a variety of sources, including uranium, and contains rocks like
granite, shale, phosphate rock, and pitchblende. Radon can escape from these
sources and migrate into the surrounding air and water supplies. It can be
found in well water, natural gas sources, and building materials. Radon sources
are found throughout the United States, in houses, schools, and businesses
that have been constructed on top of radon-rich soil. Due to its heavy density,
radon typically floats downward and is often found in the basements of
buildings.

Health E�ects

Radon is a major source of indoor air pollution and is the cause of tens of thousands of deaths annually in the
United States and Europe. Radon decays to form daughters, or decay products, which include radioactive polonium,
lead, and bismuth. Radon is a gas, but these decay products are solids that can attach to dust and enter the lungs.
Radon and its daughters continue to decay in the lungs, releasing alpha and beta particles that can damage cellular
DNA and result in lung cancer. Radon and its daughters are the leading cause of lung cancer in non-smokers.

Detection and Prevention

Radon levels can be tested through a number of available assays, and contamination can be addressed by sealing
basements and cellars to prevent the exchange of gas with the surrounding soil or by increasing ventilation. Many
states require radon testing before selling a house.

Indoor Pollution: CO and CO2
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Carbon monoxide and carbon dioxide are products of combustion reactions; in large amounts, carbon monoxide can
cause suffocation.

Learning Objectives

Recall how and why carbon monoxide poisoning occurs and why it can be fatal.

Key Takeaways

Key Points

Combustion reactions can produce both carbon monoxide and carbon dioxide, depending on the
availability of oxygen.
Inhaled carbon monoxide competes with oxygen to bind to hemoglobin, resulting in oxygen deprivation to
the organs, which can lead to death.
Carbon dioxide is the product of human metabolic activity and is more benign than carbon monoxide; it
has few negative health effects.
Carbon monoxide poisoning can be prevented by installing carbon monoxide detectors that can detect
unsafe levels of the toxic gas.

Key Terms

hemoglobin: the protein in red blood cells that transports oxygen from the lungs to the rest of the body;
carbon monoxide can bind to it instead of oxygen

Carbon Monoxide v. Carbon Dioxide

Carbon monoxide (CO) and carbon dioxide (CO2) are both colorless, odorless gases.

Carbon monoxide: The space-filling model of carbon monoxide.

1092



Carbon dioxide: The space-filling model of carbon monoxide.

Sources of Carbon Dioxide and Carbon Monoxide

Carbon dioxide and carbon monoxide are the products of combustion reactions, such as the burning of coal, wood,
and natural gas, or the use of modern combustion engines (most frequently used in cars). When a hydrocarbon is
burned in air, it produces carbon dioxide and water vapor. Carbon monoxide is often the product of incomplete
combustion reactions. In the presence of adequate oxygen, combustion reactions will usually produce carbon
dioxide. Most carbon dioxide found indoors is a result of human activity and exhalation. Carbon dioxide is also
produced during cellular respiration, when humans turn glucose and oxygen into energy, water, and carbon dioxide.

Health E�ects

Carbon monoxide is highly toxic. In a number of countries, carbon monoxide is a major source of air poisoning.
Carbon monoxide molecules compete with oxygen to bind to hemoglobin; as a result, not enough oxygen can bind
to the hemoglobin. Furthermore, carbon monoxide molecules will not detach from hemoglobin, leaving them bound
to the protein for long periods of time. When oxygen can no longer circulate in the bloodstream (because most or all
of the body’s hemoglobin are bound to carbon monoxide), nausea and faintness result, followed by organ failure
and potentially death.

Carbon dioxide has few negative health effects relative to carbon monoxide; it has been linked to drowsiness in
crowded buildings and is thought to impede education in overcrowded schools.

Prevention

Carbon monoxide is particularly dangerous because it is odorless; carbon monoxide sensors can be used to alert
inhabitants to rising levels of this toxic gas, however. Bans on indoor smoking are also resulting in lower indoor
levels of carbon monoxide. Proper air circulation is important to prevent the accumulation of this harmful gas.
Ensuring the correct installation and ventilation of heaters, furnaces, and chimneys can also prevent the buildup of
carbon monoxide. Older cars can also produce carbon monoxide. Leaving a car running in a closed garage can
result in potentially lethal levels of carbon monoxide; more recently-built cars do not produce dangerous levels of
carbon monoxide, however, even when in an inclosed space.

Indoor Pollution: Formaldehyde

Formaldehyde, the simplest aldehyde, is a common component in building and household materials, and is highly
toxic.

Learning Objectives
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Formaldehyde: This is the chemical structure
of formaldehyde.

Recall formaldehyde’s structure, why it is dangerous to humans, and what can be done to lessen exposure to it.

Key Takeaways

Key Points

Formaldehyde is a colorless, pungent gas that is highly irritating to the eyes, nose, and lungs.
Formaldehyde, the simplest aldehyde, is used to manufacture of a number of household and building
materials, particularly polymers.
Indoor pollution levels improve through increased ventilation and the removal of furniture or building
materials with high levels of formaldehyde.

Key Terms

aldehyde: any of a large class of reactive organic compounds (R·CHO) with a carbonyl functional group
attached to a hydrogen atom and any other organic molecule group (R)

Formaldehyde

Formaldehyde is a colorless gas with a characteristic strong odor.

Formaldehyde is the simplest aldehyde, meaning that the aldehyde
group (CHO) is attached to one more carbon. Formaldehyde is used to
manufacture building materials and household items. It is also produced
during some combustion reactions, is found in exhaust gas, and is a
precursor for synthesizing a number of organic compounds, particularly
polymers.

Formaldehyde has a range of uses, including as a fabric stiffener in
wrinkle-free clothing and as a component of insulation. It is commonly
found in pressed wood products like plywood, particleboard, and
furniture made from these materials. Formaldehyde is frequently used in
adhesives and as a strengthening agent in paper products like facial
tissues. It can also be used for its antibacterial and antifungal properties
and is frequently employed as an embalming or preserving agent for
biological samples.

Health E�ects

Formaldehyde can irritate the lungs, eyes, and nose, and exposure causes headaches and nausea; effects are
particularly harmful on individuals with asthma, and childhood exposure has been linked to the development of
asthma. Formaldehyde can also produce allergic reactions and has been classed as a probable carcinogen by the
Environmental Protection Agency. At higher concentrations, it is highly toxic to humans.

Prevention

Good ventilation and restricting the use of household and building materials with high levels of formaldehyde can
effectively prevent the formaldehyde’s negative health impacts. The Department of Housing and Urban
Development has been regulating the levels of formaldehyde in the pressed wood materials since 1985.
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