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APPENDIX C 

S A M P L E  A C T I V I T I E S 

Classification of Matter
How do atoms combine to make different types of matter?

Annotated to identify the components of the learning cycle identified in chapter 4.

Why?

Look at the things in this room. They are all matter. That matter may be pure 
or it may be a mixture. Can you tell by looking at it? What if you looked at 
it under a microscope? Then could you tell? Something that looks pure may 
not really be pure. It depends on what type of particles that thing is made 
of. In this activity, we will explore how the smallest chemical units of matter 
determine whether something is classified as an element, a compound, or a 
mixture.

All POGIL activities begin with a model, which presents students with specific 
examples from which they will be guided to construct generalizable conclusions 
or principles (the model could also be data or graphs instead of a diagram).
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Model 1

8 particles

R

atom

T & RSq & R ?

5 particles

Sq2moleculeRSq

molecule moleculeatoms

?

SqR3 & TSqTSq2R

                                                                                                                   5 particles 

?
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Questions 1 through 4 are exploration questions. They point students at par-
ticular elements of the model. They give students information and definitions 
they will use to reason through new ideas. Questions also provide students with 
the opportunity to master the skill of reading and interpreting a diagram. (In 
other activities, this might include interpretation of data, text, equations, or 
graphs.)

1.  Circle a molecule of RSq in Model 1. How many atoms are in a mol-
ecule of RSq?

2. Circle a molecule of TSq
2
R in Model 1.

a)  How many different types of atoms are found in a molecule of 
TSq2R?

b) How many Sq atoms are in a molecule of TSq
2
R?

3. a)  How many different types of atoms are found in a sample of SqR
3
 

& TSq?

b)  How many different types of molecules are found in a sample of 
SqR

3
 & TSq?

4. a)  What does it mean when two atoms are touching in the drawings of 
Model 1?

b)  What does it mean when two atoms or molecules are not touching in 
the drawings of Model 1?

Question 5 is a concept invention question. It requires students to general-
ize from the specific information they have to arrive at the definition of a 
particle.

5. a) Can a particle be a single atom?

b) Can a particle be a molecule?

c)  How many particles are in the drawing representing T & RSq & R 
in Model 1?
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Questions 6a through 6d require students to figure out how the “codes” work.  
This is another concept invention opportunity. Question 6e asks students to 
apply their ideas to ensure that students understand and can apply the concept.

  6.  Compare the codes listed at the top of each drawing in Model 1 with 
the shapes in that box.

a)  What do the letters R, Sq, and T in the codes represent?

b)  What do the small numbers (subscripts) in the codes represent?

c)  When atoms are touching, how is that communicated in the 
code?

d)  When atoms or molecules are not touching, how is that com-
municated in the code?

e)  In Model 1, there are three drawings that are labeled with a ques-
tion mark (?). Write codes to properly label these drawings.

Questions 7 through 12 constitute a new set of concept invention ques-
tions. These questions send students back to details in the model and 
guide students to develop the concepts associated with how different 
types of matter are classified by chemists. They are prompted to connect 
their emerging ideas to the work they did with notation (codes) on the 
previous page.

7.  The manager should appoint one group member to cut apart Model 1 to 
separate the nine drawings. As a team, sort the pictures into those where 
all the particles in the drawing are identical and those that have more than 
one type of particle in the drawing.

Read This!

Matter is classified as a pure substance when all of the particles are  
identical. Matter is classified as a mixture if there are different particles 
present.

  8.  Identify which set of drawings from #7 are pure substances and which 
set are mixtures. List the codes for each set in the space provided.
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Pure Substances Mixtures

 ___________ ___________ ___________

 ___________ ___________ ___________

 ___________ ___________ ___________

9.  How are the codes (chemical formulas) for pure substances different from 
those for mixtures?

10.  As a team, take the set of pure substances drawings from #8 and sort 
them into those containing only one type of atom and those with two 
or more types of atoms.

Read This!

Elements are defined as substances made from only one type of atom. 
Compounds are defined as substances made from two or more types of 
atoms.

   11.  Identify which set of drawings from #10 are elements and which 
set are compounds. List the codes for each set here.

Elements Compounds

 ___________  ___________

 ___________  ___________

 ___________  ___________

 12.  How are the codes (chemical formulas) for elements different from 
those for compounds?

Question 13 is an application question and allows students to use the knowl-
edge they have built about notation and classification of matter. It helps to 
determine whether or not the students have understood the concept.

 13.  Use what you have just learned about chemical formulas to identify 
the following as element, compound, or mixture.
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 a. Br
2
 b. NaHCO

3
 c. C

6
H

12
O

6
 & H

2
O

 d. Cu & Zn e. CO
2
 f. Al

Extension Questions

Questions 14 and 15 are further application questions. In these questions, stu-
dents take their understanding and use it to answer new questions that require 
an understanding of how matter is classified and represented.

14.  Often it is useful to separate matter. For example, you strain cooked 
pasta to get the liquid out. In a fuel cell, water is separated into hydrogen 
and oxygen.

  a)  Which type of matter can be separated by physical methods (no 
bonds need to break), such as filtering or distillation?

  b)  Which type of matter needs to be separated by chemical methods 
(breaking of bonds required), such as electrolysis or decomposition?

15.  Students in a chemistry course were asked the following question on a 
unit exam:

Draw a diagram representing an element using circles as atoms.

a)  The following diagrams represent the two types of answers given by  
students. Which drawing is the best representation of an element? 
Explain.

Drawing A Drawing B

POGIL.indb   296 16-03-2019   12:34:17



aPPendIx c  297

b)  If Drawing B was a sample from the substances in Model 1, which 
substance(s) could be represented? Is a single atom a good represen-
tation of any of them?

Teacher Resources

Learning Objectives:

1.  Students will be able to read chemical formulas for elements and 
compounds, determining the numbers of atoms in a molecule.

2.  Students will be able to classify matter as a pure substance or a mix-
ture based on molecular representations or chemical formulas.

3.  Students will be able to classify pure substances as elements or com-
pounds based on molecular representations or chemical formulas.

Prerequisites:

1. Students must know that atoms are held together by bonds in a 
molecule.
2. Students must know that matter has mass and takes up space.

Assessment Questions:

1.  Identify each of the following drawings as an element, a compound, 
or a mixture.
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2.  Identify each of the following common items as an element, a com-
pound, or a mixture. Their chemical formulas have been given to 
help you out.

a) Sugar (C
6
H

12
O

6
) g) Gold (Au)

b) Phosphorous (P
4
) h) Granite (SiO

2
 & KAlSi

3
O

3
 & 

K
3
Si

3
O

10
 …)

c) Battery acid (H
2
SO

4
) i) Drain cleaner (Al & NaOH & 

…)

d) Air (N
2
 & O

2
 & Ar & CO

2 
…) j) Sodium (Na)

e) Oxygen (O
2
) k) Water (H

2
O)

f ) Milk (C
6
H

12
O

6
 & H

2
O & 

C
50

H
102

O
3
…)

l) Salt water (NaCl & H
2
O)

3. Which of the following is NOT a true statement?

a. Two or more atoms held together with bonds make up a molecule.

b. Pure substances are made of only one type of atom.

c. At least two types of atoms are required to make a compound.

d.  Mixtures can be made of two elements, two compounds, or an 
element and a compound.

Assessment Questions (Target Responses):
1.  Identify each of the following drawings as an element, a compound, 

or a mixture.

Compound

Compound

Element

Element

Mixture

Mixture
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2.  Identify each of the following common items as an element, a com-
pound, or a mixture. Their chemical formulas have been given to 
help you out.

a) Sugar (C
6
H

12
O

6
) Compound g) Gold (Au) Element

b) Phosphorous (P
4
) Element h)  Granite (SiO

2
 & KAlSi

3
O

3
 & 

K
3
Si

3
O

10
 …) Mixture

c) Battery acid (H
2
SO

4
) Compound i)  Drain cleaner (Al & NaOH & 

…) Compound

d)  Air (N
2
 & O

2
 & Ar & CO

2 
…) 

Mixture
j) Sodium (Na) Element

e) Oxygen (O
2
) Element k) Water (H

2
O) Compound

f )  Milk (C
6
H

12
O

6
 & H

2
O & 

C
50

H
102

O
3
…) Mixture

l)  Salt water (NaCl & H
2
O) 

Mixture

3. Which of the following is NOT a true statement?

a.  Two or more atoms held together with bonds make up a molecule.

b.  Pure substances are made of only one type of atom.

c.  At least two types of atoms are required to make a compound.

d.  Mixtures can be made of two elements, two compounds, or an 
element and a compound.

Teacher Tips

•	 In this activity, the students will be asked to cut apart the first page so 
that the pictures can be sorted. It is helpful to have an extra copy of 
this page for each group that can be cut apart. This allows students to 
keep their activity intact, with the diagrams. At the very least, the first 
page should be copied one-sided only.

•	 Three-dimensional models work great with this activity as well. Petri 
dishes with “atoms and molecules” made from beads, buttons, or 
other objects are easy for students to sort and can be stored for use 
next year.

•	 Question #15 in the activity addresses the difference between bulk 
matter and particulate matter. The terms element, compound, and 
mixture refer to bulk samples, while the terms atom and molecule refer 
to the particulate level. Many students have the misconception that 
atom = element and molecule = compound.
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Materials
•	 Each group of students will need a pair of scissors and an extra copy 

of the first page to cut apart.

Target Responses:

1.  Circle a molecule of RSq in Model 1. How many atoms are in a mol-
ecule of RSq?  two

2. Circle a molecule of TSq2R in Model 1.
a)  How many different types of atoms are found in a molecule of 

TSq
2
R?  three

b) How many Sq atoms are in a molecule of TSq
2
R? two

3. a)  How many different types of atoms are found in a sample of SqR
3
 & 

TSq? three

b)  How many different types of molecules are found in a sample of SqR
3
 

& TSq? two

4. a)  What does it mean when two atoms are touching in the drawings of 
Model 1?

The atoms are chemically bonded into a molecule.

b) What does it mean when two atoms or molecules are not touching in 
the drawings of Model 1?

The atoms or molecules are just sitting next to each other in the sample, 
and are not bonded together.

5. a) Can a particle be a single atom? yes

b) Can a particle be a molecule? yes

c)  How many particles are in the drawing representing T & RSq & R in 
Model 1? eight

6.  Compare the codes listed at the top of each drawing in Model 1 with 
the shapes in that box.
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a) What do the letters R, Sq, and T in the codes represent?

R = round   Sq = square   T = triangle

b) What do the small numbers (subscripts) in the codes represent?

The number of atoms of that type in a molecule.

c) When atoms are touching, how is that communicated in the code?

They are all listed in one code together.

d)  When atoms or molecules are not touching, how is that communi-
cated in the code?

An “&” symbol separates the codes.

e)  In Model 1, there are three drawings that are labeled with a question  
mark (?). Write codes to properly label these drawings.

T   SqR
3
   Sq

2
 & R

7./8.  Identify which set of drawings from #7 are pure substances and which 
set are mixtures. List the codes for each set here.

Pure Substances Mixtures

R T T & RSq & R

SqR
3

RSq Sq
2
 & R

Sq
2

TSq
2
R SqR

3
 & TSq

9.  How are the codes (chemical formulas) for pure substances different from 
those for mixtures?

All mixture codes include an “&” symbol.

10./11.  Identify which set of drawings from #10 are elements and which set 
are compounds. List the codes for each set here.

Elements Compounds

R SqR
3
 

T RSq

Sq
2

TSq
2
R

12.  How are the codes (chemical formulas) for elements different from those 
for compounds?
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Elements only have one capital letter while compounds have at least 
two capitol letters in their codes.

13.  Use what you have just learned about chemical formulas to identify the 
following as element, compound, or mixture.

a. Br
2
  element b. NaHCO

3 
 compound c. C

6
H

12
O

6
 & H

2
O mixture

d. Cu & Zn mixture e. CO
2
  compound f. Al  element

14.  Often it is useful to separate matter. For example, you strain cooked 
pasta to get the liquid out. In a fuel cell, water is separated into hydrogen 
and oxygen.

a.  Which type of matter can be separated by physical methods (no 
bonds need to break), such as filtering or distillation?   Mixtures

b.  Which type of matter needs to be separated by chemical 
methods (breaking of bonds required), such as electrolysis or 
decomposition?   Compounds

15.  Students in a chemistry course were asked the following question on a 
unit exam:

Draw a diagram representing an element using circles as atoms.

a.  The following diagrams represent the two types of answers given by 
students. Which drawing is the best representation of an element? 
Explain.

Drawing A is a better representation because it shows several particles 
that are all identical, making it a pure substance. A single atom could 
be a very small sample of a mixture. You can’t be sure without seeing 
the other molecules it is with.

b.  If Drawing B was a sample from the substances in Model 1, which 
substance(s) could be represented? Is a single atom a good represen-
tation of any of them?

Drawing B could represent R, Sq2 & R or T & RSq & R. Drawing 
B is not a good representation of any of them because the surrounding 
particles are not represented
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Functions 1: Review of Functions

Model 1: Input-Output Machines

Each of the following machines reads an input and then produces a corre-
sponding output, forming a unique pair in which the input and the output 
are related to one another by some rule that the machine uses to operate.

A

B

CBONK KNOB

Input Output

Input Output

Input Output

A

B

CPIN NIP

Input Output

Input Output

Input Output

It may be specified that a particular machine can only accept certain types of 
inputs. For example, we may say Machine A will only accept a white object, 
or Machine C will only accept a string of letters.

Construct Your Understanding Questions (to do in class)

1. Describe the rule, that is, how the output is related to the input for . . .
a. Machine A in Model 1

b. Machine B in Model 1

c. Machine C in Model 1

2. Draw or write the output of . . .
a. Machine B when the input is the cylinder shown at right. 

b. Machine C when the input is POTS.

3. Describe how the output is related to the input for Machine f.

Note. From Straumanis, A., Bénéteau, C., Guadarrama, Z., Guerra, J. E., & Lenx, L. (2013). Calculus I: A guided inquiry. 
Lancaster, PA: The POGIL Project.
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4. What is the output of Machine f if the input is 3?

5. Which is the best representation  
of the output of Machine f  
in terms of the input? Note  
that in each expression the  
input is represented by the letter x.

6. (Check your work) All but one of the following pairs of inputs and 
outputs are from Machine f. Cross out the one pair that is not from 
Machine f.

Input Output
-1 -4

0.5 0.5
1.5 1.5
5 14

12 35
100 299

7. Inputs and outputs of machines like f are very often plotted on a 
graph. By convention, the inputs are listed along the horizontal 
axis, and the outputs along the vertical axis. The graphs of two new 
machines (Machine g and Machine h ) follow.
a. Which machine ( g or h ) gives an output for any input (x) between 

-7 and 7?
b. The horizontal axis is called the x-axis because x is the letter most 

often used for inputs. Label each horizontal axis of the graphs of g 
and h with the letter “x.”

c. By convention, the vertical axis (outputs) is called the y-axis. Label 
each of these “y.”

a. 2x + 1
b. 3(x - 1)
c. 3x - 1
d. x2 + 1
e. x2 - 1

Output of Machine f = 
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d. The symbol for the output of Machine g with an input of x is 
“g(x).” What is . . .

i. g(3) = iv. h(-4) =

ii. g(0) = v. h(0) =

iii. g(-5) = vi. h(2) =

e. Cross out the one statement about the functions g and h that is 
FALSE. Recall that the coordinates of a point on a graph are writ-
ten in the form (x, y).
i. g(0) = g(6)
ii. The point (6,g(6)) is on the graph of g.
iii. On the graph of g, y = g(x); and on the graph of h, y = h(x).
iv. (x, g(x)) is on the graph of g for all values of x in [−7,7].
v. (x, h(x)) is on the graph of h for all values of x in [−7,7]

8. (Check your work) Statement iii in the previous question is true. 
(Check that this matches your answer.) Students sometimes try to 
read too much into this. All it says is that for a given machine (e.g., 
Machine g), the output can be represented by the symbol y or the 
symbol g(x). Both  notations will be used. To remind you of this, on 
the previous page, add “y = g(x)” to the graph of g, and “y = h(x)” to 
the graph of h.

9. Which of the following graphics represents the inputs and outputs of 
Machine f from Questions 3–6? Label it f (x ) = 3x − 1.
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10. Each graph in the previous question is associated with an expression 
of x found in Question 5. Write the correct expression on each of the 
other three graphs.

11. Describe the rule or rules associated with each of the following 
machines.

12. Draw the outputs if the shape shown at right is used as an  
input in Machine D . . . and as an input in Machine E. 

13. According to Summary Box F1.1, which is a function: Machine D, 
Machine E, or both? Circle one and explain your reasoning.
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SUMMARY BOX F1.1 
Definition of a Function

A function is a rule (or machine) that assigns exactly one output to each 
input.

Special notation is used to represent a mathematical machine that is 
a function.

For example, Machine f from this activity is represented in symbols 
as f (x) = 3x −1.

•	 The input is represented by x.
•	 The output is represented by f (x), which is read “f of x.”

The graph of a function f is the set of all ordered pairs (x,y) such  
that y = f (x).

Extend Your Understanding Questions (to do in or out of class)

14. Which of the following is a representation of a function according to 
the definition in Summary Box F1.1? Explain your reasoning.

c.   

where C(F ) represents temperature 
in degrees Celsius and the input, F, is 
temperature in degrees Fahrenheit.

d.   (input) (output)

9 3

9 –3

25 5

25 –5
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e.  Zoo admission prices

Five & under $3

6–12 $6

13–64 $12

65 & over $6

f.     Confusing admission prices

Infants (two & under) free

Kids 2 to 18 $5

Adults (18 & over) $10

15. (Check your work) Consider the two different sets of admission prices 
in the previous question. 
a. Does one or the other make more sense to you? Explain why and 

cite any problems or ambiguities that you see in either set.

b. Which set of admission prices, if either, is a function? Explain your 
reasoning.

c. If one of these sets of admission prices is not a function, suggest a 
change that would make it a function.

d. Comment on whether your proposed change would clear up any 
ambiguities you cited in part a of this question.

16. Complete Summary Box F1.2 by writing in the word input or out-
put in both blanks, then cross out the wrong ending to the sentence.
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SUMMARY BOX F1.2 
The Multiple _________________ Test

The test to check if a set of inputs and outputs is a function is called the 
Multiple __________ Test.

It is called this because a collection of inputs and outputs does NOT 
represent a function if and only if it is . . . [cross out the incorrect ending]

•	 possible to find two or more outputs associated with one given 
input 

 or
•	 possible to find two or more inputs associated with one given 

output

17. Write a sentence explaining how the Multiple Output Test verifies 
the conclusion that three of the six situations in Question 14 do not 
represent a function.

18. A student has drawn the bold  
vertical line shown at right on  
her paper and claims that this  
line shows that the graph is not  
the graph of a function.
a. Do you agree? 

b. Explain how such a vertical line  
might represent an application of the  
Multiple Output Test to this graph.

19. Sketch a graph that is a function and one that is not a function, then 
use the vertical line test to illustrate that the latter is not a function.

20. Other than examples found in this activity, describe an example from 
real life in which a function might be more useful than a relation that 
is not a function.
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Determinants of Blood Oxygen Content

Model 1: Oxygen Binding to a Single Hemoglobin Molecule

Hemoglobin (Hb) is a large molecule consisting of four peptide chains. Each 
peptide contains a heme group with an iron in the center. An oxygen mol-
ecule has the ability to bind to each heme group under the appropriate con-
ditions. The number of oxygen molecules bound determines its saturation.

Questions:

1. When a hemoglobin molecule is completely saturated, how many 
oxygen molecules are attached?

2. When a hemoglobin molecule is 75% saturated, how many oxygen 
molecules are attached?

3. Assuming you started with the molecule in Model 1, how many mole-
cules of oxygen would need to be released in order for the hemoglobin 
to be 75% saturated?

Source. Jensen, M. & Loyle, A. (2014). POGIL activities for introductory anatomy and physiology courses. Lancaster, PA: 
The POGIL Project; Hoboken, NJ: Wiley. 
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4. The number of oxygen molecules bound to hemoglobin tends to fluc-
tuate up and down. (Discuss the following questions with your group, 
and then write your answer).

a. Where in the body does oxygen bind to hemoglobin?

b. Where in the body are oxygen molecules released from hemoglobin?

5. Is it possible for one hemoglobin molecule to be 82% saturated? Why 
or why not?

6. How many molecules of oxygen are carried on 100 molecules of hemo-
globin when all the hemoglobin molecules are completely saturated?

7. If after passing through a capillary bed, those 100 molecules of hemo-
globin become 75% saturated with oxygen, how many molecules of 
oxygen were unloaded (released)?

Model 2: Hemoglobin (Hb) Values and Their Effect on  
Oxygen-Carrying Capacity

Hemoglobin is found in very high numbers within red blood cells, and there 
are lots of red blood cells in our blood. Because dealing with such large num-
bers can be challenging, hemoglobin is typically measured by mass and oxy-
gen is measured by volume. The following table provides information about 
common parameters used in calculating blood oxygen levels.
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Parameter Normal value

Number of hemoglobin molecules per red blood cell 250 million molecules

Number of red blood cells per deciliter (dL) of blood 
(There are 10 deciliters in 1 liter of blood)

500 billion cells

Mass of hemoglobin in a deciliter (dL) of blood 15 grams (g)

Amount of oxygen that 1 gram of hemoglobin can hold 
(carry) when 100% saturated

1.34 milliliters (mL)

Questions:

8. How many molecules of oxygen can one red blood cell carry?

9. Is it possible for the total hemoglobin inside a red blood cell to be 
82% saturated? Explain your answer.

10. Set up a mathematical equation that illustrates how to calculate the 
number of oxygen molecules that could be carried in 1 dL of blood 
when it is fully saturated with oxygen (you do not have to solve your 
calculation).

11. Calculate the amount (in mL) of oxygen that could be carried in 1 dL 
of blood when the hemoglobin is 100% saturated.

12. Calculate the amount (in mL) of oxygen carried in 1 dL of blood 
when the hemoglobin is 50% saturated.

Model 3: Oxyhemoglobin Dissociation Curve

A major determinant of how much oxygen is found in blood is the satura-
tion of hemoglobin (which determines the amount of “bound” oxygen). This 
saturation level is mainly determined by the amount of oxygen dissolved in 
the blood plasma, because the dissolved and bound oxygen are in chemical 
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equilibrium. The amount of dissolved oxygen is indirectly measured as PO
2
, 

the partial pressure of oxygen in plasma. When the PO
2
 increases, saturation 

typically increases as well. This relationship is illustrated by the oxyhemo-
globin dissociation curve, as shown in the following figure.

Questions:

13. What is the label on the x-axis?

14. What are the units specified on the x-axis?

15. What is the label on the y-axis?
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16. What are the units specified on the y-axis?

17. As partial pressure of oxygen (PO
2
) increases, what happens to hemo-

globin saturation?

18. At PO
2
 of 100 mmHg, what is the hemoglobin saturation?

19. At PO
2
 of 20 mmHg, what is the hemoglobin saturation?

20. Answer questions a, b, and c assuming the numbered points on the 
graph in Model 3 represent the following:

1.  Blood at the distal end of alveolar capillaries in a normal individual
2.  Blood in the distal end of alveolar capillaries in a person with 

slightly impaired oxygen exchange in his or her lungs
3.  Blood in the middle of a capillary of systemic organs
4.  Blood at the distal end of a typical (resting) capillary of systemic 

organs
5.  Blood at the distal end of a metabolically active (working) capillary

a. What is the “distal end” of a capillary?

b. Where are the distal ends of alveolar capillaries located?

c. Where might you find the distal end of a metabolically active 
( working) capillary?
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21. Complete the following table. Assume a “normal” individual with an 
Hb concentration of 15 g/dL. 

Vessel PO
2
  

(mmHg)
Hb saturation 
(%)

Oxygen content 
(mL/dL)

Pulmonary vein

Distal end of 
resting capillaries

Distal end of 
working capillaries

Vena cava 40

Pulmonary artery

22. Using the results of your calculations in Question #21, complete the 
following table. (Assume all references to capillaries refer to the distal end 
of the capillary.)

Relationship Difference (number)

PO
2
 difference between the pulmonary 

and resting capillaries

PO
2
 difference between the pulmonary 

and working capillaries

Oxygen content difference between 
the pulmonary and resting capillaries

Oxygen content difference between 
the pulmonary and working capillaries

23. When a person exercises, what happens to the oxygen saturation of 
hemoglobin in capillaries leaving muscle tissue? Discuss with your 
group and write one answer.

24. Does a change in PO
2
 always correspond to a proportional change in 

oxygen content? Explain why or why not.
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Extension Questions:

25. There is an oxygen bar in town where you can pay to breathe air with 
higher than normal oxygen content. The owners claim it will improve 
your alertness and ability to function. Using data from the graph in 
Model 2, discuss with your group whether you think this statement is 
true or not. Explain your answer in complete sentences.

26. A person with anemia has a decreased concentration of hemoglobin 
in the blood.
a. Would this affect the person’s oxyhemoglobin dissociation curve? 

Explain.

b. Would it affect the person’s blood oxygen content? Explain.

27. Describe a specific situation or circulatory location that could be rep-
resented by point 3 in Model 3.Stat Thermo 2: Molecular Partition 
Function
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Stat Thermo 2: Molecular Partition Function

This activity is annotated to identify the components of the learning cycle iden-
tified in chapter 4.

Model 1: The Boltzmann distribution: Vibrations

The Boltzmann distribution specifies the population of any given state, Ni, 
in a thermally equilibrated population:
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N
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e

i
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j

j

�
�

��
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(1)

Here, N is the total number of molecules summed over all states, N
i
 is the 

population of the state in question, e
i
 is the energy of that state relative to 

the ground state, and the denominator is summed over all states. In this ex-
pression, β is the single parameter that determines the most probable state 
of the system and has the value 1/kT, where k is the Boltzmann constant 
and T is the thermodynamic temperature. As an example, the following 
shows the populations of the first few vibrational states of HCl at four dif-
ferent temperatures. Remember that vibrational energy levels are equally 
spaced in the harmonic oscillator model.
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T = 7,000 K

Source. From Ausman, K. Department of Chemistry and Biochemistry, Boise State University; Boise, ID.
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All POGIL activities begin with a model, which presents students with specific 
examples from which they will be guided to construct generalizeable conclu-
sions or principles. Because of the complexity of the content, this activity pre-
sents material in a series of models that build on one another. The first two 
models can be viewed as different “cases.”

Questions 1 through 3 are exploration questions that prompt students to study 
the model and extract information. The second part of Q2 also asks students 
to connect the new information with prior knowledge.

Critical thinking questions

1. What is the fraction (roughly) of HCl molecules in anything other than 
the ground state at 1,000 K?

Less than 2%

2. What is the general trend in the population of the states as tempera-
ture increases? Why does this make physical sense?

As the temperature increases, the populations of higher energy states 
become higher. This makes sense because higher temperatures mean higher 
energies.

3. What seems to be true about the most probable state even at high 
temperatures?

The most probable state is still the ground state.

Model 2: Boltzmann distribution with degeneracies: Rotations

Model 1 sums the populations over individual states, which works very well 
for the vibrational energy levels of HCl because each energy level consists of a 
single state (i.e., the states are all singly degenerate). The Boltzmann distribu-
tion can alternately be defined over energy levels rather than states, where g

i
 

is the degeneracy of level i:

  
N

N

g e
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The following are the populations of the rotational levels of HCl at four 
temperatures, g

i
  = 2J +1. Remember that rotational levels occur with linearly 

increasing energy gaps. 
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Critical thinking questions

4. How do the temperatures at which states beyond the ground state get 
appreciably populated compare to rotational states and vibrational 
states?

Excited rotational states get populated at much lower temperatures than 
do excited vibrational states.

5. How does the distribution of populated levels differ between rota-
tional and vibrational levels?

For vibrational states, the distribution seems to be a decaying exponential with 
an increasing energy level. For rotational states, the falloff is much slower.

6. What accounts for the difference in distribution you described in 
CTQ 5?
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There are two main differences between the vibrational and rotational 
systems. First, the degeneracy of the rotational states increases with increas-
ing quantum number, whereas the vibrational states are nondegenerate. 
Second, the states are equally spaced for vibrations, but the gaps increase 
with increasing quantum number for rotations. This second factor would 
cause a greater pile-up of population in low states, so runs counter to the 
observed trend. The first factor, however, puts more of the population into 
equal energy states at a given energy level, shifting the population away 
from the lowest energies.

Questions 4 through 5 are exploration questions. Q6 is a concept invention 
question that invites students to construct the idea that both degeneracy and 
energy level spacing impact the patter of population of states (Note: degeneracy 
is a prerequisite concept).

Model 3: Energy level spacing relative to temperature

The energy levels of each type of motion for HCl are shown to scale, along 
with the value of kbT at three different temperatures.

Critical thinking questions

7. From Model 1, how does the number of thermally accessible vibra-
tional states correlate with k

b
T as shown in Model 3?

At low temperatures, only the lowest vibrational state is appreciably popu-
lated. The temperature has to reach thousands of degrees before the higher 

Translational

E
ne

rg
y

Rotational Vibrational

Energy levels

Electronic

T = 5000 K

T = 1000 K
T = 300 K

kB T
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states start to get populated. This means that for vibrations, k
b
T gives a 

good indication of the energies that are accessible.

8. From Model 2, how does the number of thermally accessible rota-
tional states correlate with k

b
T as shown in Model 3?

Just as with CTQ 7, the available rotational states seem to correspond well 
to k

b
T.

Questions 7 through 8 are a series of concept invention questions that invite 
students to construct the relationship between k

a
T and population.

Question 9 is an application question that invites students to apply their 
knowledge of the relationship between k

a
T and population.

9. Based on your answers to CTQs 7 and 8, what would you predict 
about the number of translational states that are thermally populated 
at room temperature? About the number of electronic states?

The translational states are effectively continuous, and so many states will 
be populated. Only one electronic state, the ground state, will be populated.

The partition functions that students will determine in the next section of the 
activity will be used for problem-solving in later parts of the course.

Model 4: The partition function

The denominator of the right-hand sides of equations 1 and 2 has a signifi-
cance far beyond simply normalizing the probability distributions, which we 
will explore in later activities. We call this quantity the partition function and 
designate it q. For now, think of the partition function as a measure of how 
the population of molecules is distributed over the available states. A value of 
1 would indicate that all of the molecules are in the same state. A value of 2 
could be found if there were only two states available and the molecules were 
equally divided among them (not a very realistic scenario).

 q e g ej

states j
i

i

levels i

� �
� �� �be be

 (3)
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The total partition function for a molecular system is the product of the contri-
butions from each type of energy: translation, rotation, vibration, and electronic.

 q q q q qT R V E=  (4)

Critical thinking questions

10. Starting with the total energy of the system equaling the contribu-
tions from each type of energy, e e e e ei i

T
i
R

i
V

i
E� � � � , derive 

equation 4.
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Questions 10 through 12 are a series of concept invention questions that help 
students build the concept that electronic energy levels belong to a class of 
energy states that are widely spaced, compared to k

a
T, which implies only the 

ground state needs to be considered.

11. Imagine a case where e
i
 is extremely large compared to k

b
T for all 

states except the ground state where i = 0. What does q equal in this 
situation?

 be be0 01� ��i Huge

This means that the first term will equal g
0
, and all subsequent terms will 

be zero. Therefore, q = g
0
, the degeneracy of the ground state.

12. In the case of HCl, which component partition function from equa-
tion 4 does the situation in CTQ 10 most clearly apply to?

q
e

13. At the other extreme, consider a case where the energy-level spacing 
is extremely small compared to k

b
T, such as for translational motion. 
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Recall that for a particle in a one-dimensional box of length X, the  

energies are given by E
n h

mX
n =

2 2

28
.

a. If we define e =
h

mX

2

28
, derive an expression for e

n
, the energy 

of state n relative to the ground state, for a particle in a one- 

dimensional box.

   e en n� �� �2 1

b. Using your answer to CTQ 13(a), express qX
T  as a sum.

    
q eX

T n

n

�
� �� �

�

�

�
2 1

1

be

c. Since these energy levels are nearly continuous, express the sum 
from CTQ 13(b) as an integral. Make the approximations (i) that 
n n2 21� �  and (ii) that the integral from 1 to ∞ is approximately 
equal to the integral from 0 to ∞. Both of these approximations are 
extremely good ones since thermally accessible values of n will be 
very large.

    q e dn e dnX
T n n� �� �� ��

�
�

� �
2 1

1

2

0

be be

Question 13 is a concept invention question that helps students build the  
concept that translational energy levels are nearly continuous, which implies 
we can integrate over the states rather than count them individually.

d. Substitute x n2 2= be  into the expression from CTQ 13(c), 

which means that dn
dx

�
� �be 1 2/ , and evaluate the integral given 

that e dxx�
�

� �
2

0

1 2

2

p /
. Finally substitute in the value of e to get a 
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general expression for the one-dimensional translational partition 
function.

 
q e dn e dx
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X
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h

mkT2 1 2p / , which is known as the thermal wavelength. 

Rewrite  your expression for the one-dimensional translational par-
tition function in terms of this quantity.

   q
X

X
T �

�

f.  Since the total translational energy in three dimensions is the sum 
of the x, y, and z components of the translational energy, find an 
expression for the total three-dimensional translational partition 
function in terms of the thermal wavelength and the container 
volume.
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14. The vibrational partition function, since it is intermediate between the 
two cases we have examined so far, is often summed directly from 
experimentally determined energy levels. However, if the harmonic 
oscillator approximation is valid, a simplified expression can be used.

a. Harmonic oscillator energy levels are a uniform ladder of equally 
spaced, singly degenerate states. If we represent the energies of the 
states as 0, e, 2e, 3e, . . . , write the partition function for this sys-
tem in the form of a power series (i.e., as 1 + x + x2 + x3 + . . . , for 
some x).

q e e e e e e� � � � � � � � � � � � � �� � � � � �1 12 3 2 3be be be be be be... ...
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Question 14 is a concept invention question that helps students build the con-
cept that vibrational energy levels fall into an intermediate category in which 
multiple states are populationed, but we have to count them individually.

b.  The series 1 + x + x2 + x3 + … = 1/(1 – x). Given this simplified 
form, and given that the energy level spacing for a harmonic oscil-
lator is hcv , determine the vibrational partition function for a 
harmonic oscillator.

   q
e

V
hcv�

� �
1

1 b 

c. Given the information in Model 1, how accurate do you expect the 
harmonic oscillator approximation to be at normal temperatures?

Since by far most of the population is in the ground state, and most of 
the rest of the population is only in the first excited state, a single vibra-
tional parameter hcv  should be plenty to fully describe the system.

d. For a nonlinear polyatomic molecule with N atoms, there are 3N – 6 
vibrational modes. Write the total vibrational partition function in 
terms of individual vibrational partition functions, qk

V , where k 
represents the kth normal mode.

   
q q q q qV V V

N
V

K
V

k

N

� ��
�

�

�1 2 3 6
1

3 6
...

e. As you might expect, any given vibrational mode’s partition func-
tion will be rather close to 1. For a 10-atom molecule with an 
estimated average mode partition function of 1.1, determine the 
total vibrational partition function for the system. Is the total 
vibrational contribution to the overall partition function for such a 
molecule significant or negligible?

q qV
i
V N

� � � � �
�3 6 241 1 9 8. .

The total contribution is quite significant (meaning much larger than 1).
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15. Rotational levels are also an intermediate case between continuum 
states, like translational states, and extremely large excitation energies, 
like electronic states.

a. How does the rotational energy level spacing vary with moment 
of inertia?

The higher the moment of inertia, the smaller the rotational energy 
level spacing.

Question 15 is a concept invention question that helps students build the  
concept that rotational energy levels are similar to vibrational energies in 
which multiple states are populated, but we have to count them individually.

b. At high rotational energy level spacing, such as with HCl, direct 
summation of energy levels is often the best approach. For small 
rotational energy level spacing, we can use an approach similar to 
the one we used for translational energy levels. For an asymmetric 
linear rigid rotor, the rotational state degeneracy is (2J + 1), and 
e j hcBJ J� � ( )1 . Write the rotational partition function for this 
asymmetric linear rigid rotor as an integral.

 q J e dJR cBJ J� �� �
�

� �� 2 1
0

1be  ( )

c.  If we let x hcBJ J� �b  ( )1 , then ( ) /2 1J dJ dx hcB� � b  . Using 

this substitution and the fact that 
e dxx�

�

�� 1
0

, find an expression 

for the rotational partition function for an asymmetric linear rigid 

rotor.

        q
hcB

e dx
hcB

R x� ��
�

�
1 1

0
b b 

Information

Information provides students with content related to Question 15 (to extend 
their knowledge to another case without working through it).
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In the more general case, which we will not derive here, the rotational 

partition function for a linear rotor is given by q
hcB

R =
1

sb 

, and for an 

asymmetric rotor with rotational constants  A B, , and C , is given by 

q
hc ABC

R �
�
��

�
��

�
��

�
��

1 1 1
3 2 1 2

s b

/ /

  

, where  is the symmetry number, or the num-

ber of indistinguishable orientations of the molecule.

Model 5: Characteristic temperatures

Writing qR as a function of temperature gives us, for a linear rotor, q
kT
hcB

R =
s 

.   

Since partition functions are unitless, the quantity qR hcB
k

=


 has units of 

temperature. We will call this quantity the characteristic rotational temperature.

Critical thinking questions

16. For HCl, qR K= 15 2. . Looking at Model 2, how does this tempera-
ture compare with the temperature above in which excited rotational 
states are appreciably populated?

This temperature seems to be the point at which excited states become 
appreciably populated.

17. Suggest a rule of thumb for determining the conditions under which 
the continuum approximation for rotational energy levels from CTQ 
15 is appropriate.

  T >> θR

18. For N
2
, θR = 2.88 K. For Cl

2
, θR = 0.351 K. What does this suggest 

about the validity of the approximations used in CTQ 15 to deter-
mine the rotational partition function for typical linear molecules at 
room temperature?

The approximation is excellent for these molecules under these conditions.

POGIL.indb   327 16-03-2019   12:34:25



328  aPPendIx c

19. At high temperatures or for very weak bonds (i.e., for bonds where 
v  is 

very small), the expression you derived in CTQ 14(b) can be simplified 

using the first two terms from the Taylor series of e x
xx � � � �1
2

2

!
...  

Find the resulting high-temperature expression for the vibrational 
partition function, identify the characteristic vibrational temperature, 
and suggest a rule of thumb for determining the conditions under 
which this high-temperature expression for the vibrational partition 
function is valid.

 
q

e hcv hcv
kT
hcv

V
hcv�

�
�
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� ��

1

1

1

1 1

1
b b b

  

qV hcv
k

=


This expression for the vibrational partition function should be valid 
when .

20. For HCl,  . For . For H2, .  
Comment on how often the high-temperature approximation from 
CTQ 19 will be valid.

Not often. Only at thousands of degrees, or for really low-frequency bonds.

Question 16 is an exploration question, questions 17 through 18 are concept 
invention questions, and questions 19 through 20 are application questions. 
This final learning cycle at the end of the activity supports students to under-
stand when a high-temperature approximation is useful.
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