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3.1 Solids, Liquids, and Gases 

,. 
Key Concepts 
Q How can shape and 

volume be used to 
classify materials? 

Q How can kinetic theory 
and forces of attraction 
be used to explain the 
behavior of gases, liquids, 
and solids? 

Figure 1 Carpenters use a level 
to find out if a surface is perfectly 
horizontal. In the level shown, 
three clear plastic tubes are set 
into an aluminum frame. Each 
tube contains a liquid and a gas. 
Classifying What property could 
you use to distinguish the liquid 
or gas from the solids in a level? 

Id 
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Vocabulary 
• solid 
• liquid 
• gas 
• kinetic energy 

Reading Strategy 
Comparing and Contrasting Copy the 
diagram. As you read, replace each letter_ ":'ith 
one of these phrases: definite volume, definite 
shape, variable volume, or variable shape. 

Solid Liquid Gas 

Do you recognize the object in Figure 1? It is a carpenter's level. A 
level can be used to see whether a surface is perfectly horizontal. The 
level has one or more transparent tubes inside a metal or wooden 
frame. Inside each tube is a clear liquid, such as alcohol, and an air 
bubble. When a carpenter places the level on a surface that is perfectly 
horizontal, the air bubble stays in the middle of the horizontal tube. 
The bubble moves to the high end of the tube if the surface is slanted. 

The metal, alcohol, and air in a carpenter's level represent three 
states of matter. At room temperature, most metals are solids, alcohol 
is a liquid, and air is a gas. In this chapter, you will learn why the 
appearance and behavior of solids, liquids, and gases are different. 

Describing the States of Matter 
If you were asked to classify some materials as solids, liquids, or gases, 
you would probably find the task fairly easy. But could you describe 
what method you used to classify the materials? You might notice 
that some materials have a definite shape and volume and some 
materials do not. Materials can be classified as solids, liquids, or 
gases based on whether their shapes and volumes are definite or 
variable. Shape and volume are clues to how the particles within a 
material are arranged. 

m 



r:Ud• Think abo_ut these familiar objects: a pencil, a quarter, a 
, book, and a cafeteria tray. What do these four objects have in 

cornrnon? They all have a recognizable shape and they all take 
a certain amount of space. The materials in these objects 

u~ all in the solid state. Solid is the state of matter in which 
ar fi . h materials have a de mte s ape and a definite volume. 

The term definite means that the shape and volume of 
a pencil won't ch~nge as you move the pencil from a desk 
drawer to a pencil case to a backpack. Changing the con-
tainer doesn't change the shape or volume of a solid. 
However, the term definite doesn't mean that the shape or 
volurne can never change. After all, you can change the shape of 
3 pencil by sharpening it. You can change the shape of a copper 
wire by bending the wire. 

Figure 2 shows the arrangement of atoms in a copper wire. The 
copper atoms are packed close together and are arranged in a regular 
pattern. Almost all solids have some type of orderly arrangement of 
particles at the atomic level. 

Liquids How good are you at estimating whether the juice remain-
ing in an almost-empty bottle will fit in a glass? If your estimate is not 
accurate, you will run out of space in the glass before you run out of 
juice in the bottle. 

Appearances can be deceiving. Imagine a narrow glass and a wide 
bottle side by side. Each contains exactly 350 milliliters of juice ( about 
three quarters of a pint). There will seem to be more juice in the glass 
because the juice rises almost to the rim of the glass. There will seem 
to be less juice in the bottle because the juice forms a shallow layer. 
What can you learn about liquids from this comparison? 

A liquid always has the same shape as its container and can be 
poured from one container to another. Liquid is the state of matter in 
which a material has a definite volume but not a definite shape. 

Mercury exists as a liquid at room temperature. 
The drawing in Figure 3 shows the arrangement of 
atoms in liquid mercury. Compare this arrange-
ment to the arrangement of copper atoms in 
Figure 2. The mercury atoms are close together 
but their arrangement is more random than the 
arrangement of atoms in copper. 

Figure 3 At room temperature mercury is a liquid. 
Drops of mercury on a flat, cle~n surface have a round 
shape. Mercury in a container has the same shape as its 
container. Comparing and Contrasting Compare the 
arrangement of atoms in copper and mercury. 

Figure 2 Samples of solid copper 
have definite volume. Copper 
atoms are packed close together 
in an orderly arrangement. 
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Gases If you were asked to name a gas, what would you say? Air, 
which is a mixture of gases, is probably the most obvious example. 
You might also mention natural gas, which is used as a fuel for heat-
ing homes. Gas is the state of matter in which a material has neither a 

definite shape nor a definite volume. (The adjective form of the word 
gas is gaseous ( GAS e us), as in gaseous state.) A gas takes the shape 

and volume of its container. 
The balloons in Figure 4 are filled with helium, a colorless 

gas that is less dense than air. Two of the balloons are teardrop-
shaped and two are disk-shaped. The "shape" of the helium 
in a balloon is the same as the shape of the balloon itself. The 
volume of the helium in a balloon is equal to the volume of 
the balloon. 

The helium atoms in a balloon are not arranged in 
a regular pattern, as shown in the drawing in Figure 4. 

•••• •• •:• .. ••••• ••••• •••• 

They are at random locations throughout the bal-
loon. There is more space between two helium 
atoms in a balloon than between two neighboring 
atoms in solid copper or liquid mercury . 

Because of the space among helium atoms, a 
large amount of helium can be compressed into a 

metal cylinder. When helium flows from the cylinder 
into a balloon, the helium atoms spread out. If 200 bal-

loons are filled from a single cylinder, the total volume of the 
balloons will be much larger than the volume of the cylinder. 

Figure 4 Helium gas takes the 
volume and shape of its container. 
Observing Describe the shape of 
the helium in the blue balloon. 
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Other States of Matter On Earth, almost all matter exists 
in a solid, liquid, or gaseous state. But ninety-nine percent of all the 
matter that can be observed in the universe exists in a state that is not 
as common on Earth. At extremely high temperatures, such as those 
found on the sun or other stars, matter exists as plasma. You will read 
more about the properties of plasmas in Chapter 10. 

In the 1920s Satyendra Bose, a physicist from India, wrote a paper 
about the behavior of light. After Albert Einstein read the paper, he 
realized that the behavior described could apply to matter under cer-
tain conditions. Einstein made a bold prediction. He predicted that 
a fifth state of matter would exist at extremely low temperatures. At 
temperatures near -273°C, groups of atoms would behave as though 
they were a single particle. In 1995, scientists produced this fifth state 
of matter, which is called a Bose-Einstein condensate (or BEC). It 
behaved as Einstein had predicted decades before. 

d Reading ) How can atoms behave at temperatures 
~ · Checkpoint near-2noc? 



Why Was Mercury Used In 
Thermometers? 
Until recently, mercury thermometers were used in 
homes and schools. When a thermometer broke 
people were exposed to mercury. When broken ' 
thermo~eters were ~hrown_ away, they ended up 
in landfills. Mercury Is a toxic substance that can 
harm humans and other organisms. Schools no 
longer use mercury thermometers and people are 
encouraged to replace their fever thermometers. 

So why did people continue to use mercury 
thermometers long after they knew the dangers of 
mercury? Look at the data table. It lists some 
densities over a temperature range from 0°c to 
150°C. The temperatures are given at 30-degree 
intervals. 
1. Using Tables How does the density of 

mercury change as the temperature increases? 
2. Relating Cause and Effect How does a 

change in density affect the volume of a 
mercury sample? 

Kinetic Theory 

Temperature Density Volume of One Gram 
c•q {g/ml) (ml) 

0 13.60 0.07356 

30 13.52 0.07396 

60 13.45 0 .07436 

90 13.38 0 .07476 

120 13.30 0.07517 

150 13.23 0.07558 

3. Calculating If a thermometer contained a 
gram of mercury, how much would the volume 
of the mercury change when the temperature 
rose from 0°c to 30°C? From 30°C to 60°C? 
From 60°C to 90°C? From 90°C to 120°C? 

4. Drawing Conclusions Why was mercury a 
better choice than water for the liquid in a 
thermometer? (Hint: Between 0°c and 30°C, 
the volume of a gram of water changes by 
0.0042 ml. Between 30°C and 60°C, the 
volume changes by 0.0127 ml. Between 60°C 
and 90°C, the volume changes by 0.0188 ml.) 

5 . Inferring Why is the mercury in a 
thermometer stored in a narrow tube? 

\A/hy, under ordinary conditions, is copper a solid, mercury a liquid, 
and helium a gas? To begin to answer that question, you need to know 
something about kinetic energy. An object that is moving has kinetic 
energy. The word kinetic comes from a Greek word meaning "to move:' 
Kinetic energy is the energy an object has due to its motion. 

The faster an object moves, the greater its kinetic energy is. A ball 
thrown at 85 miles ( 13 7 kilometers) per hour by the pitcher in Figure 5 
has more kinetic energy than a ball thrown at 78 miles ( 125 kilometers) 
per hour. When a baseball is thrown, a batter can see that it is moving. 
But the batter cannot see that there is also motion occurring within 

Figure 5 The kinetic energy of a 
baseball depends on the speed at 
which the pitcher throws the ball. 

the baseball. According to the kinetic theory of 
matter, particles inside the solid baseball are moving. 
Particles in the air that the baseball travels through 
are moving too. 

The kinetic theory of matter says that all 
Particles of matter are in constant motion. The 
theo 1 · ry was developed in the mid-1800s to exp am 
the b h · 1 · h b e av1or of gases. It can also help to exp amt e 
ehavior of liquids and solids. 
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Figure 6 This photograph of 
billiard balls was taken just after 
the cue struck the white ball, 
which began to move. The white 
ball moved in a straight line until 
it collided with the dark blue ball . 
The collision caused the dark blue 
ball to start moving. The motion 
of billiard balls can be compared 
to the motion of particles in a gas. 

Figure 7 A helium atom travels in 
a straight line until it collides with 
another helium atom or the side 
of its container. 
Relating Cause and Effect What 
can happen to the kinetic energy 
of two helium atoms when the 
atoms collide? 

', 
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Explaining the Behavior of Gases 
You can compare the motion of the particles in a gas to the movement 
of balls during a game of billiards. When a cue strikes a billiard ball, as 
shown in Figure 6, the ball moves in a straight line until it strikes the 
side of the billiard table or another ball. When a moving ball strikes a 
ball at rest, the first ball slows down and the second ball begins to 
move. Kinetic energy is transferred during those collisions. 

Motion in Gases Unlike biliiard balls, the particles in a gas are 
never at rest. At room temperature, the average speed of the particles 
in a sample of gas is about 1600 kilometers per hour. The use of the 
term average is a clue that not all particles are moving at the same 
speed. Some are moving faster than the average speed and some are 
moving slower than the average speed. 

Figure 7 shows the possible paths of two helium atoms in a con-
tainer of helium gas. Notice that each atom moves in a straight line 
until it collides with the other atom or with a wall of the container. 
During a collision, one atom may lose kinetic energy and slow down 
while the other atom gains kinetic energy and speeds up. However, the 
total kinetic energy of the atoms remains the same. 

The diagram in Figure 7 does not accurately compare the volumes 
of the atoms and the container. The volume of a helium atom is 
extremely small compared to the volume of its container. If there were 
a billion times a trillion helium atoms in a liter bottle, there would still 
be a large amount of space in the bottle. 

Between collisions, why doesn't one particle in a gas affect the other 
particles in the gas? There are forces of attraction among the 
particles in all matter. If the particles are apart and moving fast, as in 
a gas, the attractions are too weak to have an effect. Under ordinary 
conditions, scientists can ignore the forces of attraction in a gas. 



1,.etic Theory of Gases The kinetic theory explains the gen-
1( al roperties of a gas. The constant motion of particles in a gas ~o!s a gas to fill a co~tainer of an! shape_ or size. Th~nk about air in 

. The walls of the tire keep the air con tamed. What 1f there is a hole a ure. h . l . . . 
. the tire? Because t e partlc es m the air are m constant motion, some 
~the particles would_ travel to the hole and move out of the tire. The 
~netic theory as applied to gases has three main points. 

• Particles in a gas are in constant, random motion. 

The motion of one particle is unaffected by the motion of other 
• particles unless the particles collide. 

Forces of attraction among particles in a gas can be ignored under 
• ordinary conditions. 

L Reading \!9 Checkpoint Describe the motion of particles In a gas. 

Explaining the Behavior of Liquids 
The particles in liquids also have kinetic energy. So why does a liquid 
such as mercury have a definite volume at room temperature instead 
of expanding to fill its container? The average speed of a mercury atom 
is much slower than the average speed of a helium atom at the same 
temperature. A mercury atom has about 50 times the mass of a helium 
atom. This greater mass is only partly responsible for the slower speed. 
What other factor is responsible? 

The particles in a liquid are more closely packed than the particles in 
a gas. Therefore, attractions between the particles in a liquid do affect the 
movement of the particles. A mercury atom in liquid mercury is like a 
student in the crowded hallway in Figure 8. The student's path may be 
blocked by students moving in the other direc-
tion. The student's ability to move is affected by 
interactions with other students. 

In a liquid, there is a kind of tug of war 
between the constant motion of particles and 
the attractions among particles. This tug of 
war explains the general behavior of liquids. 

A liquid takes the shape of its container 
because particles in a liquid can flow to new 
locations. The volume of a liquid is constant 
because forces of attraction keep the particles 
close together. Because forces of attraction 
limit the motion of particles in a liquid, the 
Particles in a liquid cannot spread out and fill 
a container. 

(Go · !!~!n~ 
. SCf tNKS 

For: Links on kinetic theory 
Visit: www.SciLinks.org 
Web Code: ccn-1031 

For: Activity on mercury in the 
enviroment 

Visit: PHSchool.com 
Web Code: ccc-1031 

Figure 8 Particles in a liquid 
behave like students moving 
through a crowded hallway. 
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Figure 9 These photographs of an 
audience in a movie theater were 
taken at different times on the 
same day. The behavior of the 
audience can be compared to the 
behavior of particles in a solid. 
Observing What stayed the same 
and what changed between the 
photographs? 

Explaining the Behavior of Solids 
You might compare the particles in a solid to a polite audience in a 
movie theater. While the movie is running, people stay in their seats. 
Although people move around in their seats, as shown in Figure 9, each 
person remains in essentially the same location during the movie. They 
have "fixed" locations in a total volume that does not change. 

Solids have a definite volume and shape because particles in 
a solid vibrate around fixed locations. Vibration is a repetitive back-
and-forth motion. Look back at the orderly arrangement of copper 
atoms in Figure 2. Strong attractions among the copper atoms restrict 
their motion and keep each atom in a fixed location relative to its 
neighbors. Each atom vibrates around its location but it does not 
exchange places with a neighboring atom. 

Section 3.1 Assessment 

Reviewing Concepts 
1. How are shape and volume used to 

classify solids, liquids, and gases? 
2. What does the kinetic theory say about 

the motion of atoms? 
3. How is a gas able to fill a container of any 

size or shape? 
4. Use kinetic theory and attractive forces to 

explain why a liquid has a definite volume and 
a shape that can vary. 

5. Explain why a solid has a definite shape 
and volume. 

6. How does the arrangement of atoms in most 
solids differ from the arrangement of atoms in 
a liquid? 
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Critical Thinking 
7. Using Analogies Explain how the behavior 

of popcorn in a popcorn popper can be used 
as an analogy for the motion of gas particles. 

8. Applying Concepts A hazardous chemical is 
leaking from a tank truck. Rescue workers need 
to evacuate people who live near the accident. 
Why are more people likely to be affected if 
the chemical is a gas, rather than a liquid? 

f-: --- : -;_i C t ' 
l Connecting __ 

1 
oncep s ,1 

:--.__ ' 

Viscosity Review the description of vis-
cosity in Section 2.2. Use the tug of war 
between forces of attraction and kinetic 
energy to explain differences in viscosity 
among liquids at the same temperature. 



3.2 The Gas Laws 

Readmg Focus 
~----

Key Concepts 
What causes gas pressure 
in a closed container? 

Vocabulary 
• pressure Reading Strategy 

What factors affect gas 
pressure? 

• absolute zero 
• Charles's law 
• Boyle's law 

Identifying Cause and Effect Copy the 
diagram. As you read, Identify the variables 
that affect gas pressure. 

How are the temperature, 
volume, and pressure of a 
gas related? Gas 

pressure 

~~~""""""-"~~"-l!!saz~24~.,._Q.~~~~~ 

The woman in Figure 10 is taking a deep breath. This action helps 
reduce her breathing rate and increase the volume of air she inhales. 
When you inhale, the volume of your chest cavity increases and air 
moves into your lungs. When you exhale, the volume of your chest 
cavity decreases and air is pushed out of your lungs. 

After you read this section, you will understand how changing the 
volume of your chest cavity causes air to move into and out of your 
lungs. Changes in the volume, the temperature, the pressure, and the 
number of particles have predictable effects on the behavior of a gas. 

Pressure 
At many hockey rinks, a layer of shatterproof glass keeps the puck away 
from the spectators. The force with which the puck hits the glass 
depends on the speed of the puck. The faster the puck is traveling, the 
greater the force is. The smaller the area of impact is, the greater the 
pressure produced. Pressure is the result of a force distributed over an 
area. If the edge of the puck hits the glass, it exerts more pressure than 
if the face of the puck hits the glass at the same speed. 

Figure 10 Taking a deep breath 
increases the volume of your 
chest cavity, which causes air to 
move into your lungs. 

The SI unit of pressure is derived from SI units for force and area. 
Force is measured in newtons (N) and area in square meters (m2). , . , 
When a force in newtons is divided by an area in square meters, the,. ~) 
unit of pressure is newtons per square meter (N/m2). The SI unit for ":~ 
pressure, the pascal (Pa), is shorthand for newtons per square me~_er . .. ....,._ .... 
One pascal is a small amount of pressure. Scientists often expres s • · _ :·' 
~arger amounts of pressure in kilopascals. One kilopascal (kPa) 
15 equal to 1000 pascals. 
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Flgu,..11 The fire-
fighter is using a 
pressure gauge to 
check the air pressure 
in a t ire on a firetruck. 
If the ti res on the 
truck have a 44.5-inch 
diameter, the pressure 
on a front tire should 
be about 125 pounds 
per square inch (psi). 
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An object does not need to be as large as a hockey puck to 
, . th b' 11 exert 

Pressure when it collides with ano er o Ject. Reca that the heJ · 
l ' Th IUllJ atoms in a balloon are c~n~tant _Y movm~, e pressure produced b 

a single helium atom coll1dmg with a wall is extremely small. Howe Y 
there are more than 1022 helium atoms in a small balloon. Whenver, 
many particles collide with the walls of a container at the same tirnso 
they produce a measurable pressure. e, 

Collisions between particles of a gas and the walls of th 
container cause the pressure in a closed container of gas. The mor: 
frequent the collisions, the greater the pressure of the gas is. The speed 
of the particles and their mass also affect the pressure. 

1_L Reading \!I Checkpoint 
How does the frequency of colllslons affect the 
pressure of a gas? 

Factors That Affect Gas Pressure 
Think again about the collisions that produce gas pressure. What 
changes might affect the pressure of a gas in a container? The particles 
in the gas could move faster or slower. The gas could be moved into a 
larger or smaller container. You could add gas or remove gas from the 
container. Factors that affect the pressure of an enclosed gas are 
its temperature, its volume, and the number of its particles. 

Temperature Suppose you are about to go 
on a long drive. The driver suspects that the air 
pressure in the automobile tires might be low. 
You check the pressure in each tire, using a pres-
sure gauge like the one in Figure 11. You find that 
the measurements are well within the automo-
bile manufacturer's guidelines. If you checked 
the tire pressures again after a few hours on the 
highway, would you be surprised to find that the 
pressure in the tires had increased? 

The constant motion of tires on the highway 
causes the tires and the air in the tires to warm 
up. As the temperature rises, the average kinetic 
energy of the particles in the air increases. With 
increased kinetic energy, the particles move faster 
and collide more often with the inner walls of the 

tires. The faster-moving particles also hit the walls with greater force. 
The increase in the number of collisions along with the increase in the 
force of the collisions causes an increase in the pressure of the air in the 
tires. Raising the temperature of a gas will increase its pressure if 
the volume of the gas and the number of particles are constant, 



Exhaling 

. phragm contracts. 
01a . 1·tt d Rib cage Is I e 

up and out. 

Inhaling ~- Diaphragm relaxes . 
' Rib cage moves 

; down and ;n. 

Lungs 

Rib cage 
Diaphragm 

Volume Imagine that you have a plastic bottle that appears empty. 
If you twist the cap onto the bottle and then squeeze the bottle, what 
will happen? At first, the plastic will give a little, reducing the volume 
of the bottle. But soon you will feel pressure from inside the bottle 
resisting your efforts to further reduce the volume. The pressure you 
tee! is a result of the increased pressure of the air trapped inside the 
bottle. As the volume is decreased, particles of trapped air collide more 
often with the walls of the bottle. Reducing the volume of a gas 
increases its pressure if the temperature of the gas and the number 
of particles are constant. 

Figure 12 shows how the relationship between volume and pres-
sure explains what happens when you breathe. As you inhale, a muscle 
called the diaphragm (DY uh fram) contracts. The contraction causes 
your chest cavity to expand. This temporary increase in volume allows 
the particles in air to spread out, which lowers the pressure inside the 
chest cavity. Because the pressure of the air outside your body is now 
greater than the pressure inside your chest, air rushes into your lungs. 

When you exhale, your diaphragm relaxes and the volume of your 
chest cavity decreases. The particles in the air are squeezed into a 
smaller volume and the pressure inside your lungs increases. Because 
the pressure of the air inside your chest is now greater than the pres-
sure of the air outside your body, air is forced out of your lungs. 

Number of Particles You can probably predict what will 
happen to the pressure when you add more gas to a container. Think 
about a tire. Once the tire is inflated, its volume is fairly constant. So 
adding more air will increase the pressure inside the tire. The more 
particles there are in the same volume, the greater the number of col-
lisions and the greater the pressure. At some point the rubber from 
which the tire is made will not be strong enough to withstand the 
increased pressure and the tire will burst. Increasing the number 
of particles will increase the pressure of a gas if the temperature and 
the volume are constant. 

t 
! 

Figure 12 Movement of a muscle 
called the diaphragm changes 
the volume of your chest cavity. 
The volume increases when you 
inhale and decreases when you 
exhale. 
Interpreting Diagrams How does 
the movement of your rib cage 
affect the volume of your chest 
cavity? 

cGo 9 nline 
- DICE.w6" 

For: Articles on properties of 
matter 

Visit: PHSchool.com 
Web Code: cce-1032 

States of Matter 77 

, ,. 
I ' 
i 11•' I 

I' I 
: I I I 

. I 

·I 
I 

I I . I 
I 
I 

I ,I 
I I 

I 
1

1 I 
I 

i 11 II J! :I I 
I I j l 
I I I, 

ii 
1' !, 

' !, 
I ' I I 

I 
I : 

I I 
I 11 I 

llj ' , I , 
I I 

I' 



Charles's Law Boyle's Law ·%-! 
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Temperature (°C) 

Figure 13 These graphs compare 
the effects of temperature and 
volume on the pressure of a gas. 
Charles's law describes the direct 
relationship between the 
temperature and the volume. 
Boyle's law describes the inverse 
relationship between the volume 
and the pressure. 
Controlling Variables For each 
graph, name the manipulated 
variable and the responding 
variable. 

78 Chapter 3 

2.5 
Volume (L) 

Charles's Law 
During his lifetime, the French physicist Jacques Charles (17 46-1823) 
was known for his inventions, including the hydrogen balloon. Today, 
Charles is best known for his investigations of the behavior of gases. 
Charles collected data on the relationship between the temperature 
and volume of gases. When he graphed the data, the graph was a 
straight line, as shown in Figure 13. The graph shows that the volume 
of a gas increases at the same rate as the temperature of the gas. 

Charles extended the line on his graph beyond the measured data 
to see what the temperature would have to be to produce a volume of 
O L. The temperature at the point where the line crossed the x-axis was 
-273.15°C. This temperature is equal to OK on the Kelvin tempera-
ture scale. A temperature of O K is called absolute zero. No scientist has 
produced a temperature of absolute zero in a laboratory, but some have 
come extremely close. As a gas cools to temperatures near O K, the gas 
changes to a liquid, a solid, or sometimes a Bose-Einstein condensate. 

Charles's law states that the volume of a gas is directly propor-
tional to its temperature in kelvins if the pressure and the number of 
particles of the gas are constant. Charles's law can be written as a 
mathematical expression in which r1 and v1 represent the tempera-
ture and volume of a gas before a change occurs. r2 and V2 represent 
the temperature and volume after a change occurs. 

[ Charles's Law J 
The temperatures must be expressed in kelvins. If temperatures in 
d C 1 . . ·11 not be egrees e sms are used m the expression, the volume WI 

directly proportional to the temperature. 



soyle's Law 
Robert Boyle, _who was born in Ireland in 162 7, was the first to describe 
the relationship between the pressure and volume of a gas. The graph in 
fgure 13 shows what happens when the volume of a cylinder contain-
i~g a set am~unt of gas is decrea~ed. What happens when the volume of 
the cylinder 1s reduced from 2.0 hters to 1.0 liter? The pressure of the gas 
iJ1 the cylinder doubles from 50 kilo pascals to l 00 kilopascals. 

[ eoyle's Law 

Boyle's law states that the volume of a gas is inversely proportional 
to its pressure if the temperature and the number of particles are con-
stant. Boyle's law can be expressed mathematically. p1 and v1 represent 
the pressure and volume of a gas before a change occurs. p2 and v2 
represent the pressure and volume of a gas after a change occurs. 

d Reading 
Checkpoint How is Boyle's law expressed mathematically? 

Observing the Effect of 
Temperature on Gas Pressure 

Materials 
pan, metric ruler, empty beverage can, masking 
tape, hot plate, clock, tongs 

Procedure I ri1 
1. Fill a pan with cold water to a depth of 3 cm. Analyze and Conclude 
2. Use masking tape to cover half the opening 

of the can. CAUTION Do not cover the entire 
opening with tape. 

3. Place the can on the hot plate and turn the 
hot plate to a high setting. Heat the can for 
5 minutes and then turn off the hot plate. 

1. Inferring How did the temperature of the air 
inside the can change when you heated the 
can? How did it change when you put the can 
in the water? 

4. Use tongs to remove the can from the hot plate 
and place it upside down in the pan of water 
as shown. The opening should be below the 
surface of the water. Observe the can as it cools. 

2. Drawing Conclusions What happened to 
the pressure of the air inside the can when you 
put the can in the cold water? 

3. Inferring Did the air pressure outside the 
can change during the experiment? 

4. Formulating Hypotheses What caused the 
change you observed in Step 4? 
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1. A gas has a volume of 5.0 Lat a 
pressure of 50 kPa. What happens 
to the volume when the pressure 
is increased to 125 kPa? The 
temperature does not change. 

2. Gas stored in a tank at 273 K has 
a pressure of 388 kPa. The safe 
limit for the pressure is 825 kPa. 
At what temperature will the gas 
reach this pressure? 

3. At 10°C, the gas in a cylinder has 
a volume of 0.250 L. The gas is 
allowed to expand to 0.285 L. 
What must the final temperature 
be for the pressure to remain 
constant? (Hint: Convert from 
degrees Celsius to kelvins using 
the expression °C + 273 = K.) 

10 Chapter 3 

The Combined Gas Law 
The relationships described by Boyle's law and Charles's law 
described by a single law. The combined gas law describes the relca~ be 

ation ship among the temperature, volume, and pressure of a gas Whe -
number of particles is constant. n the 

[ 

Combined Gas Law 

ft -Tz P1V1 - P2V2 J --------
The combined gas law is used to solve many problems involving gases. 

The Combined Gas Law 
A cylinder that contains air at a pressure of 100 kPa has a volume 
of 0.75 L. The pressure is increased to 300 kPa. The temperature 
does not change. Find the new volume of air. 

Read and Understand 
What information are you given? 

P1 = 100 kPa P2 = 300 kPa V1 = 0.75 L 

Plan and Solve 
What unknown are you trying to calculate? 

V2 

What expression can you use? 

P1 V1 P2 V2 = T'fi: 
Cancel out the variable that does not change and rearrange 
the expression to solve for V2. 

P1 V1 P1 V1 = P2V2 V2 = J'i: 
Replace each variable with its known value. 

0.75 L V2 = 10015Pa X 300 15M = 0.25 L 

Look Back and Check 
Is your answer reasonable? 

Volume should decrease as pressure increases. The 
pressure tripled from 100 kPa to 300 kPa . The answer, 
0.25 L, is one third the original volume, 0.75 L. 



It is harder for scientists to do a controlled experiment 
hen they are studying events that occur in natural settings. 

; •entists need laws like the combined gas law to deal with sit-
:~ons in which multiple variables are changing. Balloons like 

~he one in Figure 14 are used by scientists to gather data about 
Earth's atmosphere. The balloon is filled with hydrogen or 
helium, It carries a package of weather instruments up into 
the atmosphere. The instruments measure temperature, pres-
sure, and water content at different levels in the atmosphere. 

What will happen to the volume of the weather balloon as 
't rises through the atmosphere? Both pressure and temperature 
~ecrease as the altitude increases in Earth's atmosphere. A 
decrease in external pressure should cause the balloon to expand 
to a larger volume. A decrease in temperature should cause the 
balloon to contract to a smaller volume. Whether the balloon 
actually expands or contracts depends on the size of the changes 
in pressure and temperature. 

Figure 14 These scientists are releasing a 
weather balloon into the atmosphere. The 
balloon is designed to burst when it reaches 
an altitude of about 27,400 meters. 
Drawing Conclusions What happens to the 
pressure inside a weather balloon as it rises? 

Section 3.2 Assessment 
, , 

Reviewing Concepts 
1. How is the gas pressure produced in a 

closed container of gas? 
2. What three factors affect gas pressure? 

8. Applying Concepts Some liquid products 
are sold in aerosol cans. Gas is stored in a can 
under pressure and is used to propel the liquid 
out of the can. Explain why an aerosol can 
should never be thrown into a fireplace 

3. How does increasing the temperature 
affect the pressure of a contained gas? 

4. What happens to the pressure of a gas if 
its volume is reduced? 

5. How does increasing the number of 
particles of a contained gas affect its pressure? 

Critical Thinking 
6. Predicting What happens to the pressu~e 

in a tire if air is slowly leaking out of the tire? 
Explain your answer. 

7. Comparing and Contrasting What do 
Boyle's law and Charles's law have in 
common? How are they different? 

or incinerator. 

9. Two liters of hydrogen gas are stored at a 
pressure of 100 kPa. If the temperature 
does not change, what will the volume 
of the gas be when the pressure is 
decreased to 25 kPa? 

1 O. You know that a gas in a sealed container 
has a pressure of 111 kPa at 23°C. What 
will the pressure be if the temperature rises 
to 475°(? 
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3.3 Phase Changes 

Reading Focus 

Key Concepts 
What are six common 
phase changes? 
What happens to a 
substance's temperature 
and a system's energy 
during a phase change? 
How does the 
arrangement of water 
molecules change during 
melting and freezing? 
How are evaporation and 
boiling different? 

Figure 15 The solid and liquid 
phases of water are visible in this 
photograph of an iceberg in the 
Amundsen Sea near Antarctica. 

z a a z I 

Vocabulary 
• phase change 
• endothermic 
• heat of fusion 
• exothermic 
• vaporization 
• heat of vaporization 
• evaporation 
• vapor pressure 
• condensation 
• sublimation 
• deposition 

a 

Reading Strategy 
S mmarlzlng Copy the diagram. As you 
re':id, complete the description of energy flow 
during phase changes. 

Endothermic Exothermic 

8-1 Liquid I [ill-{~ 
~ I c. 7 I EJ-ffi] 

Massive chunks of frozen water called icebergs are a common sight 
off the continent of Antarctica. A large iceberg like the one in Figure 15 
contains enough fresh water to supply millions of people with water 
for a year. During the summer in southern Australia, fresh water is a 
scarce resource. People have proposed towing icebergs to Australia 
from Antarctica. The plan has not been implemented because the trip 
could take months to complete and much of the iceberg would melt 
along the way. In this section, you will find out what happens when a 
substance, su:h as water, changes from one state to another. 

Characteristics of Phase Changes 
When at least two states of the same substance are present, scientists 
describe each different state as a phase. For example, if an iceberg is float -
ing in the ocean, there are two phases of water present-a solid phase 
and a liquid phase. A phase change is the reversible physical change that 
occurs when a substance changes from one state of matter to another. 



In Figure 16, a state of matter is listed at each corner of the triangle. 
Each arrow in the diagram represents a different phase change. Each 
pair of arr~ws represen~s a set of reversible changes. For example, the 
arrow starting at the sohd phase and ending at the liquid phase repre-
sents melting. The arrow starting at the liquid phase and ending at the 
solid phase represents freezing. 

Melting, freezing, vaporization, condensation, sublimation, 
and deposition are six common phase changes. All phase changes 
share certain characteristics related to energy and temperature. 

Temperature and Phase Changes One way to 
recognize a phase change is by measuring the temperature of 
a substance as it is heated or cooled. (:> The temperature of 
a substance does not change during a phase change. 

Naphthalene (NAF thuh leen) is a compound that is sometimes used 
in mothballs. Figure 17 is a graph of the data collected when a solid 
piece of naphthalene is slowly heated. Temperature readings are taken 
at regular intervals. At first the temperature rises as the solid naphtha-
lene warms up. But at 80°C, the temperature of the naphthalene stops 
rising. The temperature remains at 80°C, which is the melting point of 
naphthalene, until melting is complete. 

Ifliquid naphthalene is placed in an ice-water bath, the temperature 
of the liquid will drop until it reaches 80°C. It will remain at 80°C until 
all the liquid freezes. The temperature at which the substance freezes-
its freezing point-is identical to the temperature at which it melts. The 
freezing and melting points of naphthalene are both 80°C. 

If naphthalene is heated after it has completely melted, its tempera-
ture begins to rise again. The temperature keeps rising until it reaches 
218°C, which is the boiling point of naphthalene. Until boiling is com-
plete, the temperature remains at 218°C. 

--- -- -~ -Heating .Curve for Naphthalene ---
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Figure 16 This diagram lists six 
physical changes that can occur 
among the solid, liquid, and 
gaseous phases of a substance. 
Interpreting Diagrams Explain 
why the changes are grouped into 
the pairs shown on the diagram. 

cGo f .~:n~ 
. SCf lNKS 

For: Links on phase diagrams 
Visit: www.Scilinks.org 
Web Code: ccn-1030 

Figure 17 This graph shows what 
happens to the temperature of a 
solid sample of naphthalene as 
the sample is slowly heated. 
Using Graphs What happened to 
the temperature in the interval 
between four and seven minutes? 
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Figure 18 This ice sculpture of a 
dog sled was carved at a winter 
fair in Fairbanks, Alaska. The ice 
sculpture will start to melt if the 
temperature rises above 0°( or 
sunlight shines directly on the ice. 

Energy released 

Figure 19 Energy released as ice 
forms on these strawberry plants 
keeps the plants from freezing at 
temperatures slightly below 0°c. 
Applying Concepts Explain 
why a farmer would need to 
keep spraying the plants with 
water while the temperature 
remains below freezing. 

86 Chapter 3 

Energy absorbed 

~nergy and Phase Changes During a phase change, energy 
1s transferred between a substance and its surroundings. The direction 
of the transfer depends on the type of phase change. Energy is 
either absorbed or released during a phase change. 

The ice sculpture in Figure 18 isn't going to last forever. When the 
temperature of the air rises above 0°C or when sunlight shines directly 
on the ice, an ice sculpture begins to melt. Melting is an example of an 
endothermic change. During an endothermic change, the system 
absorbs energy from its surroundings. 

The amount of energy absorbed depends on the substance. For 
example, one gram of ice absorbs 334 joules 0) of energy as it mdts. 
This amount of energy is the heat of fusion for water. Fusion is another 
term for melting. The heat of fusion varies from substance to substance. 

One gram of water releases 334 joules of energy to its surroundi:igs 
as it freezes, the same amount of energy that is absorbed when one gram 
of ice melts. Farmers use this release of energy to protect their crops. 
When farmers expect temperatures to drop slightly below 0°C, they 
spray the crops with water as shown in Figure 19. As water freeze~. it 
releases heat. The flow of heat slows the drop in temperature and helps 
protect the crops from damage. Freezing is an example of an exother-
mic change. During an exothermic change, the system releases energy 
to its surroundings. 

An understanding of phase changes can be useful in many situd-
tions. The How It Works box explains how the design of an ice rink in 
Utah allows the manager of the rink to control the hardness of the ice. 

Reading ) How much energy does one gram of ice absorb as 
Checkpoint it melts? 



cGo · -~Ifn~ 
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For: links on phases of matter 
Visit: www.Scilinks.org 
Web Code: ccn-1033 

Figure 20 In a refrigerator, a pair 
of phase changes keep the food 
cold. Energy from inside the food 
compartment is used to change a 
liquid to a gas in the evaporator. 
This energy is released when the 
compressed gas changes back to a 
liquid in the condenser. 
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Melting and Freezing 
In water, hydrogen and oxygen atoms are combined in small units 
called molecules. Each water molecule contains two hydrogen atoms 
and one oxygen atom. The arrangement of molecules in water 
becomes less orderly as water melts and more orderly as water freezes. 

Melting In ice, attractions between water molecules keep the mol-
ecules in fixed positions. When ice cubes are removed from a freezer 
and placed in an empty glass, heat flows from the air to the ice. As the 
ice gains energy, the molecules vibrate more quickly. At the melting 
point of water, 0°C, some molecules gain enough energy to overcome 
the attractions and move from their fixed positions. When all the mol-
ecules have enough energy to move, melting is complete. Any energy 
gained by the water after the phase change increases the average kinetic 
energy of the molecules, and the temperature rises. 

Freezing When liquid water is placed in a freezer, energy flows 
from the water to the air in the freezer, and the water cools down. As 
the average kinetic energy of its molecules decreases, they move more 
slowly. At the freezing point of water, some molecules move slowly 
enough for the attractions between molecules to have an effect. When 
all the molecules have been drawn into an orderly arrangement, freez-
ing is complete. Any energy removed from the ice after the phase 
change decreases the average kinetic energy of the molecules, and the 
temperature of the ice drops. 

ergy removed 
from food 

Often, people think of cold temperatures when they 
hear the term freezing. But substances that are solids at 
room temperature can freeze at temperatures that are quite 
high. For example, silicon freezes at 1412°C (2574°F). As a 
comparison, you can bake cookies at l 77°C (350°F). 

com~ Vaporization and Condensation 

j 

"' 

I Chapter 3 

nser 

surroundings 

Figure 20 shows how food cools and stays cold in a refrig-
erator. The process depends on a substance that changes 
from a liquid to a gas to a liquid over and over again. 
During these phase changes, energy flows from the inside 
of the refrigerator to the outside. 

The phase change in which a substance changes from 
a liquid into a gas is vaporization. Vaporization is an 
endothermic process. That is, a substance must absorb 
energy in order to change from a liquid to a gas. One 
gram of water gains 2258 joules of energy when it vapor-
izes at 100°C. This amount of energy is the heat of 
vaporization for water. The heat of vaporization varies 
from substance to substance. 



scientists distinguish two vaporization processes-
illng and evaporation. Evaporation takes place 

bO the surface of a liquid and occurs at temperatures 
at ilin . t beloW the ho g porn . 

f\'aporation If you go outside after a rain shower 
on a sunny, warm day, you may notice puddles of 
water. If you return to the same location after a few 
hours, the puddles may be gone. This disappearance 
of the puddles is due to evaporation. Evaporation is 
the process that changes a substance from a liquid to 
a gas at temperatures below the substance's boiling point. 

Figure 21 shows what is happening as water evaporates from a 
small, shallow container. S~m: molecules near the surface are moving 
fast enough to escape the hqmd and become water vapor. (A vapor is 
the gaseous phase of a substance that is normally a solid or liquid at 
room temperature.) The greater the surface area of the container, the 
faster the water evaporates. 

What happens if the water is in a dosed container? As the water 
evaporates, water vapor collects above the liquid. The pressure caused 
by the collisions of this vapor and the walls of the container is called 
vapor pressure. The vapor pressure of water increases as the temper-
ature increases. At higher temperatures, more water molecules have 
enough kinetic energy to overcome the attractions of other molecules 
in the liquid. 

d Reading 
\!j Checkpoint 

How does the surface area of a liquid affect the 
rate of evaporation? 

Boiling As you heat a pot of water, both the temperature and 
the vapor pressure of the water increase. When the vapor pressure 
becomes equal to atmospheric pressure, the water boils. The tempera-
ture at which this happens is the boiling point of water. 

The kinetic theory explains what happens when water boils. As the 
temperature increases, water molecules move faster and faster. When 
the temperature reaches 1 Q0°C, some molecules below the surface of 
the liquid have enough kinetic energy to overcome the attraction of 
neighboring molecules. Figure 22 shows that bubbles of water vapor 
form within the liquid. Because water vapor is less dense than liquid 
Water, the bubbles quickly rise to the surface. When they reach the 
surface, the bubbles burst and release water vapor into the air. 

Figure 22 Boiling takes place throu~hout 
a liquid. Applying concepts Exp/a,? why 
the temperature of water does not r,se 
during boiling. 

Figure 21 Evaporation takes 
place at the surface of a liquid. 
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Observing Phase Changes 
Materials Analyze and Conclude 
250-mL Erlenmeyer flask, graduated cylinder, 
thermometer, dry ice 1 Observing What happened when the dry . 

• was added to the water? ice 
2 Analyzing Data Did adding the dry ice Procedure I M l, 

1. Pour 150 milliliters of water into a 250-ml 
Erlenmeyer flask. Place a thermometer in the 
flask. CAUTION Wipe up any spilled water right 
away to ovoid slips and falls. 

• cause the water to boil? Explain your answer. 
3. Inferring What wa; the source of the 

bubbles in the water. 
4. Formulating Hypothes

1
e s What caused a 

cloud to form above the f ask? 2. Observe what happens after your teacher adds 
a small piece of dry ice to the flask. (Dry ice is 
solid carbon dioxide.) CAUTION Dry ice can 
damage skin on contact. Do not touch the dry ice. 

3. Record the temperature of the water just after 
the dry ice is added and again after it is no 
longer visible. 

s. Applying Concepts What phase changes 
occurred in the flask? 

Figure 23 Water vapor from the 
air condensed into drops of liquid 
water on these blades of grass. 

The boiling point of a substance depends on the atmospheric 
pressure. The normal boiling point of water at sea level is 100°C. At 
higher elevations, the atmospheric pressure is lower. Do you know 
that Denver, Colorado, is called the mile-high city? This nickname is 
based on Denver's location at one mile above sea level. In Denver, the 
vapor pressure of water will equal atmospheric pressure at tempera-
tures below 100°C. The boiling point of water in Denver can be as low 
as 95°C. Food does not cook as quickly at 95°C as it does at lOO'C. 
Pasta takes longer to cook in Denver than in New Orleans, Louisiana, 
a city that is located near sea level. 

Condensation Have you ever come out of a shower to find your 
bathroom mirror clouded over? The "cloud" on the mirror is caused 
by water vapor that cooled as it came in contact with the mirror. The 
water vapor transferred heat to the mirror and condensed into liquid 
water. Condensation is the phase change in which a substance changes 
from a gas or vapor to a liquid. This process is also responsible for the 
morning dew on the blades of grass in Figure 23. Condensation is an 
exothermic process. 



sublimation and Deposition 
Directors of concerts and plays sometimes use dry ice t t • 1 a D . . o crea e a 
.cog-like spec1a euect. ry ice 1s the common name fo th I'd 1' d' 'd r e so 1 
form of carbon 1~X1 e. At room temperature, dry ice can directly 
change from _a sohd to a colorless gas. Sublimation is the phase 
change in wh1c~ a subst~nc~ changes from a solid to a gas or vapor 
without changing to a hqmd first. Sublimation is an endothermic 
change. As dry ice sublimes, the cold carbon dioxide vapor causes 
water vapor in the air to condense and form clouds. 

Where does the name dry ice come from? Solid carbon dioxide 
does not form a liquid as its temperature rises. Suppose 100 steaks 
are shipped from Omaha, Nebraska, to a supermarket in Miami, 
Florida. The steaks will spoil unless they are kept cold during the 
trip. If regular ice is used, water collects in the shipping container 
as the ice melts. If the steaks are shipped in dry ice, the container 
and the steaks stay dry during the journey. Figure 24 shows another 
use of dry ice. 

When a gas or vapor changes directly into a solid without first 
changing to a liquid, the phase change is called deposition. This 
exothermic phase change is the reverse of sublimation. Deposition 
causes frost to form on windows. When water vapor in the air comes 
in contact with cold window glass, the water vapor loses enough 
kinetic energy to change directly from a gas to a solid. 

Section 3.3 Assessment 

Figure 24 A technician at Tinker 
Air Force Base in Oklahoma hangs 
a mosquito trap. The trap is baited 
with dry ice because mosquitoes 
are attracted to carbon dioxide. 

Reviewing Concepts 
1. Name six common phase changes. 
2. What happens to the temperature of a 

substance during a phase change? 

8. Drawing Conclusions At room temperature, 
table salt is a solid and acetone is a liquid. 
Acetone is the main ingredient in nail polish 
remover. What conclusion can you draw about 
the melting points of these materials? 

3. How does the energy of a system change 
during a phase change? 

4. What happens to the arrangement of 
7 water molecules as water melts and freezes. 

5. What is the difference between 
evaporation and boiling? 

. • d ·r are 6. Explain why subhmat1on and eposi ion 
classified as physical changes. 

Crltlcal Thinking 
H n the mass of a 7. Applying Concepts ow ca h . nny day w en 

Pile of snow decrease on a su b ooc7 t rise a ove • the air temperature does no 

, In Science 

Steps In a Process Write a paragraph 
describing three steps that must occur for a 
water molecule to start on the surface of hot 
bath water and end up on the surface of a 
bathroom mirror. Note whether the phase 
changes that take place during the process 
are endothermic or exothermic. (Hint: Use 
words such as first, next, and finally to show 
the order of events.) 
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