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  NOTE TO STUDENTS  

 Welcome to  Living by Chemistry . In this course, you 

will actively participate in uncovering the chemistry 

in the laboratory and in the world around you. Rather 

than simply writing “correct” answers to chemistry 

questions and problems, you will learn to support 

answers with evidence. Learning chemistry is a bit 

like learning a new sport or dance—you will get 

better with practice. The more you participate, the 

deeper your understanding will be. 

 This textbook is designed to be used for reading and 

reference. The readings focus on the concepts you 

investigate in class. There are two or three pages of 

reading to go along with each day’s activity, followed 

by homework problems. The readings provide real-

life examples to further explain and clarify the 

chemistry concepts. After each day’s lesson, the 

reading and problems will help you understand and 

remember what you learned in class. We designed 

this textbook to be highly readable, and we sincerely 

believe it will make the study of high school chemistry 

enjoyable for you. 

  Angelica M. Stacy  

   xiii

Mike Lyvers/Moment/Getty Images
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xiv   Appendix A | Math Spotlight

a

   Chemistry brought to life.  

   HOW TO USE THIS BOOK  

     This photo is not Impressionist art! It is a close-up photo of the clouds on Jupiter 
captured by NASA’s Juno space probe at a distance of fewer than 12,000 miles. 
Juno has been orbiting the giant gas planet since 2016.  

  It’s Sublime  

 Gas Density  
    THINK ABOUT IT  

 Weather results from the interaction of Earth, its atmosphere, water, and the 
Sun. Earth is unique in that it is the only planet in the solar system with so much 
liquid water on its surface. The weather and the life on Earth depend on the 
movement of moisture around the planet. The phase changes of water are mostly 

    Lesson 

 56

Kevin M. Gill/NASA/JPL-Caltech/SwRI/MSSS/© CC BY 3.0

 The density of gases gets lower and lower as you rise above Earth. Gravity is the force 
that keeps an atmosphere around Earth, but the force of gravity gets weaker with 
distance from Earth’s surface. Gas molecules are in constant motion and collide with 

one another and with anything else they come in contact with, causing pressure. The decrease 
in density means there are fewer molecules in a given volume and hence the gas pressure is 
lower with altitude. When samples of gases are placed in containers, it is possible to measure 
the relationships between gas pressure, temperature, and volume. Variations of air pressure in 
the troposphere have a great deal of influence on the weather.  

      Chapter   11 

 Pressing 
Matter       
  

     In this chapter, you will study   

   • the density of gases  

  • the behavior of gas particles  

  • the relationships between gas 
pressure, temperature, and 
volume  

  • high- and low-pressure weather 
systems    

304 UNIT 3 | Chapter 11 | Pressing Matter
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  Feeling under Pressure  

 Boyle’s Law  
    THINK ABOUT IT  

 A flat basketball does not bounce very well. However, you can push air into the 
ball with a pump. The air you trap inside pushes on the skin of the ball with a 
lot of pressure. The amount of air you push into the ball determines how firm 
and bouncy the ball is. What would happen if you pushed the same amount of 
air into a smaller ball?     

      

   How does gas volume affect gas pressure?    

    EXPLORING THE TOPIC  

     The Syringe and Scale  
 In class, you examined how the pressure of a gas trapped inside a container is 
related to the volume the gas occupies. A syringe makes a good container for such 
an investigation, because it can be sealed off and the volume of air trapped inside 
the syringe can be measured.          

 If you put the tip of a syringe against your finger and then push down 
on the plunger of the syringe, you can feel the pressure of the gas inside 
the syringe. Air molecules take up space, and as you squeeze them into 
a smaller space they push back more and more. This is because the 
same number of molecules occupies a smaller volume, resulting in more 
collisions between the molecules and the container. More collisions 
mean greater gas pressure. 

   Gathering Data  
 You can learn more about the relationship between the volume of a 
gas and its pressure by using a capped syringe and a bathroom scale. 
As you push down on the plunger of the syringe, the gas pressure 
inside the syringe increases, and the weight on the scale increases. 
You can record this quantitative, or numerical, data. To calculate 
the pressure of the gas, divide the measured weight on the scale by 
the surface area of the plunger in pounds per square inch, or lb/in 2 . 
Weight is a measure of force.     

  Feeling under Pressure    Feeling under Pressure    Feeling under Pressure  

    Lesson 

 58

Atmospheric
pressure

Hand’s
pressure

Pressure
inside
syringe

      KARL CRUTCHFIELD/Ai W
ire/New

scom
  

  CONSUMER 
 CONNECTION  
 The basketball used by 
professional players is inflated 
to a pressure sufficient to 
make it rebound to a height 
of 5.4 feet when it is dropped 
from a height of 6 feet. This test 
is conducted in a basketball 
factory, and then that air 
pressure is stamped on the 
outside of the ball.       
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  Living by Chemistry  is designed to help you navigate 
chemical concepts and apply them to a theme 
taken from your everyday life.           

 Chapter-opening pages introduce the main ideas 
and learning goals of the chapter.           

  THINK ABOUT IT  prepares you to read about a 
chemistry concept and previews how it relates to 
the Unit’s theme. Take a moment to think about 
the  Key Question  of every Lesson. 

xiv    How to Use This Book

  EXPLORING THE TOPIC  walks you through the 
chemistry content of the Lesson. Each Lesson 
follows in step with the daily hands-on, inquiry-
based activities from your class.           
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a

315Lesson 58 | Boyle’s Law

  

Pressure applied � weight  
that you apply divided by area, 
plus atmospheric pressure.

Gas pressure � pressure applied

Area of the plunger in contact
with the gas is the cross-sectional
area inside the plunger.

   

 Note that the pressure you apply plus atmospheric pressure is equal to the gas 
pressure inside the syringe. When you push down, the gas pushes back with the 
same pressure that is being applied to it. 

 Data for this experiment are given in the table. Notice that as the volume 
decreases, the pressure of the gas inside the syringe increases.      

   BIG Idea      If you squeeze a sample of gas into a smaller container, its 
 pressure will increase.     

     Graphing Pressure–Volume Data  
 Many of the relationships you have explored so far, like mass versus volume and 
volume versus temperature of a gas, are proportional relationships. The relationship 
between pressure and volume is not directly proportional. A graph of the data for 
this experiment results in a curved line that does not go through the origin.     

  

To
ta

l P
re

ss
ur

e 
(lb

/in
2 )

Volume (mL)

Gas in a Syringe

200 40 60 80 100 120

20

40

60

80

100

   

 Gas pressure and gas volume are   inversely proportional   to one another. In other 
words, when one variable increases, the other decreases, and vice versa. 

  Take Note  
 Because the atmosphere 
is pushing on everything 
on Earth’s surface, there 
is always 14.7 lb/in 2  of air 
pressure at sea level. 

   Pressure and Volume Data   

 Trial 
 Volume 

(mL) 

 Total 
 pressure 
(lb/in 2 ) 

 1  100 mL  15 lb/in 2  

 2  80 mL  19 lb/in 2  

 3  60 mL  25 lb/in 2  

 4  40 mL  38 lb/in 2  

 5  30 mL  50 lb/in 2  

 6  20 mL  75 lb/in 2  
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 When the volume of the gas in the syringe is very small, the gas pressure is quite 
high. When the volume of the gas is large, the gas pressure is quite low. However, 
as long as there are gas molecules in a container, neither the gas pressure nor the 
gas volume can ever reach zero.  

     Boyle’s Law  
 In 1662, a British scientist named Robert Boyle discovered that gas pressure and 
volume are inversely proportional to each other. This relationship is known as 
Boyle’s law   .   

  ENGINEERING 
 CONNECTION  
 Gases are often stored in tanks 
at high pressure or even at low 
temperatures so that they’re 
liquid, because otherwise the 
containers needed for them 
would be huge. These tanks are 
usually made of thick metal so 
that they don’t change volume.       

      Hayri Yanik/iStockphoto  

 Examine the Pressure and Volume Data table on  page 315 . If you multiply 
pressure by volume, the product will always be around 1500. (It will vary slightly 
due to rounding and slight errors in measurement.) Boyle’s law expresses this 
relationship as   =PV k  . In this experiment, the proportionality constant,  k , is 

•1500 mL lb/in2  . [For a review of this math topic, see  MATH Spotlight : Ratio and 
Proportions on  page A-00 .] 

 Boyle’s law can be used to solve problems involving gas pressure and gas volume. 
Once you have one set of pressure and volume measurements for a gas, you can 
determine the proportionality constant. With the proportionality constant, you 
can determine the pressure of the gas at any volume. 

  Example  

   Gas in a Syringe  
 Determine what the pressure of the gas inside this syringe would be if the volume were reduced to 10 mL. 

    Solution   

 Start with Boyle’s law.   = 





1P k
V

   

 Substitute values for  k  and  V .   = 





•1500 mL lb/in 1
10 mL

2    

 Solve.   = 150 lb/in2   

 You can check this answer:   = =• •150 lb/in 10 mL 1500 mL lb/in2 2PV      

   Formula Boyle’s Law  

 The pressure  P  of a given amount of gas is inversely proportional to its volume 
 V,  if the temperature and amount of gas are not changed. The relationship is 

   =PV k    or   = 





1P k
V

  , where  k  is the proportionality constant.  
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       REVISITING THE KEY QUESTION  

   How does gas volume affect gas pressure?   

 If you squeeze a gas into a smaller volume, it will exert more pressure on its 
container because a smaller space means more collisions between the molecules 
and the container. If you let a gas spread out into a huge volume, the gas pressure 
will get very low because there will be fewer collisions between the molecules 
and the container. Gas pressure and gas volume are inversely proportional. This 
means that as one variable increases, the other decreases, and vice versa. This 
relationship is described by Boyle’s law:   = (1/ )P k V   .     

  KEY TERMS  
   inversely proportional  
  Boyle’s law   

  Problems  

   Reading Questions  

   1.   Explain how you can use a scale to measure the pressure of the gas in a syringe.  
  2.   Describe how pressure varies as the volume of a trapped gas changes.    

   Reason and Apply  

   3.   You are using a bicycle pump to fill a bicycle tire with air. 
It gets harder and harder to push the plunger on the pump 
the more air is in the tire. Explain what is going on.  

  4.    Lab Report  Write a lab report for the Lab: Boyle’s Law. 
In the results section, provide two graphs of the data. 
Plot pressure versus volume and plot pressure versus the 
inverse of the volume, 1/ V . Also discuss how accurate 
your results are and what factors might contribute to 
experimental error in this lab. In the conclusions section, 
explain the relationship between pressure and volume. 
Explain how your data relate to Boyle’s law.           

  5.   How is the relationship between gas pressure and gas 
volume different from the relationship between gas volume 
and gas temperature?  

  6.   This table shows experimental data for gas volume and pressure.

 Trial 
 Volume 

(mL) 
 Pressure applied 

(lb/in 2 ) 

 1  60 mL  10 lb/in 2  

 2  40 mL  15 lb/in 2  

 3  30 mL  20 lb/in 2  

 4  15 mL  40 lb/in 2  

 5  10 mL  60 lb/in 2  

   a.   Show that   = (1/ )P k V    for each trial. Remember to add 14.7 lb/in 2  to the values in the last column to 
account for atmospheric pressure.  

  b.   Show that   =PV k   for each trial.  

Purpose:

Procedure:

Results:

Conclusions:

(Explain what you were trying to
find out.)
(List the steps you followed.)
(Explain what you observed during
the experiment.)
(What can you conclude about 
what you were trying to find out? 
Provide evidence for your 
conclusions.)

Title
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 Now that you have read a 
Lesson, return to your initial 
assumptions with  Revisiting 
the Key Question , which 
summarizes the Lesson.   

  Take Note  boxes point out practical tips for 
using concepts. 

 Pay careful attention to the  Big Ideas , which 
summarize the major concepts you have just 
read. 

  Formulas  are in easy-to-find boxes that you 
can refer to during problem solving.           

 If you need a reminder of 
how to do any basic 
mathematical operations, flip 
to the  MATH Spotlights  at 
the back of the book.           

How to Use This Book   xvA-   Appendix A | Math Spotlights

      Appendix   A
  MATH SPOTLIGHTS   

    SI Units of Measure  
 Scientists rely on repeatable measurements as they study the physical world. 
It is important that they use consistent units of measure worldwide. In 1960 
an international council standardized the metric system, creating the  Système 
International d’Unités  (International System of Units), abbreviated as SI. 

 The table in the margin shows the basic SI units used in chemistry. Other units 
such as density and volume are combinations of these. 

 SI units are based on powers of 10. Larger and smaller units get their names 
by combining standard prefixes with these basic units. For example, the word 
centimeter  is a combination of  centi-  and  meter.  A centimeter is one one-
hundredth of a meter. These are the prefixes used in the SI, along with their 
abbreviations and their meanings. (A kilogram is the only basic SI unit that has a 
prefix as part of its name.)   

 Quantity 
 Unit 

(abbreviation) 

 length  meter (m) 

 mass  kilogram (kg) 

 time  second (s) 

 temperature  Kelvin (K) 

 amount of 
substance 

 mole (mol) 

 Prefix  Multiple 
 Scientific 
notation  Prefix  Multiple 

 Scientific 
notation 

 tera- (T-)  1,000,000,000,000    1012    pico- (p-)  0.000 000 000 001    −10 12   

 giga- (G-)  1,000,000,000    109    nano- (n-)  0.000 000 001    −10 9   

 mega- (M-)  1,000,000    106    micro- (  -µ   )  0.000 001    −10 6   

 kilo- (k-)  1,000    103    milli- (m-)  0.001    −10 3   

 hecto- (h-)  100    102    centi- (c-)  0.01    −10 2   

 deka- (da-)  10    101    deci- (d-)  0.1    −10 1   

   Example   1    

   Length Conversions  
 How many meters does each of these lengths represent? 

   a.   562 centimeters       b.   2.5 kilometers   

    Solution   

   a.     = .•562 cm 1 m
100 cm

5 62 m        b.     . =•2 5 km 1000 m
1 km

2500 m        
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   Practice makes perfect.  

   HOW TO USE THIS BOOK  

322 UNIT 3 | Chapter 11 | Pressing Matter

    REVISITING THE KEY QUESTION  

   How does gas pressure change in flexible and rigid containers?   

 Gases can be trapped in an assortment of containers and subjected to various 
conditions of pressure, temperature, and volume. The gas laws allow you to 
calculate new values for gas temperature, gas pressure, and gas volume when two 
of these three variables change while the third remains the same. Charles’s law 
and Gay-Lussac’s law are proportional relationships:   =V kT    and   =P kT  . Boyle’s 
law is different because  P  and  V  are inversely proportional:   = (1/ ).P k V    The 
proportionality constant,  k,  is the key to solving gas law problems.  

  KEY TERM  
   Gay-Lussac’s law   

   Example 2     

   Balloon with Air  
 Imagine that you fill a balloon with air to a volume of 1.5 L. The air is at a temperature of   °20 C  . You place the 
balloon in a refrigerator for half an hour until the air in the balloon is at a temperature of   °10 C  . What is the 
new volume of the balloon? 

    Solution   
 First figure out which gas law to use. The external pressure on the balloon remains the same because the air 
pressure in the refrigerator is the same as the air pressure outside. Use Charles’s law. You can predict that  V  
will decrease because  T  decreases.          

 Initial Conditions  Final Conditions 

   = 1.0 atm1P       = 1.0 atm2P    

   = °20 C1T       = °10 C2T    

   = 1.5 L1V       = ?2V    

 Convert temperature to the Kelvin scale.      = +
= +
=
= +
=

273
273 20
293 K
273 10
283 K

1

2

K C
T

T

    

 Determine the value of  k .   = = . = .1 5 L
293 K

0 0050 L/K1

1
k V

T
   

 Use  k  to determine  V  2 .   =
=
=

•

V k T
0.0050 L/K 283 K
1.4 L

2 2    

 The balloon has shrunk to a volume of 1.4 L.   
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    REVISITING THE KEY QUESTION  

   How do the densities of a solid and a gas compare?   

 Gases form when solids sublime and liquids evaporate. During both sublimation and 
evaporation, molecules spread far apart from each other. This increases the volume 
of the substance by about 1000 times. It also decreases the density of the substance 
dramatically. Solids are generally denser than liquids. Gases are much less dense than 
both solids and liquids. Gases expand to fill whatever container they are in.     

  KEY TERMS  
   sublimation  
  evaporation   

  Problems  

   Reading Questions  

     1.   How does the density of a gas compare with the density of a solid?  
    2.   Draw a molecular view of carbon dioxide gas.    

   Reason and Apply  

     3.   In your own words, define  sublimation  and  evaporation .  
    4.   Describe three ways to show that gases exist.  
    5.   When water freezes, the water molecules move apart very slightly. What evidence can you provide to 

support this claim?  
    6.   Draw a molecular view for water vapor, liquid water, and ice.  
    7.   What is the volume of 6.4 g of CO 2 ( s )?   ( )density = 1.56 g/mL     
    8.   What is the mass of 3.5 L of CO 2 ( g )?   ( )density = 0.0019 g/mL     
    9.   How many grams of CO 2 ( s ) would you need to fill a 6.5 L bag with CO 2 ( g )?  
  10.   A person has 15 g of dry ice and wants to completely fill a bag that has a volume of 8 L with carbon 

dioxide gas. Is 15 g of dry ice enough to fill the bag with CO 2 ( g )? Explain.     

   Practicing Chemistry  

   11.   The surface temperatures on Mars vary from lows of   − °140 C   
in the winter to highs of 20 °C in the summer. In winter, it is 
so cold that dry ice (solid CO 2 ) is found on the surface. Why 
is dry ice, CO 2 ( s ), found on the Martian surface and CO 2 ( g ) 
found in the atmosphere at the same time?            

  12.   Titan is a moon around the planet Saturn in our solar system. 
Liquid methane (CH 4 ) lakes are found on Titan’s surface. In 
contrast, methane naturally exists on Earth as a gas. What 
does this indicate about the temperature on the surface of Titan?  

  13.   On Pluto, methane is a minor constituent of the atmosphere.
   a.   Pluto’s surface has peaks and valleys, just like Earth’s surface has. Speculate on what might be the white 

material covering Pluto’s highest peaks.  
  b.   On Earth, carbon dioxide and methane are gases that trap heat in the atmosphere. How might 

 methane in Pluto’s atmosphere affect the surface temperature on Pluto?     
  14.   In the past, researchers have hypothesized that increases in the average surface temperature on Earth are 

caused either by changes in the Sun’s radiation or by increases in CO 2  in Earth’s atmosphere. How might 
studying the surface temperatures of other planets in our solar system provide support for either of these 
hypotheses?    

Stockbym
/Alam

y Stock Photo
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 Hone your problem-solving skills with 
guidance and put them to the test in every 
Lesson, Chapter, and Unit.           

  Examples  show you 
every step of solving 
a typical chemistry 
problem. Try to answer 
the question yourself 
before reading the 
solution to check your 
understanding.           

xvi    How to Use This Book

 Reinforce the concepts and skills 
you have learned by solving the 
Problems at the end of every 
Lesson. 

 Answer the  Reading Questions  
to make sure you understood the 
main ideas. 

 Answer the  Reason and Apply  
questions to practice problem 
solving and using evidence-based 
reasoning to justify answers. 

  NEW!   Practicing Chemistry  
questions allow you to exercise 
your data analysis skills and apply 
chemical concepts to real-life 
examples.           
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m
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SUMMARY

Chapter 7 Building Molecules

Smells: The Story Continues

The smell of a substance sometimes has more to do with 
molecular shape than with the functional groups that 
are present. In this chapter, you learned about three-
dimensional molecular structure and related it to smell. 
Ball-and-stick and space-filling models show how atoms are 
arranged within a molecule. The actual shape of a molecule 
is determined by the locations of electron domains.

No matter what shape a molecule has, it must fit into an 
appropriate receptor site in order for the nose to detect 
its smell.

Review Problems

Reason and Apply

1.  Examine the ball-and-stick 
model for propyl acetate.
a. What is the molecular 

 formula for this molecule?
b. Draw the Lewis dot  structure 

and the structural formula.
c. What functional group is in 

the molecule?
d. Predict the smell of the 

compound.

2. Predict the shape of each molecule. Support your 
answer.
a. ammonia, NH3
b. silicon chloride, SiCl4
c. hydrogen sulfide, H2S
d. hydrogen cyanide, HCN
e. formaldehyde, CH2O

3. Explain what determines a molecule’s shape.
4. Draw a possible Lewis dot structure for C4H10O.
5. From what you’ve learned so far, how is molecular 

shape related to smell?

Bringing It Together

Dogs and Smell
Dogs are known to have a strong sense of smell. But 
what does this mean exactly? And what is the evidence 
for this claim? In this problem, you will consider how to 
design experiments to examine a dog’s sense of smell.

Key Terms
ball-and-stick 

 model

tetrahedral  

 shape

electron  

 domain

electron domain  

 theory

pyramidal shape

bent shape

trigonal planar  

 shape

linear shape

space-filling  

 model

receptor site  

 theory

Bob and Pam
 Langrish KA9Photo/Alam

y 
Stock Photo

6. List at least three questions you have about a dog’s 
sense of smell.

7. List at least three possible reasons why dogs may 
have a stronger sense of smell than people in 
terms of how their noses, nerves, and brains are 
constructed.

8. How would you design an experiment to compare 
the sensitivity of a dog’s nose to the sensitivity of a 
human nose? (Hint: How could you deliver different 
amounts of a smell molecule?)

9. Describe three ways that a dog’s sense of smell can 
help people.
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 Further review is available in 
 Reason and Apply  questions at 
the end of every chapter. Connect 
concepts from multiple Lessons 
in  NEW! Bringing It Together  
questions.           

How to Use This Book   xvii
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Georgios Kefalas/EPA/Shutterstock

Unit 2

Smell chemistry is an active area of research. Scientists are still refining theories about how 
smell works. However, one thing is clear: Smell is all about molecules. To  understand 
smell, it is important to understand what molecules are and how they are put together.

The smell of a compound is greatly dependent on its composition and structure. 
This is true of other molecular properties besides smell. You do not smell some 
molecules because they are too large or heavy to become airborne, or because 
they are nonpolar and do not stick in receptor sites. Other molecules have a type 
of smell that depends on what atoms or functional groups are present. The smell 
of a molecule may also depend on the shape of the entire molecule.

By exploring the topic of smell, you have studied covalent bonding and the general rules 
governing how atoms come together to form the amazing structures called molecules.

Smells Review

a. Does the structure of methyl salicylate follow the 
HONC 1234 rule?

b. Write the molecular formula for methyl salicylate.
c. Describe the overall shape of this molecule.
d. Find the oxygen atom that is bonded to two carbon 

atoms. Explain why this bond is bent.
 6. A polar molecule has the molecular formula C3H8O.

a. Draw the structural formula.
b. Draw the Lewis dot structure and label the shared 

electrons and the lone pairs.
c. Draw the dipoles.
d. Name the geometric shape around each carbon atom.
e. Discuss what the name of this compound might be. 

Explain your reasoning.
 7.  What is a dipole? Explain why methane, CH4, has 

four dipoles but has no overall dipole.
 8. Table salt, NaCl, has no smell because

(A) It is not made up of molecules.
(B) It is an ionic compound.
(C) No part of it enters the gas phase at room 

temperature.
(D) All of the above.
(E) None of the above.

Bringing It Together

Wildfires
Wildfires release a number of small molecules into 
the atmosphere. The table lists some of the molecules 
that are released during a wildfire, along with the 
grams of compound released per kilogram of dry 
fuel burned. Use the data in the table to answer 
Problems 9–14.

Review Problems

General Review
Write a brief and clear answer to each question. Be sure to 
show your work.
 1.  What are isomers?
 2. Draw two isomers with the molecular formula C2H4O.
 3.  A molecule can be described using a molecular formula, 

a structural formula, a ball-and-stick model, or a  space-
filling model. What information does each of these provide?

 4. Consider the structural formula for methyl salicylate. 
Name two functional groups that are in this molecule.

O CC

C C

C C

C C HH

H

H

H O

H H

H

O

 5.  Here is a ball-and-stick model of methyl salicylate.
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Review Problems

General Review
Write a brief and clear answer to each question. Be sure to 
show your work.

 Stumped? Go 
online to watch 
Problem-
Solving Videos  
for selected 
odd-numbered 
end-of-Chapter 
and end-of-Unit 
problems. In these 
videos, a teacher 
walks you through 
the strategy 
for solving the 
problem at hand.   

  Review Problems  at the end of every Unit provide 
more opportunities to practice problem-solving 
skills and connect concepts across chapters with 
 General Review  and  NEW!   Bringing It Together  
questions. 

 Prepare for exams with  Standardized Test 
Preparation  multiple-choice questions. Each 
question has a stem and four possible answers. 

265Unit 2 | Review

 
Name

 
Formula

 
Structure

g/kg of 
dry fuel

 
Name

 
Formula

 
Structure

g/kg of 
dry fuel

methane CH4

H

H

HH C 3.41 ethene C2H4

H

CC

H

H

H

1.11

ethane C2H6

H

H

HH C

H

H

C 0.49 propene C3H6

H

HH

C HCC

H

H

0.48

propane C3H8

H

H

HH C

H

H

C

H

H

C 0.19 1-butene C4H8

H

HH

CC

H

H

C HC

H

H

0.115

n-butane C4H10

H

H

HH C

H

H

C

H

H

C

H

H

C 0.019 methanal CH2O
O

C
H H

2.25

methanoic 
acid

CH2O2

O

C
H OH

1.17 ethanal C2H4O

H

H

C

O

H C

H

0.24

ethanoic 
acid

C2H4O2

H O

H

H C C

HO

3.11 propanal C3H6O

H

H

CH

H

H

C

O

C

H

0.035

 9.  Use your understanding of functional groups to sort 
the molecules in the table into four groups. Explain what 
the molecules in each group have in common.

 10. Do all the molecules in the table satisfy the HONC 1234 
rule? Draw Lewis dot structures for two of the molecules 
as examples. Circle the octets on each carbon atom or 
oxygen atom.

 11.  Compare the amounts of methane, ethane, propane, 
and n-butane released.
a. Make a graph showing the amount on the y-axis and 

the number of C atoms in the molecule on the x-axis.
b. What can you conclude from the graph?
c. Does this trend hold up for molecules in the other 

three groups?
 12. Butanal has four carbon atoms.

a. Use the patterns in the table to predict the 
 molecular formula of butanal. Explain how you 
used the patterns. Do you expect that a fire will 
 produce a lot of butanal?

b. Provide evidence from the data in the table to  support 
your claim. Give an estimate of the amount expected.

 13.  An isomer of propanal, C3H6O, is also produced 
by fires. Draw the structure and identify the functional 

group. Make sure that your structure satisfies the 
HONC 1234 rule.

 14. Compare methane, methanal, and formic acid.
a. What is the geometry around the C atom in each of 

these molecules?
b. Which of these molecules are polar? Explain your 

thinking.
c. Which of these molecules has a smell? Explain your 

thinking.

Standardized Test Preparation

Multiple Choice
Choose the best answer.
 1.  Based on its name and chemical formula, predict 

the smell of formic acid, CH2O2.
(A) Sweet (B) Minty
(C) Fishy (D) Putrid

 2. Which of the following compounds are covalent 
molecules? (Choose all that apply.)
(A) NH4C2H3O2 (B) C(CH3)4
(C) CH2BrF (D) Na2CO3
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xviii    How to Use This Book

   Apply what you have learned.  

Unit 3 | Chapter 10 | Physically Changing Matter302

 
Substance

 
Formula

Change in vol./
Total vol.

ethanol C2H8O(l) 750

sodium chloride NaCl(s) 121

sodium fluoride NaF(s) 102

calcium oxide CaO(s) 40

magnesium oxide MgO(s) 18

aluminum nitride AlN(s) 14

silicon Si(s) 9

diamond C(s) 4

Review ion charges and bonding types in Chapters 4 
and 5.
10. Classify the substances in the table as ionic solids, 

metallic solids, network covalent solids, or molecular 
covalent substances.

11. Consider the ionic solids NaCl, MgO, and AlN.
a. In which row of the periodic table are the three 

metallic elements located?
b. In which row of the periodic table are the three 

nonmetallic elements located?

c. What are the charges on each atom in these 
compounds?

d. How do the charges relate to thermal expansion?
12. Compare NaCl and NaF. Locate the elements on the 

periodic table.
a. How does thermal expansion relate to size?
b. Would you expect KCl to have a higher  thermal 

expansion or a lower thermal expansion 
 compared to NaCl? Explain you thinking.

13. Why do you think ethanol has such a large relative 
thermal expansion? Base your argument on the 
bonding in ethanol.

14. Suppose you have 
a glass jar with an 
aluminum lid. The lid 
is very tight and you 
are not able to twist it. 
However, if you hold 
the jar under hot water, 
the lid twists off easily. Explain this observation 
based on the relative thermal expansion of glass and 
aluminum. The relative thermal expansion of glass is 
26 and that of aluminum is 69.

©
 Science Source

PROJECT Different Thermometers
Different thermometers use different properties of matter to measure temperature. Research how one of these 
 thermometers works. Write a description and include a diagram.

Digital resistance 
thermometer

Liquid crystal thermometer

Infrared ear thermometer

Cooking thermometer

Galileo density 
thermometer

(Left to right): © Jupiterimages/Alamy, TZphoto/iStockphoto, chas53/Getty Images, Alex Cao/Photodisc/Getty Images, Basement Stock/Alamy
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303Chapter 10 Physically Changing Matter | Engineering Project

  Engineering PROJECT 

 Steam Engine  
 The steam engine powered the period in European 
history known as the Industrial Revolution and made 
the world smaller by shortening travel times with the 
railroads. Many of the ideas in this unit are directly 
involved in understanding how a steam engine works: 
temperature, pressure, phase changes, and density. 
Many of these concepts can be demonstrated and better 
understood by building a steam engine.          

   Purpose  
 The goal of this engineering project is to build a simple 
working steam engine.  

   Goal  
 Engineers build machines according to a specified design. In this project, you will be given a design to 
follow to build a working steam engine. You will be working alone to complete the project. 
 Your teacher will want to be convinced that you 

   • Understand how steam engines work  
  • Are able to construct a working model  
  • Can explain how the gas laws apply    

   Engineering Design Step 1: Gather background information about steam engines  
 The first step is to use library and online resources to get background information. Answer the following 
question: 

   • What have scientists considered in designing steam engines? Make a list of at least five considerations.   

 Next, look up online how to build a steam engine using an aluminum soda can (also called a Stirling 
engine). Review images and/or watch videos with details of the materials and design features. ( Note:  Your 
teacher may ask you to follow a specific set of instructions.) 

    • Take notes on the design features.  
  • Make a list of materials you will need, and gather those materials.    

Alan R Harris/Getty Im
ages

11_StacyLivByChem3e_33335_ch10_268_303_3pp.indd   303 15/09/21   3:50 PM

 Reach beyond the book to show how 
chemistry and scientific thinking are applied 
to real-life problems and inventions.           

   HOW TO USE THIS BOOK  

 The teacher may assign 
 Projects  to give you a 
chance to do some research 
on your own.   

 Steam Engine 
 The steam engine powered the period in European 
history known as the Industrial Revolution and made 
the world smaller by shortening travel times with the 
railroads. Many of the ideas in this unit are directly 
involved in understanding how a steam engine works: 
temperature, pressure, phase changes, and density. 
Many of these concepts can be demonstrated and better 
understood by building a steam engine.          

   Purpose  
 The goal of this engineering project is to build a simple 
working steam engine.  

   Goal  
 Engineers build machines according to a specified design. In this project, you will be given a design to 
follow to build a working steam engine. You will be working alone to complete the project. 
 Your teacher will want to be convinced that you 

Engineering Projects  present a real problem that 
can be solved with chemistry concepts. Engineering 
Project boxes at the end of each chapter introduce 
you to another step in the process of researching a 
problem, designing a solution, and presenting your 
solution to the class.           

xviii    How to Use This Book
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   Extra support when you need it.   Everything you need for the course is 
in one place.           

 The  online homework system  helps you 
learn with targeted feedback based on 
common misconceptions. Students who 
use this system find that it significantly 
improves their understanding and helps 
them build essential foundations.    

How to Use This Book   xix

 The interactive, 
mobile-ready  e-book  
allows you to read 
and reference the text 
when you are online 
and offline. All offline 
highlights and notes 
sync when you connect 
to the internet.           
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 Laboratory experiments are an important part of 
chemistry. Follow these safety precautions to avoid 
danger. 

   Before Working in the Lab  
• Read and become familiar with the entire procedure 

before starting.  
• Listen to instructions. When you are in doubt, ask 

your teacher.  
• Know the location of emergency exits and escape 

routes.  
• Learn the location and operation of all safety 

equipment in your laboratory, including the safety 
shower, eye wash, first aid kit, fire extinguishers, 
and fire blanket.    

   Emergencies and Accidents  
• Immediately report any accident, however small, to 

your teacher.  
• If you get chemicals on you, rinse the affected area 

with water.  
• In case of chemicals on your face, wash off with 

plenty of water before removing your goggles. In case 
of chemicals in your eyes, remove contact lenses and 
wash eyes with water for at least 15 minutes.  

• Minor skin burns should be held under cold, 
running water.    

   General Conduct  
• Clear your bench top of all unnecessary materials, 

such as books and jackets, before starting work.  
• Do not bring gum, food, or drinks into the 

laboratory.    

   Appropriate Apparel  
• Always wear protective safety goggles when working 

in the laboratory.  
• Avoid bulky, loose-fitting clothing; roll up long 

sleeves; and tie back loose hair. Lab coats or aprons 
may be required.  

•  Wear long pants and shoes that cover the whole 
foot (not sandals) so your feet are protected from 
accidental spills or broken glassware.    

   Using Glassware and Equipment  
• Do not use chipped or cracked glassware or 

damaged equipment.  

  • Be careful when handling hot glassware or 
apparatus. Remember, hot glassware looks like cold 
glassware.  

  •  Place hot glassware or apparatus (such as a crucible) 
on an appropriate cooling surface, such as a wire 
gauze.  

  •  Never point the open end of a test tube toward 
yourself or anyone else.  

  •  Never fill a pipette using mouth suction. Always use 
a bulb.  

  •  Keep electrical equipment away from sinks and 
faucets to minimize the risk of electrical shock.    

   Using Chemicals  
   •  Never taste substances in the laboratory, and avoid 

touching them if possible.  
  •  Check chemical labels twice to make sure you have 

the correct substance. Some chemical formulas and 
names differ by only a letter or a number.  

  •  Read and follow all hazard classifications shown on 
the label.  

  •  Never pour anything down the drain unless 
instructed to do so by your teacher.  

  •  When transferring chemicals from a common 
container to your own test tube or beaker, take 
only what you need. Do not return any extra 
material to the original container, because this may 
contaminate the original.  

  •  Mix all substances together slowly. Add 
concentrated solutions to dilute solutions. 
When working with acids and bases, always add 
concentrated acids and bases to water; never add 
water to a concentrated acid or base as this can 
cause dangerous spattering.  

  •  If you are instructed to smell something, do so by 
wafting (fanning) some of the vapor toward your 
nose. Do not place your nose near the opening of 
the container.    

   Before Leaving the Lab  
   •  Clean your lab station and return equipment to its 

proper place.  
  •  Make sure that gas lines and water faucets are shut 

off.  
  •  When discarding used chemicals, carefully follow 

the instructions provided.     

   Laboratory SAFETY  

xx   Laboratory Safety
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193Lesson 36 | Ball-and-Stick Models

monticello/Shutterstock

     Spices at a street market in India. The spices are derived from plants and used 
to flavor or color food, as medicine, and in perfume production. Imagine the 
wonderful smells at the market!    

      Chapter   7 

 Building 
Molecules   
   In this chapter, you will study  

• three-dimensional molecular 
models  

  • the role of valence electrons in 
determining molecular shape  

  • the receptor site theory and 
have a chance to develop your 
own model of how a nose works        

   T wo compounds with the same functional group may have different smells. In addition 
to molecular structure, the  shape  of a molecule seems to be related to its smell. 
Molecular shape is determined by the bonds between atoms and the locations 

of electrons. Because we experience different molecular shapes as different smells, our 
experience tells us that the nose can somehow detect these differences. 

 New Smells, New Ideas  

 Ball-and-Stick Models  
    THINK ABOUT IT  

 The structural formula is a valuable source of information about a molecule. 
You can use the structural formula to identify functional groups in a molecule. 
Knowing the functional group also helps you to predict molecular properties, 
including smell. Sometimes, however, knowing only the functional group is not 
enough to predict the smell of a compound. 

  What three-dimensional features of a molecule are important 
in  predicting smell?   

   Lesson

36
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194 UNIT 2 | Chapter 7 | Building Molecules

 EXPLORING THE TOPIC

New Smell Molecules
Below are three compounds, each with a distinctive smell. In spite of their wide 
range of smells, each of the three compounds contains the same functional group.

H

CH C C

H

C C

HH

C

H H H H

C HC

H

C O

H

C
H

H

H H

H

H

Geraniol, C10H18O

Geraniol, C10H18O

C C H H C C H

H

H

H

H

C
C

H

H

H
H

H

H

O H

H
H

C

C

C
C

H

H

H

H

Menthol, C10H20O

CH
H

C

C HH

C

C

H

H

C HH

H

H

O

C C
C

C H
H

H

H

H

H
H

H

Fenchol, C10H18O

Menthol, C10H20O

Fenchol, C10H18O

Kathryn8/iStockphoto H
elen Sessions/Alam

y Stock Photo

duckycards/E+/iStockphoto

Take a moment to locate their functional groups. Each of these molecules has 
a hydroxyl functional group, and each name ends in “-ol.” All three molecules 
are alcohols. So, why are the three smells so different? Something besides just 
functional group affects the smell of a compound. The answer lies in the three-
dimensional shape of the molecules of each compound.

Three-Dimensional Models
It is difficult to show a three-dimensional drawing of a molecule on a flat piece of 
paper. With a molecular model set, you can build a three-dimensional structure.

©
 2013 M

acm
illan, Photo by Ken Karp Photography

carbon atom

oxygen atom

nitrogen atom

hydrogen atom

bond

lone pair paddle

Notice that the bonds in a model kit look like little sticks. And the atoms are small 
spheres. These models are called ball-and-stick models.
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195Lesson 36 | Ball-and-Stick Models

 A picture of a ball-and-stick model for ethyl acetate, C 4 H 8 O 2 , is shown here. 
The carbon atoms are shown in black, the hydrogen atoms are white, and the 
oxygen atoms are red.     

  

The carbon atoms are
not in a straight line.

Some atoms are pointing
away from you.

Some atoms are pointing
toward you.       

 Illustrations on paper of ball-and-stick models have some drawbacks, in that 
some atoms may be partially visible or entirely hidden. However, the illustrations 
convey more information about molecular shape than structural formulas do. 
Using a real model is the best way to examine the three-dimensional shape of a 
molecule. The two representations for a molecule of citral, C 10 H 16 O, are shown 
for comparison. Look for similarities and differences between them.       

Citral, C 10 H 16 O

H C

H

H

C C C

H C

O

CC

H

H

C

H

H H

H

H

C
H H H

C
H H

Structural formula       Structural formula     

Ball-and-stick model
 Ball-and-stick model 

 Notice that the structural formula shows the citral molecule as flat with some of 
the carbon atoms in a line. The ball-and-stick representation, on the other hand, 
shows that the carbon atoms are not arranged in a line, but are connected in a 
zigzag fashion. Both representations contain much of the same information, but 
the ball-and-stick model adds information about the way the atoms are arranged 
in space.     

  DISCOVERY 
 CONNECTION  
 Abu Ali ibn Sina, also known as 
Avicenna, was born in 980  C.E.  
in what was then Persia (now 
Uzbekistan). He became a 
physician when he was 18. 
Besides making pioneering 
contributions to modern 
medicine, Ibn Sina developed 
the process of extracting 
essential oils from plants through 
distillation. He worked with rose 
water, which became a popular 
fragrance and led others to 
experiment with other flowers.       

  Everett Collection Inc./Alam
y Stock Photo  

  Example  

   Ball-and-Stick Model  
 Examine the drawing of this ball-and-stick model of 
isopentylacetate, C 7 H 14 O 2 .       

   a.   Draw the structural formula of this 
compound.  

  b.   What functional group is in the compound?  
  c.   Predict a smell for this compound.     
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196 UNIT 2 | Chapter 7 | Building Molecules

    Solution   

   a.   The structural formula of this compound is

      

OH

H

CH C

H

H

C H

H

HH

CCO C

H

H

H

C
H H

     
  b.   This compound has an ester functional group.  
  c.   Because it has an ester group and its name ends in “-ate,” it probably smells sweet. (In fact, this molecule 

smells like bananas.)   

(continued)

 Ball-and-stick models for the three compounds introduced at the beginning of 
this lesson are below.     

  Geraniol, C10H18O      Menthol, C10H20O  

 Fenchol, C10H18O                        

 The overall shapes of the molecules differ greatly. The carbon atoms in geraniol 
are connected in a long chain, while the menthol and fenchol molecules both 
contain ring structures. Perhaps these overall shapes are related to the different 
smells of these three alcohols.   
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197Lesson 36 | Ball-and-Stick Models

    REVISITING THE KEY QUESTION  

  What three-dimensional features of a molecule are 
important in predicting smell?  

 Molecules are three-dimensional. A ball-and-stick model kit is a tool that you can 
use to construct models of molecules. Ball-and-stick models allow you to see how 
the various atoms in molecules are arranged in space, as well as the overall shape 
of each molecule. Molecular shape may have something to do with smell.  

  KEY TERM  
   ball-and-stick model   

   Reading Questions  

     1.   What are the differences between a structural formula and a ball-and-stick model?  
    2.   What is your hypothesis about why the three alcohols smell different even though they have the same 

functional group?    

   Reason and Apply  

     3.   What model pieces do you need to build a ball-and-stick model of geraniol?  
    4.   Consider this model. Its molecular formula is C 7 H 14 O 2 .

                 

   a.   Draw the Lewis dot structure.  
  b.   Draw the structural formula.  
  c.   What is the functional group in the molecule?  
  d.   What can you predict about the name and smell of this compound?     

    5.   Consider this model. Its molecular formula is C 3 H 6 O 2 .

         
   a.   Draw the Lewis dot structure.  
  b.   Draw the structural formula.  
  c.   What is the functional group in the molecule?  
  d.   What can you predict about the name and smell of this compound?     

  Problems  
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198 UNIT 2 | Chapter 7 | Building Molecules

    6.   Consider this model. Its molecular formula is C 2 H 7 N.      
   a.   Draw the Lewis dot structure.  
  b.   Draw the structural formula.  
  c.   What is the functional group in the molecule?  
  d.   What can you predict about the name and smell of this compound?        

   Practicing Chemistry  

     7.   What evidence do you have that the structural formula may not always be enough information to predict a 
smell?  

    8.   How do the parts in your ball-and-stick model kits handle double (and triple) bonds in contrast to how 
they handle single bonds?  

    9.   Nobel Prize–winning chemist Ronald Hoffman once said that molecular models were the greatest 
achievement of chemistry in the 20th century. What do you think he had in mind when he said this?  

  10.     One of the most famous pictures in science 
is the photo of James Watson and Francis 
Crick next to a molecular model of DNA. 
They determined the arrangement of the 
atoms in DNA using Rosalind Franklin’s 
x-ray crystallography images of DNA. Crick 
ran into a nearby pub and yelled that he and 
Watson had “found the secret of life!” Why 
do you think this molecular model was such 
cause for celebration? ( Hint:  Research how 
DNA works.)                      

(continued)

A. Barrington Brow
n/Science Source

 PROJECT 
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199Lesson 36 | Ball-and-Stick Models 199Featured ACTIVITY | Two’s Company

   Purpose  
 To use three-dimensional models to visualize small molecules.  

   Materials  
   • gumdrops, marshmallows, and toothpicks  
  • ruler  
  • ball-and-stick molecular model set   

   Part 1: Gumdrop Molecules  
   1.    Create a methane molecule using gumdrops, marshmallows, and 

toothpicks. The gumdrops represent hydrogen, the marshmallow 
represents carbon, and the sticks represent the bonds.  

  2.    Gumdrops and marshmallows should be placed at the very ends of the 
toothpicks. Make sure every pair of electrons in the molecule is equally 
distant from one another and as far away as possible from every other 
pair of electrons. Use a ruler to check the distances.  

  3.    Draw Lewis dot structures for the following molecules:
   a.   CH 4       b.   NH 3       c.   H 2 O     

  4.    How many pairs of electrons are located around the central atom of 
each molecule?  

  5.    Besides the identity of the central atom, what is different about these 
three molecules?  

  6.    Using gumdrops and toothpicks, create ball-and-stick models of NH 3  
and H 2 O.  

  7.    Did you remember to include lone pairs? Fix your models if you have to 
so that lone pairs are represented. Do the lone pairs affect the shape of 
the molecule?  

  8.    Compare your three gumdrop models. Describe any similarities.          

   Part 2: Ball-and-Stick Models  
   1.    Use the molecular model sets to create models of CH 4 , NH 3 , H 2 O, and 

HF. Use black for carbon, white for hydrogen, red for oxygen, and blue 
for nitrogen.  

  2.    Add the appropriate lone pair paddles to your models.  
  3.    How many lone pair paddles would you need for an atom of neon? 

Explain your answer.  
  4.    Draw sketches of your three-dimensional models. What is the shape of 

each molecule if you ignore the lone pair paddles?  
  5.     Making Sense  Explain how the lone pairs affect the shapes of these 

molecules.     

 Two’s Company  

  Featured ACTIVITY 

©
 2013 M

acm
illan, Photo by Ken Karp Photography    

      ©
 2013 M

acm
illan, Photo by Ken Karp 

Photography  
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200 UNIT 2 | Chapter 7 | Building Molecules

 Two’s Company  

 Electron Domains  
    THINK ABOUT IT  

 You may have noticed that the atoms in the molecular model kits have a certain 
number of holes and that the sticks only fit in certain places. So, when you 
connect the atoms, the molecules automatically end up with the correct three-
dimensional shape. But what is it that determines the shape of a molecule? 

  How do electrons affect the shape of a molecule?   

    EXPLORING THE TOPIC  

   Shapes of Molecules  
 These illustrations show models of ethanol, C 2 H 6 O.     

      Lesson

37

      Ethanol    

 Ball-and-stick model Ball-and-stick model Structural formula

H

H

CH

H

H

C O H

 Structural formula 

   What accounts for the three-dimensional structure of ethanol? The answer lies in 
the valence electrons. They determine the shape of a molecule. 

 To understand molecular shape, it is useful to begin by examining a simple molecule 
such as methane, CH 4 . While the structural formula is flat and cross-shaped, the 
 ball-and-stick model shows that methane has a three-dimensional structure. 
Both models show that there are four bonds.     

H

H

H

C H

The H atoms are
on the vertices of
a tetrahedron.

Ball-and-stick modelStructural formula Tetrahedral      Structural formula        Ball-and-stick model    Tetrahedral  

   The word used to describe the shape of the methane molecule is   tetrahedral   .  
A tetrahedral molecule has a symmetrical shape, with one atom exactly in the 
center. The distance between any other two atoms bonded to the central atom 
is the same. A tetrahedron looks like a pyramid. However, in a pyramid the four 
vertices are not necessarily the same distance from one another. For example, a 
pyramid can be tall with the top vertex elongated. 
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201Lesson 37 | Electron Domains

You can prove to yourself that a ball-and-stick model of methane is symmetrical 
in every direction by spinning the molecule as shown in the illustrations. The 
molecule looks exactly the same no matter what direction it is spun.

You can grab one of the H atoms on
the table and spin the molecule around
and it still looks identical.

You can grab one of the H atoms 
on the table and spin the molecule 
around and it still looks identical.

One H atom sticks straight up. 
Three H atoms rest on the table.
One H atom sticks straight up. 
Three H atoms rest on the table.

You can spin the molecule
around and it looks identical.You can spin the molecule 
around and it looks identical.

Electron Domains
Methane, CH4

The illustration below shows a methane molecule with the shared valence electrons 
superimposed, or laid, over the ball-and-stick model. The bonded electron pairs 
occupy space between the carbon atom and each of the four hydrogen atoms. The 
space occupied by the electrons is called an electron domain. An electron domain 
can consist of a bonded pair of electrons, a lone pair of electrons, or multiple 
bonded pairs of electrons.

A methane molecule has four electron domains.

Bonded pairs of electrons 
take up space. This space is 
called an electron domain.

A methane molecule has four electron domains.

Karim
ala/iStockphoto

CONSUMER
CONNECTION
Molecules containing only carbon and hydrogen atoms are 
generally referred to as hydrocarbons. The simplest hydrocarbon 
compound is methane. Notice that methane’s name ends in 
“-ane” because it is an alkane. Many of the medium-sized alkane 
molecules smell like octane, a major component of gasoline.

Octane

Each electron domain in the tetrahedral methane molecule is the same distance 
from the other three electron domains. They are as far apart from one another as 
possible. Because of this arrangement, the hydrogen atoms are as far apart from one 
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202 UNIT 2 | Chapter 7 | Building Molecules

another as possible and the distance between any two hydrogen atoms is the same. 
Additionally, in the tetrahedral molecule, if you measure the angle formed between 
any two hydrogen atoms and the carbon atom, you’ll find that all these bond angles 
have equal measures. This is not accurately shown in the structural formula.       

H H

H

H

C

This H�C�H angle
appears to be 90°.

This H�C�H angle
appears to be 180°. Each H�C�H bond 

angle is actually 109°.

109°

       Each  H — C — H  bond 
angle is actually   °109   .   

 This tendency for electron pairs to be as far apart from one another as possible 
is called   electron domain theory.   This theory is also referred to as  valence shell 
electron pair repulsion theory,  or  VSEPR theory.       

   Ammonia, NH 3   
 The structural formula and ball-and-stick model for ammonia, NH 3 , are shown 
below. The ball-and-stick model shows that the hydrogen atoms are all located on 
one side of the nitrogen atom.       

  Take Note  
 Electrons are negatively 
charged, so they repel 
one another. However, 
in molecules, electrons 
bond in pairs. It is the 
electron pairs that repel 
one another. 

H

H

N H

Structural formula         Structural formula     Ball-and-stick model Ball-and-stick model Pyramidal Pyramidal 

 The word used to describe the shape of the ammonia molecule is   pyramidal   .  

 The nitrogen atom has a lone pair of electrons. Therefore, while there are only three 
bonds, there are four electron domains. The four electron domains are arranged in a 
tetrahedral shape to get as far apart as possible, similar to what happens in methane.        

This electron domain 
is associated with a 
lone pair of electrons.

An ammonia molecule has four 
electron domains, just like methane.

These electron domains 
are associated with 
bonded pairs of electrons.

     An ammonia molecule has four 
electron domains, just like methane.   

   Water, H 2 O  
 Take a look at one more molecule—water, H 2 O. The word used to describe the 
shape of a water molecule is   bent   .      

H

H

O

Structural formula       Structural formula    Ball-and-stick model

Bent

 Ball-and-stick model 
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203Lesson 37 | Electron Domains

   A water molecule has four electron domains: two bonding pairs and two lone 
pairs. The four electron domains of water are arranged in a tetrahedral shape, as 
in methane and ammonia. This results in a bent shape for the water molecule. 
In all three molecules, the bond angles are   °109    or close to this.        

   Ball-and-Stick Models with Lone Pair Paddles  
 In a molecular model kit, the lone pairs are sometimes represented as plastic 
paddles. This helps you to visualize where the final shape of a molecule 
comes from.     

  Tetrahedral Pyramidal Bent Linear Point

CH4 NH3 H2O HF Ne

   

 Notice that you name the shape of the molecule based only on the arrangement of 
atoms. The lone pairs are not considered. You will see these base shapes in larger 
molecules containing C, N, O, and F atoms. But of course the shapes of the 
larger molecules are more complex.      

     A molecule of water has 
four electron domains, 
just like methane.   

Bent

A molecule of water
has four electron domains, 
just like methane.

    Richard Ham
ilton Sm

ith/Corbis 
Docum

entary/Getty Im
ages  

  CONSUMER 
 CONNECTION  
 Phosphine is a highly toxic, 
highly flammable, colorless 
gas used as a fumigant to kill 
insects that might damage 
stored grain.        

  Example  

   Phosphine, PH 3   
 What is the shape of phosphine, PH 3 ? Explain your thinking. 

    Solution   
 Begin by drawing the Lewis dot structure and a structural formula of phosphine. A phosphorus atom has 
five valence electrons, and each hydrogen atom contributes one electron, for a total of eight  electrons. 
There are three bonding pairs and one lone pair. The four atoms in phosphine are arranged in a 
 pyramidal shape.     

  

P
H

H H P

H

HH
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204 UNIT 2 | Chapter 7 | Building Molecules

    REVISITING THE KEY QUESTION  

  How do electrons affect the shape of a molecule?  

 The three-dimensional shape of a molecule is determined by the various electron 
pairs in the molecule.  Both  bonded pairs of electrons  and  lone pairs of electrons 
affect the shape of a molecule. Each electron pair takes up space, called an electron 
domain. The final shape of a molecule is determined by the fact that electron 
domains in a molecule are located as far apart from one another as possible.     

  KEY TERMS  
   tetrahedral shape  
  electron domain  
  electron domain theory  
  pyramidal shape  
  bent shape   

  Problems  

   Reading Questions  

     1.   In your own words, describe a tetrahedral shape.  
    2.   What is meant by electron domain theory?    

   Reason and Apply  

      3.   If you were going to predict the three-dimensional structure of a small molecule, what would you want to know?  
    4.   Predict the three-dimensional structure of H 2 S. Explain your thinking.  
    5.   List three molecules that have a tetrahedral shape.  
    6.   List three molecules that have a bent shape.  
    7.   What is the shape of arsine, AsH 3 ? Explain your thinking.  
    8.   Predict the three-dimensional shape of HOCl. Explain your thinking.  
    9.   Draw a methane, CH 4 , molecule and show how it fits inside a tetrahedron. Do the same for ammonia, 

NH 3 , and water, H 2 O.     

   Practicing Chemistry  

   10.   Consider a tetrahedron.
   a.   How many faces does it have?  
  b.   What are the shapes of the faces?  
  c.   Are there any parallel faces?  
  d.   How many edges does it have?  
  e.   Are the edges all the same length?  
  f.   How many corners (vertices) does it have?  
  g.   How many edges meet at each corner?  
  h.   If you made a die out of a tetrahedron, would there be an equal chance of landing on each face?     

  11.   Explain how tetrahedral geometry relates to the octet rule.  
  12.   Examine these two marshmallow and 

gumdrop models. Describe what you need 
to do to convert the flat model on the left to 
the three-dimensional model on the right.              

  David D
udley/Angelica Stacy
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205Lesson 38 | Molecular Shape

 Let’s Build It  

 Molecular Shape  
    THINK ABOUT IT  

 So far you have considered the shapes of small molecules containing single 
bonds. All of the molecules you’ve studied have had four electron domains. 
However, small molecules that have only three or even two electron domains 
also exist. These molecules have double and triple bonds. So, there are more 
molecular shapes to consider. 

  How can you predict the shape of a molecule?   

    EXPLORING THE TOPIC  

   More Shapes  
   Double Bonds  
 Formaldehyde, CH 2 O, is a very simple molecule that contains one double bond. 
The double bond counts as only one electron domain even though it contains two 
pairs of bonded electrons. This means that the central atom in the formaldehyde 
molecule (the carbon atom) has only three electron domains surrounding it, 
spread out into a flat triangle. The phrase used to describe the underlying shape of 
the formaldehyde molecule is   trigonal planar   .  

 Let’s Build It   Let’s Build It   Let’s Build It  

   Lesson

38

C

O

HH
Structural formula

The double bond is 
one electron domain.

C

O

HH

Lewis dot structure

There are three
electron domains
around the central
carbon atom.

The three electron 
domains spread apart 
into a flat triangle.

Trigonal planar

         The three electron 
domains spread out 
into the shape of a 
flat triangle.   

Pyramidal

Ammonia

The three hydrogen atoms are 
below the nitrogen atom to make 
room for the lone pair on nitrogen.

       The three hydrogen atoms 
are below the nitrogen atom 
to make room for the lone 
pair on nitrogen.    

Trigonal planar

Formaldehyde

 There are no lone pairs, 
so the three electron 
domains spread out 
into a triangle. 

 Both ammonia, NH 3 , and formaldehyde, CH 2 O, have four atoms but have very 
different shapes. The difference in shape is due to the number of electron domains 
around the central atom.              
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206 UNIT 2 | Chapter 7 | Building Molecules

   Two Double Bonds  
 In a molecule with a double bond, the double bond counts as one electron 
domain. So a molecule like carbon dioxide, with two double bonds, has only two 
electron domains around the central atom that have to be as far apart as possible. 
This shape is described as   linear   .      

  

O OC

Each double bond is
one electron domain.

    O OC

There are two electron domains
around the central carbon atom.

    

The electron domains are 
as far apart as possible.

Linear

   

 Both water, H 2 O, and carbon dioxide, CO 2 , have three atoms. However, the shape 
of water is bent while carbon dioxide is linear. The difference in shape is due to 
the number of electron domains around the central atom.     

  

Water

Bent

     

Carbon dioxide

Linear

       

  Take Note  
 The four electrons in a 
double bond remain 
between two atoms, so 
they are considered one 
electron domain. An 
electron domain can have 
two, four, or six electrons. 

  Example 1  

   Ethene, C 2 H 4   
 Determine the molecular shape of ethene, C 2 H 4 . 

    Solution   
 Begin by drawing the Lewis dot structure for ethene to determine the number of electron domains around 
each carbon atom. Next, translate that into a three-dimensional representation of the molecule. In this case, 
there are no lone pairs. The molecule is flat. Each half of ethene is trigonal planar.         

There are three electron 
domains around each 
carbon atom.

H HC
H

C
H

         There are three electron 
domains around each 
carbon atom.    This molecule is flat when turned 90°. This molecule is flat when turned   °90   . 

     Triple Bonds  
 Another example of a linear molecule is hydrogen cyanide, HCN. It also has two 
electron domains around the central atom, like carbon dioxide. One electron 
domain is a single bond between carbon and hydrogen, and the other is a triple 
bond between carbon and nitrogen.     
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207Lesson 38 | Molecular Shape

        Larger Molecules  
 Many larger molecules combine more than one shape. These larger molecules 
can be seen as a series of central atoms with surrounding atoms in familiar 
shapes. The shapes of all of the small molecules that we have investigated 
so far help to explain why chains of carbon atoms are crooked rather than 
straight. The illustration shows a ball-and-stick model for heptanoic acid, 
C 7 H 14 O 2 , with seven carbon atoms in a chain. The arrangement of atoms 
around six of the carbon atoms is tetrahedral. Most of the molecule is a series 
of overlapping tetrahedral shapes.     

  Heptanoic acid, C7H14O2

This piece of the molecule
is a tetrahedral shape.

This piece of the molecule
is a trigonal planar shape.

This piece of the
molecule is a bent shape.

   

 The various electron domains in this molecule cause its overall shape to be 
crooked, or zigzag.    

H C N

There are two electron
domains around carbon.

H NC
         Hydrogen cyanide has one single bond and one triple bond. This results in two electron 
domains around the central atom.   

  Example 2  

   Ethyne, C 2 H 2   
 Determine the molecular shape of ethyne, C 2 H 2 . 

    Solution   
 Begin by drawing the Lewis dot structure of ethyne to determine the number of electron domains around the 
carbon atoms. To satisfy the octet rule and the HONC 1234 rule, the carbon atoms must have a triple bond 
between them. Each carbon atom has two electron domains surrounding it. Ethyne is a linear molecule.     

  
There are two electron domains
around each carbon atom.H HCC          

  ENGINEERING 
 CONNECTION  
 Ethyne, C 2 H 2 , is also called 
acetylene. It is the highly 
flammable gas used by welders 
in oxyacetylene torches. Miners’ 
helmets used to have carbide 
lamps attached to them. A 
carbide lamp is based on the 
reaction between calcium 
carbide, CaC 2 , and water, H 2 O, 
to produce acetylene, C 2 H 2 . The 
acetylene gas burns to produce 
a bright light in the dark cave.       

    m
3m

organ/iStockphoto  
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208 UNIT 2 | Chapter 7 | Building Molecules

    REVISITING THE KEY QUESTION  

  How can you predict the shape of a molecule?  

 The shape of a molecule is affected by the location and number of its electron 
domains. Lewis dot structures help you to determine the number of electron 
domains in a molecule. An atom involved in a double bond or triple bond will 
have fewer electron domains surrounding it. This results in molecules that have 
trigonal planar and linear shapes. Large molecules can have various geometric 
shapes within them. Areas around double bonds are flat, and those around triple 
bonds are linear.     

  KEY TERMS  
   trigonal planar shape  
  linear shape   

  Problems  

   Reading Questions  

     1.   What shapes are possible if a molecule has three electron domains?  
    2.   What shapes are possible for a molecule with three atoms? Explain your thinking.    

   Reason and Apply  

     3.  Describe the shape of each of these molecules. (Use Lewis dot structures, the periodic table, and the 
HONC 1234 rule to assist you.)

  Cl 2    CO 2    H 2 O  
    4.   Which of the molecules in Problem 3 have the same shape?  
    5.   What shape or shapes do you predict for a molecule with two atoms? A molecule with three atoms? Four 

atoms? Five atoms? You can draw Lewis dot structures or electron domains to assist you in answering the 
questions.  

    6.  Predict the shapes of these molecules:
  CF 4    NF 3    H 2 Se   H 2 CS  
    7.   Consider the butane, C 4 H 10 , molecule.

   a.   Draw the Lewis dot structure for butane.  
  b.   How many electron domains are around each C atom?  
  c.   What shape would you predict for C 4 H 10 ?  
  d.   Explain why the carbon atom chain is not straight.        

   Practicing Chemistry  

     8.   Look at these diagrams of a shape with trigonal planar geometry and a shape with pyramidal geometry. 
What is the difference between a trigonal planar geometry and a pyramidal geometry?

Trigonal planar geometry Pyramidal geometry      
    9.   The molecule XAX is linear. Is there a lone electron pair on the atom labeled A? Explain your thinking.  
  10.   Draw the Lewis dot structure for dimethyl ether, CH 3 OCH 3 . Be sure to include the lone pairs of electrons. 

Use your understanding of electron domain theory to explain why the COOOC atoms are not arranged 
in a straight line.    
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209Lesson 39 | Space-Filling Models

 What Shape Is That Smell?  

 Space-Filling Models  
    THINK ABOUT IT  

 Methyl octenoate, C 9 H 16 O 2 , is a compound that smells like violets. A ball-and-
stick model of methyl octenoate shows that it is a series of overlapping tetrahedral 
shapes stuck together. There is a trigonal planar segment in the area of the double 
bonds. But how would you describe the shape of the  whole  molecule? And does 
the shape of the whole molecule have anything to do with its smell?     

           

  How is the shape of a molecular compound related to its smell?   

    EXPLORING THE TOPIC  

   Space-Filling Models  
 Most of the smell molecules you have encountered are considerably larger than 
three, four, or five atoms. The best way to look at the overall shape of these 
molecules is with a different type of model, called a   space-filling model   .  

 Take a moment to compare the ball-and-stick model of methyl octenoate with the 
space-filling model. In a space-filling model, the sticks between atoms have been 
eliminated. There is no space between atoms. Instead, bonded atoms are shown 
slightly overlapping.     

 What Shape Is That Smell?   What Shape Is That Smell?   What Shape Is That Smell?  

   Lesson

39

      M
edstockPhotos/Shutterstock  

Ball-and-stick model

The bonds, whether
single, double, or triple,
can’t be seen at all.

Space-filling model 

No space
between atoms

      Methyl octenoate, C 9 H 16 O 2   
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210 UNIT 2 | Chapter 7 | Building Molecules

In some ways, a space-filling model could be considered more accurate than 
a ball-and-stick model. In reality, a stick has no resemblance to a bond. In a 
molecule, the atoms share electrons with neighboring atoms. This would suggest 
that the atoms are located very close to, or overlapping, one another. However, in 
an illustration of a space-filling model, you can’t see multiple bonds, and some 
atoms may be hidden behind others.

Relating Shape and Smell
Space-filling models for molecules that smell sweet, minty, and like camphor 
(piney) are shown here. Take a moment to look for patterns that may indicate a 
connection between the shapes of these molecules and their smells.

Sweet-Smelling Molecules

Methyl octenoate, C9H16O2

Citronellol, C10H20O

Geraniol, C10H18O

Minty-Smelling Molecules

Carvone, C10H14O     Pulegone, C10H16O

Menthone, C10H18O

m
sankar4/iStockphoto

ENVIRONMENTAL
CONNECTION
Geraniol is a sweet-smelling 
molecule. It is one of the 
molecules that make roses 
smell like roses.

loooby/iStockphoto

CONSUMER
CONNECTION
The fragrance industry uses more 
than 5000 compounds. When 
creating a scented product, 
chemists must consider how 
the compounds interact with 
each other and with the human 
body. Fragrance chemicals enter 
the human body through the 
skin and by ingestion, so scents 
must be made safe in addition to 
pleasant-smelling.
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211Lesson 39 | Space-Filling Models

   Camphor-Smelling Molecules      

  Fenchol, C10H18O      Camphor, C10H16O    
 The sweet-smelling molecules are all long and stringy. The minty-smelling 
molecules all have a six-carbon ring structure. They have a shape that resembles 
a frying pan. The camphor-smelling molecules are a tight cluster of atoms in the 
shape of a ball. So far, there appear to be three smell categories that are directly 
related to the molecular shape.     

  Sweet smell

Long, stringy

    Minty smell

Frying pan–shaped

 

 Camphor smell

Ball-shaped

       

    REVISITING THE KEY QUESTION  

  How is the shape of a molecular compound related to its smell?  

 A space-filling model is a three-dimensional model that shows how the atoms 
in a molecule are arranged in space and how they fill this space. The shape of 
a molecule appears to be related to its smell. For example, the sweet-smelling 
molecules explored here are all long and stringy in shape. The minty-smelling 
molecules are frying pan–shaped, and the camphor-smelling molecules are 
ball-shaped. More data will certainly be helpful to confirm a connection between 
a molecule’s shape and its smell.     

  KEY TERM  
   space-filling model   
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212 UNIT 2 | Chapter 7 | Building Molecules

  Problems  

   Reading Questions  

   1.   How is a space-filling model useful?  
  2.   How is a space-filling model different from a ball-and-stick model?    

   Reason and Apply  

   3.   Draw a possible structural formula for a molecule that smells sweet and has the molecular formula 
C 9 H 20 O. What general shape does this molecule have?  

  4.   If someone told you a molecule had a six-carbon ring, what smell would you predict for that compound?  
  5.   Draw a possible structural formula for a molecule that smells minty and has the molecular formula 

C 10 H 16 O. What general shape does this molecule have?  
  6.   If someone told you a molecule is ball-shaped, what else would you want to know to predict the smell of 

the molecule?  
  7.   Which do you think has more influence on smell: the functional group that is present or the shape of a 

molecule? Explain why you think so.     

   Practicing Chemistry  

   8.   Copy and complete this table.

 Formula  Lewis dot 
structure 

 Number of electron 
domains 

 Number of lone pairs on 
the atom in the center 

 Picture of the 
molecular shape 

 Name of 
the shape 

 CH 4  

 NH 3  

 H 2 O 

 CH 2 O 

 O 3  

 CO 2  

 HCN 

  9.   Write at least two patterns that you notice in the table.    

   Lesson

40
 Sorting It Out  

 Shape and Smell  
    THINK ABOUT IT  

 So far the investigation into the chemistry of smell has turned up evidence that 
molecular formula, functional group, chemical name, and the overall shape of 
molecules can help predict smell. Which pieces of information are most useful? 
What should you consider first? 

  What chemical information is most useful in predicting 
the smell of a compound?   
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213Lesson 40 | Shape and Smell

Todd Gipstein/National Geographic/Getty Im
ages

BIOLOGY
CONNECTION
Scientists have found that 
memories evoked by specific 
smells seem to be stronger 
and more emotion-based 
than memories brought up by 
visual or auditory cues. The 
exact connection between 
smell and memory is unclear, 
but sensations from the smell 
receptors in the nose travel 
to areas of the brain that deal 
with memory.

Esters, sweet

H H

H

H

C C

O

O C

H

H

C

H

H

H

H

H

C C

H

H

C

H

H

C

O

O H

Carboxylic acids, putrid

Because alcohols and ketones might smell sweet, minty, or like camphor, 
functional group is not always correct in predicting smells.

Chemical Name
Molecules are named according to their functional groups. A carboxylic acid 
molecule, for instance, will have a chemical name ending in “-ic acid.”

 EXPLORING THE TOPIC

A Summary of the Smell Investigation So Far
Clearly, the relationship between molecules and smell is quite complex. Often, 
when you smell and examine new molecules, you find out new information and 
refine your hypotheses. Here is what you might conclude about smell so far.

Molecular Formula
Molecular formulas can give some indication of the way compounds smell.

2 O atoms sweet or putrid

1 N atom fishy

Only C and H gasoline or no smell

1 O atom sweet, minty, or camphor

Molecular formula is most useful in predicting fishy smells. It does not work so 
well for sweet, putrid, minty, or camphor smells.

Functional Group
Functional groups are even better than molecular formulas in narrowing down 
a smell. For example, compounds with a carboxyl functional group smell putrid. 
Compounds with an ester functional group smell sweet.

Molecular Names and Smells

Compound type Name ending Examples Smell

carboxylic acid -ic acid butyric acid, C4H8O2  
pentanoic acid, C5H10O2

putrid

ester -yl -ate ethyl acetate, C4H8O2  
propyl acetate, C5H10O2

sweet

amine -ine hexylamine, C6H15N  
diisobutylamine, C8H19N

fishy

alkane -ane methane, CH4  
pentane, C5H12  
hexane, C6H14

no smell or 
gasoline

alcohol -ol citronellol, C10H20O  
menthol, C10H20O

sweet, minty, 
camphor

ketone -one menthone, C10H18O  
pulegone, C10H16O

sweet, minty, 
camphor

tzam
/iStockphoto

CONSUMER
CONNECTION
Citronella oil has been used 
for decades as an insect and 
animal repellent. It is found in 
candles, lotions, gels, and other 
products designed to repel 
mosquitoes and other pests.
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214 UNIT 2 | Chapter 7 | Building Molecules

Because the functional group is not useful in predicting smells for alcohols and 
ketones, the chemical name is also not very useful.

Molecular Shape
The overall shape of a molecule can be an important link to smell. Camphor-
smelling compounds are made of ball-shaped molecules. Minty-smelling 
compounds are flat in overall shape. And compounds made of long and 
stringy molecules often smell sweet.

Citronellol, sweet smell

 Long, stringy 

Carvone, minty smell

Flat /frying pan–shaped

Fenchol, camphor smell 

Ball-shaped

General Rules for Predicting Smell
Each piece of chemical information appears to be valuable at different times, 
depending on the smell category. It is helpful to look for general guidelines you 
can use to predict smell.

This table summarizes the chemical information of each of the five smell 
categories you have encountered. In each category, the most useful information 
for predicting that smell has been highlighted.

Summary of Chemical Information

Smell  
classification

Molecular  
formula info

 
Shape(s)

Functional 
group(s)

sweet 2 O atoms in some,
1 O atom in others

stringy hydroxyl and  
ester

minty rings,
1 O atom in all

frying 
pan–shaped

ketone and 
hydroxyl

camphor double rings,
1 O atom in all

ball-shaped ketone and 
hydroxyl

putrid 2 O atoms in all stringy carboxyl

fishy 1 N atom in all stringy amine

The only category that causes a little trouble is the sweet-smelling category. 
Not every compound made of stringy molecules is sweet smelling. But, if the 
compound has stringy molecules and is not a carboxylic acid or an amine, then it 
is likely sweet smelling.
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215Lesson 40 | Shape and Smell

       REVISITING THE KEY QUESTION  

  What chemical information is most useful in 
predicting the smell of a compound?  

 By looking for patterns in the chemical information of molecules, it is possible 
to come up with general guidelines for certain smell categories. Some chemical 
information is more useful than other information, depending on the smell 
category. Molecular shape is an accurate predictor for minty and camphor 
compounds. Functional group can be used to predict the smells of amines and 
carboxylic acids. Each piece of chemical information, including chemical formula 
and name, allows you at least to narrow down the possible smells of a compound.    

  Example  

   Predict a Smell  
 Examine the following molecular compound and predict its smell. What information is most useful in 
 predicting the smell? What type of compound is this?     

       

H

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C C O H

O

   

    Solution   
 Here is what you can deduce: 
   • Molecular shape: Because the molecule is stringy, it probably does not have a minty or camphor smell. Its 

smell may be sweet, putrid, or fishy.  
  • Molecular formula: There is no N atom, so its smell can’t be fishy. It has two O atoms, so it might have a 

sweet or putrid smell.  
  • Functional group: The carboxyl functional group indicates that the molecule smells putrid.  
  • The putrid smell and carboxyl group indicate that this is a carboxylic acid.   
 The functional group was most useful in predicting the smell of this compound.   

   Reading Questions  

   1.   Can the molecular formula of a compound help you to predict its smell? Explain your reasoning.  
  2.   What one piece of chemical information would you want in order to predict the smell of a molecule? 

Explain your choice.    

   Reason and Apply  

   3.   What is the minimum amount of information you need to know to determine if a compound smells sweet?  

  Problems  
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216 UNIT 2 | Chapter 7 | Building Molecules

  4.   If someone tells you a compound smells sweet, what can you assume about its molecules? What can’t you 
assume about its molecules?  

  5.   If someone told you a compound was made of molecules that had a stringy three-dimensional shape, what 
else would you want to know to determine that compound’s smell?     

   Practicing Chemistry  

   6.   In space-filling models, atoms are represented by solid spheres. Using the ideas from Unit 1: Alchemy, what 
are the limitations of modeling an atom as a hard sphere?  

  7.   Ammonia, NH 3 , and nitrogen triiodide, NI 3 , are similar molecules in that hydrogen and iodine form single 
bonds to the central nitrogen atom.
   a.   Draw the Lewis dot structures of each molecule.  
  b.   Based only on the Lewis dot structures, what would you predict are the shapes of the molecules?  
  c.   Sophisticated measurements show that ammonia is pyramidal and nitrogen triiodide is nearly trigonal planar, 

as shown in the space-filling diagram here. Knowing that iodine is much larger than hydrogen and using the 
concept of space-filling models, explain the contradiction between your prediction and your observation.

       
NI3 NH3

        

  8.   In a space-filling model, there are no sticks to show where there are multiple bonds between atoms. Explain 
how you can determine where there are multiple bonds in a space-filling model.

       C2H4C2H2      
  9.   Draw space-filling models for these molecules.

   a.   CH 4      b.   NH 3      c.   N 2      d.   H 2 S     e.   CO 2      f.   H 2 O 2        

 How Does the Nose Know?  

 Receptor Site Theory  
    THINK ABOUT IT  

 Imagine you are sipping a cool glass of lemonade on a hot summer day. The 
lemonade contains some fresh mint leaves for extra flavor. You detect both the 
lemon smell and the minty smell. The molecules associated with these two smells 
are quite different. What is happening inside your nose that allows you to detect 
both smells at the same time and to tell them apart? How does the nose know 
these molecules are different?     

 How Does the Nose Know?   How Does the Nose Know?   How Does the Nose Know?  

   Lesson

41

      dulezidar/iStockphoto  

(continued)
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217Lesson 41 | Receptor Site Theory

    How does the nose detect and identify different smells?   

    EXPLORING THE TOPIC  

   Receptor Site Theory  
 The chemistry of smell is a fairly new science, and much remains to be discovered 
about how the sense of smell works. A number of theories exist to explain what 
happens in the nose when a smell is detected. While scientists are still uncertain 
about all of the details about how smell works, one theory seems to fit the 
evidence better than the others. This theory is called the   receptor site theory   .  It is 
a widely accepted theory of how the interior of the nose detects different smells. 

 The receptor site theory uses the “lock and key” model. In this model, molecules 
are like “keys” that fit only into certain “locks.” In other words, molecules have 
specific shapes that will fit only certain receptor sites, and the lining of the nose is 
covered with receptor sites.        

      M
ark Karrass/Corbis  

  HEALTH 
 CONNECTION  
 Many medications work 
by using a lock and key 
mechanism. The molecules 
found in a medication may 
be designed to  stimulate  a 
receptor site, resulting in the 
desired physical response. Or 
a medication may have been 
designed to  block  receptor 
sites, preventing a certain 
unwanted physical response.       

     Molecules have specific 
shapes that fit into specific 
receptor sites in the nose, the 
way a key fits into a specific 
keyhole of a lock.   

 The lemony-smelling and minty-smelling molecules in the compounds of the 
lemonade might fit into different receptor sites as shown in the illustration below.     

Carvone,
minty-smelling

Citral,
sweet-smelling

Fenchol,
camphor-smelling

      In this model, each type of molecule fits only into its own receptor sites, not into 
the others. According to receptor site theory, this is how the nose distinguishes 
between two molecules. 
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218 UNIT 2 | Chapter 7 | Building Molecules

Scientists are unsure how many receptor sites are in the nose or how many 
different shapes the sites accommodate. However, they do know that receptor 
sites are made of large, very intricate protein molecules. These protein molecules 
consist of hundreds of atoms bonded together. They are much more elaborate and 
complex than the simple drawings of receptor sites shown in the illustration.

Scientists think that once a smell molecule has “docked” in a receptor site, 
nerves are stimulated and send a message to the brain. If minty receptor sites are 
stimulated, then the brain registers a minty smell.

It is possible that smell is much more complex than just described. A specific 
smell might be the result of a combination of different molecules stimulating a 
combination of receptor sites.

Smell molecules come
in a variety of shapes.

Molecules “dock” in
receptor sites that match
their shapes.

Nerves are stimulated
when the molecules dock.

Nerves send messages to
the brain.

The brain interprets the messages as smells.The brain interprets the messages as smells.

Phase Change and Molecular Stability
Smells Are Gases
When you bring an onion home from the supermarket, it doesn’t give off much 
of a smell. But when you slice or chop an onion, the odor can become quite 
overpowering. What’s happening? When you cut up the onion, your knife is 
cutting through some of the cell walls of the onion and releasing a lot of liquid.

One of the molecules that is in this liquid and is responsible for the distinctive 
smell of onions is allyl propyl disulfide. Its structural formula is shown here. Its 
molecular formula is C6H12S2. This is the molecule your nose detects when you 
smell onions.

C

H

CC

H

H S
S

C
C H

C

H H H H H
H

H H

Allyl propyl disulfide, C6H12S2

Chris Elw
ell/iStockphoto

loooby/iStockphoto

CONSUMER
CONNECTION
A chocolate bar looks solid. 
Still, we can smell chocolate, 
so we know that some of 
the molecules that make up 
chocolate must be changing 
phase to become a gas and 
entering the nose. If you melt 
a chocolate bar, the scent will 
be stronger because more 
molecules are escaping in the 
gas phase.
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219Lesson 41 | Receptor Site Theory

 But something else has to happen for you to smell the onion. Molecules of allyl 
propyl disulfide have to get from the onion into your nose. The only way that can 
happen is if some of the molecules travel through the air to your nose. To do this, 
the compound changes phase from a liquid to a gas or vapor that floats through 
the air and enters your nostrils. There is no other possible explanation for your 
ability to smell an onion several feet away. 

 You cannot smell something unless some portion of it is in the form of a gas. This 
means that everything you are able to smell is a substance that has become a gas.   

   Molecules Are Stable Units  
 Because your nose is detecting the shape and functional group of a molecule, 
this means that the molecule must enter your nose in one piece. When molecules 
change phase, they do not break apart into pieces or into individual atoms. 
Molecules go from the solid phase, to the liquid phase, to the gas phase without 
breaking apart into individual atoms. This is because molecules are stable units, 
with strong covalent bonds between the atoms. For example, water is still water 
whether it is in the form of water vapor, liquid water, or ice.     

   BIG Idea      Molecules are stable units. They do not break apart when 
they change phase.      

    REVISITING THE KEY QUESTION  

  How does the nose detect and identify different smells?  

 The receptor site theory explains how the nose detects different smells. This theory 
suggests that smell molecules travel to receptor sites in the lining of the nose. Once a 
smell molecule docks in a receptor site, it stimulates a nervous-system response, sending 
a signal to the brain. Everything you smell is in the form of molecules in the gas phase.     

  Take Note  
 A substance does not have 
to boil in order for some of 
its molecules to become 
a gas. At the surface of 
molecular liquids and 
solids, some molecules 
escape and become a gas. 

  KEY TERM  
   receptor site theory   

   Reading Questions  

     1.   Explain the receptor site theory and how it applies to smell detection.  
    2.   What does phase change have to do with smell?    

   Reason and Apply  

     3.   Here is a structural formula for an active ingredient in muscle ointment. How does this compound smell? 
How does your nose detect the smell? 

C C H H C C H

H

H

H

H

C
C

H

H

H
H

H

H

O H

H
H

C

C

C
C

H

H

H

H

  

  Problems  
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220 UNIT 2 | Chapter 7 | Building Molecules

    4.   A chemist creates a new molecule that has a completely different three-dimensional shape from other 
molecules humans have ever encountered. Would you be able smell it? Select the best answer.
   (A)   Probably not, because synthetic compounds do not have a smell.  
  (B)   Definitely, because all esters smell sweet.  
  (C)   Probably not, because our noses would not have developed receptor sites to detect it.  
  (D)   Definitely, because parts of the molecule can break off to fit into receptor sites in our noses.     

    5.   Some smells are similar, such as popcorn and freshly baked bread. Explain how you might account for 
similar smells using the receptor site theory.  

    6.   Why do you think you might “get used to” a smell and hardly detect it? Use the receptor site model in your 
explanation.     

   Practicing Chemistry  

     7.   The smell of vanilla is from the molecule vanillin. Sketch a receptor site for the molecule.

       
Vanillin 

H

OCH3

O

HO

     
    8.   Design an experiment to test whether all smells travel at the same speed.  
    9.   What other sense is the most like smell? Explain using the words  molecule  and  functional group .  
  10.   Examine this cartoon. Write a caption that relates to smell and receptor site theory.                    

(continued)

     David Dudley/Angelica Stacy  
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221Chapter 7 | Summary

m
onticello/Shutterstock

SUMMARY

Chapter 7 Building Molecules

Smells: The Story Continues

The smell of a substance sometimes has more to do with 
molecular shape than with the functional groups that 
are present. In this chapter, you learned about three-
dimensional molecular structure and related it to smell. 
Ball-and-stick and space-filling models show how atoms are 
arranged within a molecule. The actual shape of a molecule 
is determined by the locations of electron domains.

No matter what shape a molecule has, it must fit into an 
appropriate receptor site in order for the nose to detect 
its smell.

Review Problems

Reason and Apply

1.  Examine the ball-and-stick 
model for propyl acetate.
a. What is the molecular 

 formula for this molecule?
b. Draw the Lewis dot  structure 

and the structural formula.
c. What functional group is in 

the molecule?
d. Predict the smell of the 

compound.

2. Predict the shape of each molecule. Support your 
answer.
a. ammonia, NH3
b. silicon chloride, SiCl4
c. hydrogen sulfide, H2S
d. hydrogen cyanide, HCN
e. formaldehyde, CH2O

3. Explain what determines a molecule’s shape.
4. Draw a possible Lewis dot structure for C4H10O.
5. From what you’ve learned so far, how is molecular 

shape related to smell?

Bringing It Together

Dogs and Smell
Dogs are known to have a strong sense of smell. But 
what does this mean exactly? And what is the evidence 
for this claim? In this problem, you will consider how to 
design experiments to examine a dog’s sense of smell.

Key Terms
ball-and-stick 

 model

tetrahedral  

 shape

electron  

 domain

electron domain  

 theory

pyramidal shape

bent shape

trigonal planar  

 shape

linear shape

space-filling  

 model

receptor site  

 theory

Bob and Pam
 Langrish KA9Photo/Alam

y 
Stock Photo

6. List at least three questions you have about a dog’s 
sense of smell.

7. List at least three possible reasons why dogs may 
have a stronger sense of smell than people in 
terms of how their noses, nerves, and brains are 
constructed.

8. How would you design an experiment to compare 
the sensitivity of a dog’s nose to the sensitivity of a 
human nose? (Hint: How could you deliver different 
amounts of a smell molecule?)

9. Describe three ways that a dog’s sense of smell can 
help people.
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UNIT 2 | Chapter 7 | Building Molecules222

Models of Complex Molecules in Biology
For large molecules made of several different kinds of atoms, space-filling models that include every atom can be so  
complex that they become confusing and make the function of the molecule hard to see. Chemists and biologists have 
found ways to simplify molecular models in order to emphasize the important features of the molecule.

Examine the shorthand notation, called skeletal structures, that chemists use to describe structures of molecules. Use 
these structures to answer Problems 10–13.

15. Receptors are very large molecules with lots of C, H, N, 
O, and S atoms. Examine the structure showing a smell 
receptor with a molecule attached (the smell molecule 
is shown in red). What is the advantage of showing the 
receptor as ribbons rather than individual atoms?

10. How are the C atoms represented in the skeletal 
structures?

11. How do you know how many H atoms are 
represented?

12. Why do you think skeletal structures are useful? 
Give two reasons.

13.  Draw a skeletal structure for CH3CH2OCH2CH3.
14. Write the molecular formula for the 

molecule represented by the skeletal 
structure.

O

 Other Smell Classifications
Research a smell classification not discussed in class, such as musk, woody, spicy, nutty, leather, or tobacco. Create a 
poster that includes
• A drawing describing the smell classification and sources of the smell
•  The structural formulas and ball-and-stick models of at least five molecules in the smell classification that you 

investigated, along with their chemical names
• A brief description of the properties associated with this group of molecules

PROJECT

Edoardo M
ilanetti
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223Chapter 7 Building Molecules | Engineering Project

   Engineering PROJECT 

 Smell Machine  
 Now that you have gathered background information about separating and detecting molecules and 
coins, you are ready to move on to Step 2 of the engineering project. You should review the purpose of the 
project and the presentation of the problem at the end of  Chapter 6 . 

   Engineering Design Step 2: Design Your Machine  
 Join with your team to generate a design for how you will separate a large collection of coins of at least 
eight different types. 

   • With your team, brainstorm design options and decide on a design strategy. Look online or ask your 
teacher for the practices that are essential to brainstorming in a group. Here are some practices:
   • Make a flip chart to keep track of everyone’s ideas.  
  • Listen carefully.  
  • Don’t reject any ideas, no matter what you first think of them.  
  • Build on each other’s ideas.  
  • Take time to refer back to the problem statement and relevant facts.  
  • Take turns playing devil’s advocate.  
  • Before agreeing on an idea, consider a fresh direction.     

  • Each team member should have a notebook to write down ideas, describe plans, and make sketches 
and crude models of the design components.  

  • You should agree as a team on the design strategy and generate a set of rough sketches.
   • This is an opportunity for everyone to offer an improvement of the design idea.     

  • Decide how you will work together to complete the details of the design. Write down assignments of 
roles, and make sure all team members commit to doing their jobs.           
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