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Table of Atomic Masses*
	 	 Atomic	 Atomic
Element	 Symbol	 Number	 Mass

Actinium	 Ac	 89	 [227]§

Aluminum	 Al	 13	 26.98
Americium	 Am	 95	 [243]
Antimony	 Sb	 51	 121.8
Argon	 Ar	 18	 39.95
Arsenic	 As	 33	 74.92
Astatine	 At	 85	 [210]
Barium	 Ba	 56	 137.3
Berkelium	 Bk	 97	 [247]
Beryllium	 Be	 4	 9.012
Bismuth	 Bi	 83	 209.0
Bohrium	 Bh	 107	 [264]
Boron	 B	 5	 10.81
Bromine	 Br	 35	 79.90
Cadmium	 Cd	 48	 112.4
Calcium	 Ca	 20	 40.08
Californium	 Cf	 98	 [251]
Carbon	 C	 6	 12.01
Cerium	 Ce	 58	 140.1
Cesium	 Cs	 55	 132.90
Chlorine	 Cl	 17	 35.45
Chromium	 Cr	 24	 52.00
Cobalt	 Co	 27	 58.93
Copernicium	 CN	 112	 [285]
Copper	 Cu	 29	 63.55
Curium	 Cm	 96	 [247]
Darmstadtium	 Ds	 110	 [271]
Dubnium	 Db	 105	 [262]
Dysprosium	 Dy	 66	 162.5
Einsteinium	 Es	 99	 [252]
Erbium	 Er	 68	 167.3
Europium	 Eu	 63	 152.0
Fermium	 Fm	 100	 [257]
Flerovium	 Fl	 114	 [289]
Fluorine	 F	 9	 19.00
Francium	 Fr	 87	 [223]
Gadolinium	 Gd	 64	 157.3
Gallium	 Ga	 31	 69.72

	 	 Atomic	 Atomic
Element	 Symbol	 Number	 Mass

Germanium	 Ge	 32	 72.59
Gold	 Au	 79	 197.0
Hafnium	 Hf	 72	 178.5
Hassium	 Hs	 108	 [265]
Helium	 He	 2	 4.003
Holmium	 Ho	 67	 164.9
Hydrogen	 H	 1	 1.008
Indium	 In	 49	 114.8
Iodine	 I	 53	 126.9
Iridium	 Ir	 77	 192.2
Iron	 Fe	 26	 55.85
Krypton	 Kr	 36	 83.80
Lanthanum	 La	 57	 138.9
Lawrencium	 Lr	 103	 [260]
Lead	 Pb	 82	 207.2
Livermorium	 Lv	 116	 [293]
Lithium	 Li	 3	 6.9419
Lutetium	 Lu	 71	 175.0
Magnesium	 Mg	 12	 24.31
Manganese	 Mn	 25	 54.94
Meitnerium	 Mt	 109	 [268]
Mendelevium	 Md	 101	 [258]
Mercury	 Hg	 80	 200.6
Molybdenum	 Mo	 42	 95.94
Neodymium	 Nd	 60	 144.2
Neon	 Ne	 10	 20.18
Neptunium	 Np	 93	 [237]
Nickel	 Ni	 28	 58.69
Niobium	 Nb	 41	 92.91
Nitrogen	 N	 7	 14.01
Nobelium	 No	 102	 [259]
Osmium	 Os	 76	 190.2
Oxygen	 O	 8	 16.00
Palladium	 Pd	 46	 106.4
Phosphorus	 P	 15	 30.97
Platinum	 Pt	 78	 195.1
Plutonium	 Pu	 94	 [244]
Polonium	 Po	 84	 [209]

	 	 Atomic	 Atomic
Element	 Symbol	 Number	 Mass

Potassium	 K	 19	 39.10
Praseodymium	 Pr	 59	 140.9
Promethium	 Pm	 61	 [145]
Protactinium	 Pa	 91	 [231]
Radium	 Ra	 88	 226
Radon	 Rn	 86	 [222]
Rhenium	 Re	 75	 186.2
Rhodium	 Rh	 45	 102.9
Roentgenium	 Rg	 111	 [272]
Rubidium	 Rb	 37	 85.47
Ruthenium	 Ru	 44	 101.1
Rutherfordium	 Rf	 104	 [261]
Samarium	 Sm	 62	 150.4
Scandium	 Sc	 21	 44.96
Seaborgium	 Sg	 106	 [263]
Selenium	 Se	 34	 78.96
Silicon	 Si	 14	 28.09
Silver	 Ag	 47	 107.9
Sodium	 Na	 11	 22.99
Strontium	 Sr	 38	 87.62
Sulfur	 S	 16	 32.07
Tantalum	 Ta	 73	 180.9
Technetium	 Tc	 43	 [98]
Tellurium	 Te	 52	 127.6
Terbium	 Tb	 65	 158.9
Thallium	 Tl	 81	 204.4
Thorium	 Th	 90	 232.0
Thulium	 Tm	 69	 168.9
Tin	 Sn	 50	 118.7
Titanium	 Ti	 22	 47.88
Tungsten	 W	 74	 183.9
Uranium	 U	 92	 238.0
Vanadium	 V	 23	 50.94
Xenon	 Xe	 54	 131.3
Ytterbium	 Yb	 70	 173.0
Yttrium	 Y	 39	 88.91
Zinc	 Zn	 30	 65.38
Zirconium	 Zr	 40	 91.22

*The	values	given	here	are	to	four	significant	figures	where	possible.	 	 	 	 §A	value	given	in	parentheses	denotes	the	mass	of	the	longest-lived	isotope.
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the hints to arrive at the answer. ChemWork problems 
in the text can be worked using the online system or as  
pencil-and-paper problems.

❯	  New end-of-chapter questions and problems have been 
added throughout the text.

❯	  The art program has been modified and updated as needed, 
and new macro/micro illustrations have been added.

❯	  In Chapter 3 the treatment of stoichiometry has been en-
hanced by the addition of a new section on limiting reac-
tants, which emphasizes calculating the amounts of prod-
ucts that can be obtained from each reactant. Now students 
are taught how to select a limiting reactant both by com-
paring the amounts of reactants present and by calculating 
the amounts of products that can be formed by complete 
consumption of each reactant.

❯	  A section on photoelectron spectroscopy was added to 
Chapter 9 (Section 9.6).

HallmarksofChemistry
❯	  Chemistry contains numerous discussions, illustrations, 

and exercises aimed at overcoming misconceptions. It has 
become increasingly clear from our own teaching experi-
ence that students often struggle with chemistry because 
they misunderstand many of the fundamental concepts. In 
this text, we have gone to great lengths to provide illus-
trations and  explanations aimed at giving students a more 
accurate picture of the fundamental ideas of chemistry. In 
particular, we have attempted to represent the microscopic 
world of chemistry so that students have a picture in their 
minds of “what the atoms and molecules are doing.” The 
art program along with the animations emphasize this goal. 
We have also placed a larger emphasis on the qualitative 
understanding of concepts before quantitative problems are 
considered. Because using an algorithm to correctly solve 
a problem often masks misunderstanding—when students 
assume they understand the material because they got the 
right “answer”—it is important to probe their understand-
ing in other ways. In this vein, the text includes many Criti-
cal Thinking questions throughout the text and a number 
of Active Learning Questions at the end of each chapter 
that are intended for group discussion. It is our experience 
that students often learn the most when they teach each 
other. Students are forced to recognize their own lack of 
understanding when they try and fail to explain a concept 
to another student.

Features of Chemistry, 
Ninth Edition
Conceptual learning and problem solving are fundamental to 
the approach of Chemistry. For the Ninth Edition, we have 
extended this emphasis by beginning the problem-solving ap-
proach in Chapter 1 (rather than Chapter 3 as in the Eighth 
Edition) to assist students as they learn to use dimensional 
analysis for unit conversions. Our philosophy is to help stu-
dents learn to think like chemists so that they can apply the 
process of problem solving to all aspects of their lives. We 
give students the tools to become critical thinkers: to ask ques-
tions, to apply rules and models, and to evaluate the outcome. 
It was also our mission to create a media program that embod-
ies this philosophy so that when instructors and students look 
online for either study aids or online homework, each resource 
supports the goals of the textbook—a strong emphasis on 
models, real-world applications, and visual learning.

What’s New
We have made extensive updates to the Ninth Edition to en-
hance the learning experience for students. Here’s what’s 
new:

❯	  A new emphasis has been placed on systematic problem 
solving in the applications of dimensional analysis.

❯	  Critical Thinking questions have been added throughout the 
text to emphasize the importance of conceptual learning.

❯	  Interactive Examples have been added throughout the text. 
These computer-based examples force students to think 
through the example step-by-step rather than simply scan 
the written example in the text as many students do.

❯	  ChemWork problems have been added to the end-of-
chapter problems throughout the text. These problems 
test students’ understanding of core concepts from each 
chapter. Students who solve a particular problem with no 
assistance can proceed directly to the answer. However, 
students who need help can get assistance through a se-
ries of online hints. The online procedure for assisting 
students is modeled after the way a teacher would help 
with homework problems in his or her office. The hints 
are usually in the form of interactive questions that guide 
students through the problem-solving process. Students 
cannot receive the correct answer from the computer; 
rather, it encourages students to continue working though 

To the Professor

 ix
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❯	  With a strong problem-solving orientation, this text talks 
to students about how to approach and solve chemical 
problems. We emphasize a thoughtful, logical approach 
rather than simply memorizing procedures. In particular, 
an innovative method is given for dealing with acid–base 
equilibria, the material the typical student finds most diffi-
cult and frustrating. The key to this approach involves first 
deciding what species are present in solution, then think-
ing about the chemical properties of these species. This 
method provides a general framework for approaching all 
types of solution equilibria.

❯	  The text contains almost 300 Examples, with more given 
in the text discussions, to illustrate general problem- 
solving strategies. When a specific strategy is presented, it is 
summarized in a Problem-Solving Strategy box, and the Ex-
ample that follows it reinforces the use of the strategy to solve 
the problem. In general, we emphasize the use of conceptual 
understanding to solve problems rather than an algorithm-
based approach. This approach is strongly reinforced by the 
inclusion of many Interactive Examples, which encourage 
students to thoughtfully consider the example step-by-step.

❯	  We have presented a thorough treatment of reactions that 
 occur in solution, including acid–base reactions. This mate-
rial appears in Chapter 4, “Types of Chemical Reactions 
and Solution Stoichiometry,” directly after the chapter on 
chemical stoichiometry, to emphasize the connection be-
tween solution reactions and chemical reactions in general. 
The early presentation of this material provides an oppor-
tunity to cover some interesting descriptive chemistry and 
also supports the lab, which typically involves a great deal 
of aqueous chemistry. Chapter 4 also includes oxidation–
reduction reactions and balancing by oxidation state, be-
cause a large number of interesting and important chemical 
reactions involve redox processes. However, coverage of 
oxidation–reduction is optional at this point and depends 
on the needs of a specific course.

❯	  Descriptive chemistry and chemical principles are thor-
oughly integrated in this text. Chemical models may ap-
pear sterile and confusing without the observations that 
stimulated their invention. On the other hand, facts without 
organizing principles may seem overwhelming. A com-
bination of observation and models can make chemistry 
both interesting and understandable. In the chapter on the 
chemistry of the elements, we have used tables and charts 
to show how properties and models correlate. Descriptive 
chemistry is presented in a variety of ways—as applica-
tions of principles in separate sections, in photographs, in 
Examples and exercises, in paragraphs, and in Chemical 
Connections.

❯	  Throughout the book a strong emphasis on models prevails. 
Coverage includes how they are constructed, how they are 
tested, and what we learn when they inevitably fail. Mod-
els are developed naturally, with pertinent observation al-
ways presented first to show why a particular model was 
invented.

❯	  Chemical Connections boxes present applications of 
chemistry in various fields and in our daily lives. Margin 
notes in the Instructor’s Annotated Edition also highlight 
many more Chemical Connections available on the student 
website.

❯	  We offer end-of-chapter exercises for every type of student 
and for every kind of homework assignment: questions 
that promote group learning, exercises that reinforce stu-
dent understanding, and problems that present the ultimate 
challenge with increased rigor and by integrating multiple 
concepts. We have added biochemistry problems to make 
the connection for students in the course who are not chem-
istry majors.

❯	  Judging from the favorable comments of instructors and 
students who have used the eighth edition, the text seems to 
work very well in a variety of courses. We were especially 
pleased that readability was cited as a key strength when 
students were asked to assess the text.

Supporting Materials 
Please visit www.cengage.com
/chemistry/zumdahl/chemistry9e for 
information about student and instruc-
tor resources for this text.
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As you jump into the study of chemistry, we hope that you 
will find our text helpful and interesting. Our job is to present 
the concepts and ideas of chemistry in a way you can under-
stand. We hope to encourage you in your studies and to help 
you learn to solve problems in ways you can apply in all areas 
of your professional and personal lives.

Our main goal is to help you learn to become a truly 
creative problem solver. Our world badly needs people who 
can “think outside the box.” Our focus is to help you learn to 
think like a chemist. Why would you want to do that? Chem-
ists are great problem solvers. They use logic, trial and error, 
and intuition—along with lots of patience—to work through 
complex problems. Chemists make mistakes, as we all do in 
our lives. The important thing that a chemist does is to learn 
from the mistakes and to try again. This “can do” attitude is 
useful in all  careers.

In this book we develop the concepts in a natural way: 
The observations come first and then we develop models to 
explain the observed behavior. Models help us to understand 
and explain our world. They are central to scientific thinking. 
Models are very useful, but they also have limitations, which 
we will point out. By understanding the basic concepts in 
chemistry we lay the foundation for solving problems.

Our main goal is to help you learn a thoughtful method of 
problem solving. True learning is more than memorizing facts. 
Truly educated people use their factual knowledge as a starting 
point—a basis for creative problem solving. Our strategy for 
solving problems is explained first in Section 1.6 and is cov-
ered in more details in Section 3.5. To solve a problem we ask 
ourselves questions, which help us think through the problem. 
We let the problem guide us to the solution. This process can 
be applied to all types of problems in all areas of life.

As you study the text, use the Examples and the problem-
solving strategies to help you. The strategies are boxed to 
highlight them for you, and the Examples show how these 
strategies are applied. It is especially important for you to  

do the computer-based Interactive Examples that are found 
throughout the text. These examples encourage you to think 
through the examples step-by-step to help you thoroughly un-
derstand the concepts involved.

After you have read and studied each chapter of the 
text, you’ll need to practice your problem-solving skills. To 
do this we have provided plenty of review questions and 
end-of- chapter exercises. Your instructor may assign these 
on  paper or online; in either case, you’ll want to work with 
your fellow students. One of the most effective ways to 
learn chemistry is through the exchange of ideas that comes 
from helping one another. The online homework assign-
ments will give you instant feedback, and in print, we have 
provided  answers to some of the exercises in the back of 
the text. In all cases, your main goal is not just to get the 
correct answer but to understand the process for getting the 
answer. Memorizing solutions for specific problems is not 
a very good way to prepare for an exam (or to solve prob-
lems in the real world!).

To become a great problem solver, you’ll need these 
skills:

 1. Look within the problem for the solution. (Let the prob-
lem guide you.)

 2. Use the concepts you have learned along with a system-
atic, logical approach to find the solution.

 3. Solve the problem by asking questions and learn to trust 
yourself to think it out.

You will make mistakes, but the important thing is to learn 
from these errors. The only way to gain confidence is to prac-
tice, practice, practice and to use your mistakes to find your 
weaknesses. Be patient with yourself and work hard to under-
stand rather than simply memorize.

We hope you’ll have an interesting and successful year 
learning to think like a chemist!

Steve and Susan Zumdahl

To the Student
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The text includes a number of open-ended Critical Thinking 
questions that emphasize the importance of conceptual learning. 
These questions are particularly useful for generating group 
discussion.

Let’s Review boxes help students organize their thinking about the 
crucial chemical concepts that they encounter.

Rules Governing Formal Charge

❯ To calculate the formal charge on an atom:

1. Take the sum of the lone pair electrons and one-half the shared electrons. This is 
the number of valence electrons assigned to the atom in the molecule.

2. Subtract the number of assigned electrons from the number of valence elec-
trons on the free, neutral atom to obtain the formal charge.

❯ The sum of the formal charges of all atoms in a given molecule or ion must equal 
the overall charge on that species.

❯ If nonequivalent Lewis structures exist for a species, those with formal charges 
closest to zero and with any negative formal charges on the most electronegative 
atoms are considered to best describe the bonding in the molecule or ion.

Formal Charges

Give possible Lewis structures for XeO3, an explosive compound of xenon. Which 
Lewis structure or structures are most appropriate according to the formal charges?

Solution
For XeO3 (26 valence electrons) we can draw the following possible Lewis structures 
(formal charges are indicated in parentheses):

O
Xe

(+3)

(−1)(−1)
(−1)

Xe
(+2)

(−1)(0)
(−1)

Xe
(+2)

(−1)(−1)
(0)

Xe
(+2)

(0)(−1)
(−1)

O OOO O OO
OOO O

O O O OO O
Xe

(+1)

(−1)
O

Xe

O

(+1)

(0) (0)
(−1)

O
Xe

(+1)

(−1)
(0)

(0)
(0)(0)

O OO

Xe
(0)

(0)(0) (0)

Based on the ideas of formal charge, we would predict that the Lewis structures with 
the lower values of formal charge would be most appropriate for describing the 
bonding in XeO3.

See Exercises 8.101 and 8.102

 As a final note, there are a couple of cautions about formal charge to keep in mind. 
First, although formal charges are closer to actual atomic charges in molecules than are 
oxidation states, formal charges still provide only estimates of charge—they should 
not be taken as actual atomic charges. Second, the evaluation of Lewis structures using 
formal charge ideas can lead to erroneous predictions. Tests based on experiments 
must be used to make the final decisions on the correct description of the bonding in a 
molecule or polyatomic ion.

 8.13 Molecular Structure: The VSEPR Model
The structures of molecules play a very important role in determining their chemical 
properties. As we will see later, this is particularly important for biological molecules; 
a slight change in the structure of a large biomolecule can completely destroy its use-
fulness to a cell or may even change the cell from a normal one to a cancerous one.

Example 8.10

IBLG: See questions from  
“Molecular Structure: The  
VSEPR Model”

3898.13 Molecular Structure: The VSEPR Model
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The authors’ emphasis on modeling (or chemical theories) 
throughout the text addresses the problem of rote memorization 
by helping students better understand and appreciate the proc-
ess of scientific thinking. By stressing the limitations and uses of 
scientific models, the authors show students how chemists think 
and work.

d.	 Capillary action of the mercury causes the mercury to go 
up the tube.

e.	 The vacuum that is formed at the top of the tube holds up 
the mercury.

	 	 Justify your choice, and for the choices you did not pick, ex-
plain what is wrong with them. Pictures help!

	 3.	 The barometer below shows the level of mercury at a given at-
mospheric pressure. Fill all the other barometers with mercury 
for that same atmospheric pressure. Explain your answer.

Hg(l )

	 4.	 As you increase the temperature of a gas in a sealed, rigid 
container, what happens to the density of the gas? Would the 
results be the same if you did the same experiment in a con-
tainer with a piston at constant pressure? (See Fig. 5.17.)

	 5.	 A diagram in a chemistry book shows a magnified view of a 
flask of air as follows:

Active Learning Questions
These questions are designed to be used by groups of students in 
class.

	 1.	 Consider the following apparatus: a test tube covered with a 
nonpermeable elastic membrane inside a container that is 
closed with a cork. A syringe goes through the cork.

Syringe

Membrane

Cork

a.	 As you push down on the syringe, how does the mem-
brane covering the test tube change?

b.	 You stop pushing the syringe but continue to hold it 
down. In a few seconds, what happens to the membrane?

	 2.	 Figure 5.2 shows a picture of a barometer. Which of the fol-
lowing statements is the best explanation of how this barom-
eter works?

a.	 Air pressure outside the tube causes the mercury to move in 
the tube until the air pressure inside and outside the tube is 
equal.

b.	 Air pressure inside the tube causes the mercury to move in 
the tube until the air pressure inside and outside the tube is 
equal.

c.	 Air pressure outside the tube counterbalances the weight 
of the mercury in the tube.

A discussion of the Active Learning  Questions can be found online in the  Instructor’s Resource Guide and on PowerLecture. The questions 
allow students to explore their understanding of concepts through discussion and peer teaching. The real value of these questions is the 
learning that occurs while students talk to each other about chemical concepts.

Unless otherwise noted, all art on this page is © Cengage Learning 2014.
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	 7. Consider the following velocity distribution curves A 
and B.

Velocity (m/s)

A

B
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a. If the plots represent the velocity distribution of 
1.0 L of He(g) at STP versus 1.0 L of Cl2(g) at 
STP, which plot corresponds to each gas? Explain 
your reasoning.

b. If the plots represent the velocity distribution of 
1.0 L of O2(g) at temperatures of 273 K versus 
1273 K, which plot corresponds to each tempera-
ture? Explain your reasoning. Under which tem-
perature condition would the O2(g) sample  behave 
most ideally? Explain.

	 8. Briefly describe two methods one might use to find the 
molar mass of a newly synthesized gas for which a 
molecular formula was not known.

	 9. In the van der Waals equation, why is a term added to 
the observed pressure and why is a term subtracted 
from the container volume to correct for nonideal gas 
behavior?

	10. Why do real gases not always behave ideally? Under 
what conditions does a real gas behave most ideally? 
Why?

11097_Ch05_0189-0244.indd   232 9/6/12   8:27 AM

“Before students are ready to figure out complex problems, they need to 
master simpler problems in various contortions. This approach works, and 
the authors’ presentation of it should have the students buying in.”

—JerryBurns,Pellissippi State Technical Community College

Critical Thinking
Consider the simple reaction aA n products. You run this reaction and wish to deter-
mine its order. What if you made a graph of reaction rate versus time? Could you use 
this to determine the order? Sketch three plots of rate versus time for the reaction if 
it is zero, first, or second order. Sketch these plots on the same graph and compare 
them. Defend your answer.

Integrated Rate Laws for Reactions  
with More Than One Reactant
So far we have considered the integrated rate laws for simple reactions with only one 
reactant. Special techniques are required to deal with more complicated reactions. Let’s 
consider the reaction

BrO3
2 1aq2 1 5Br2 1aq2 1 6H1 1aq2 h 3Br2 1 l 

2 1 3H2O 1
 l 
2

From experimental evidence we know that the rate law is

Rate 5 2
D 3BrO3

2 4
Dt

5 k 3BrO3
2 4 3Br2 4 3H1 42

 Suppose we run this reaction under conditions where [BrO3
2]0 5 1.0 3 1023 M, 

[Br2]0 5 1.0 M, and [H1]0 5 1.0 M. As the reaction proceeds, [BrO3
2] decreases sig-

nificantly, but because the Br2 ion and H1 ion concentrations are so large initially, 
relatively little of these two reactants is consumed. Thus [Br2] and [H1] remain ap-
proximately constant. In other words, under the conditions where the Br2 ion and H1 
ion concentrations are much larger than the BrO3

2 ion concentration, we can assume 
that throughout the reaction

3Br2 4 5 3Br2 40  and   3H1 4 5 3H1 40
This means that the rate law can be written

Rate 5 k 3Br2 40 3H1 402 3BrO3
2 4 5 k r 3BrO3

2 4
where, since [Br2]0 and [H1]0 are constant,

k r 5 k 3Br2 40 3H1 402

Pt

 N2O

Pt

a b

Figure 12.7  |  The decomposition 
reaction 2N2O(g) n 2N2(g) 1 O2(g) 
takes place on a platinum surface. 
Although [N2O] is three times as great 
in (b) as in (a), the rate of decomposi-
tion of N2O is the same in both cases 
because the platinum surface can 
accommodate only a certain number 
of molecules. As a result, this reaction 
is zero order.

572 Chapter 12 Chemical Kinetics
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cules, such as methanol (CH3OH). This molecule is represented by the following 
Lewis structure:

C

H

H

H HO

The molecular structure can be predicted from the arrangement of pairs around the 
carbon and oxygen atoms. Note that there are four pairs of electrons around the car-
bon, which requires a tetrahedral arrangement [Fig. 8.22(a)]. The oxygen also has four 
pairs, which requires a tetrahedral arrangement. However, in this case the tetrahedron 
will be slightly distorted by the space requirements of the lone pairs [Fig. 8.22(b)]. The 
overall geometric arrangement for the molecule is shown in Fig. 8.22(c).

Let’s Review    Summary of the VSEPR Model

The rules for using the VSEPR model to predict molecular structure are as follows:

❯ Determine the Lewis structure(s) for the molecule.

❯ For molecules with resonance structures, use any of the structures to predict the 
molecular structure.

❯ Sum the electron pairs around the central atom.

❯ In counting pairs, count each multiple bond as a single effective pair.

❯ The arrangement of the pairs is determined by minimizing electron-pair repulsions. 
These arrangements are shown in Table 8.6.

❯ Lone pairs require more space than bonding pairs do. Choose an arrangement that 
gives the lone pairs as much room as possible. Recognize that the lone pairs may 
produce a slight distortion of the structure at angles less than 120 degrees.

The VSEPR Model—How Well Does It Work?
The VSEPR model is very simple. There are only a few rules to remember, yet the 
model correctly predicts the molecular structures of most molecules formed from non-
metallic elements. Molecules of any size can be treated by applying the VSEPR model 
to each appropriate atom (those bonded to at least two other atoms) in the molecule. 
Thus we can use this model to predict the structures of molecules with hundreds of 
atoms. It does, however, fail in a few instances. For example, phosphine (PH3), which 
has a Lewis structure analogous to that of ammonia,

N

H

H HP

H

H H

would be predicted to have a molecular structure similar to that for NH3, with bond 
angles of approximately 107 degrees. However, the bond angles of phosphine are actu-
ally 94 degrees. There are ways of explaining this structure, but more rules have to be 
added to the model.
 This again illustrates the point that simple models are bound to have exceptions. In 
introductory chemistry we want to use simple models that fit the majority of cases; we 
are willing to accept a few failures rather than complicate the model. The amazing 
thing about the VSEPR model is that such a simple model predicts correctly the struc-
tures of so many molecules.

O
H

C

H

H

H

O
H

C

H

H

H
C

O

a

b

c

Figure 8.22  |  The molecular 
structure of methanol. (a) The 
arrangement of electron pairs and 
atoms around the carbon atom.  
(b) The arrangement of bonding and 
lone pairs around the oxygen atom.  
(c) The molecular structure.

4018.13 Molecular Structure: The VSEPR Model
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The text includes a number of Active Learning Questions at 
the end of each chapter that are intended for group discussion, 
since students often learn the most when they teach each other.

AGuIdETo Chemistry, NINTHEdITIoN

Conceptual Understanding Conceptual learning and problem solving are fundamental to 
the approach of Chemistry. The text gives students the tools to become critical thinkers: to ask 
questions, to apply rules and models, and to evaluate the outcome.
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Problem Solving This text talks to the student about how to approach and solve chemical 
problems, since one of the main goals of general chemistry is to help students become crea-
tive problem solvers. The authors emphasize a thoughtful, logical approach rather than simply 
memorizing procedures.

“The text gives a meaningful explanation and alternative to memorization. This 
approach and the explanation [to the student] of the approach will supply the ‘secret’ 
of successful problem solving abilities to all students.”

—davidBoyajian,Palomar College

In Chapter 3, “Stoichiometry,” the authors introduce a new section, 
Learning to Solve Problems, which emphasizes the importance of prob-
lem solving. This new section helps students understand that thinking their 
way through a problem produces more long-term, meaningful learning than 
simply memorizing steps, which are soon forgotten.

Problem-Solving Strategy boxes focus students’ attention on the very im-
portant process of problem solving.

Chapters 1–6 introduce a series of questions into the in- 
chapter Examples to engage students in the process of prob-
lem solving, such as Where are we going? and How do we 
get there? This more active approach helps students think 
their way through the solution to the problem.

Interactive Examples engage students in the problem-
solving process by requiring them to think through the ex-
ample step-by-step rather than simply scanning the written 
example in the text as many students do.

	 3.5	 Learning	to	Solve	Problems
One of the great rewards of studying chemistry is to become a good problem solver. 
Being able to solve complex problems is a talent that will serve you well in all walks 
of life. It is our purpose in this text to help you learn to solve problems in a flexible, 
creative way based on understanding the fundamental ideas of chemistry. We call this 
approach conceptual problem solving.
 The ultimate goal is to be able to solve new problems (that is, problems you have 
not seen before) on your own. In this text we will provide problems and offer solutions 
by explaining how to think about the problems. While the answers to these problems 
are  important, it is perhaps even more important to understand the process—the think-
ing  necessary to get the answer. Although at first we will be solving the problem for 
you, do not take a passive role. While studying the solution, it is crucial that you inter-
actively think through the problem with us. Do not skip the discussion and jump to the 
answer. Usually, the solution will involve asking a series of questions. Make sure that 
you understand each step in the process. This active approach should apply to prob-
lems outside of chemistry as well. For example, imagine riding with someone in a car 
to an unfamiliar destination. If your goal is simply to have the other person get you to 
that destination, you will probably not pay much attention to how to get there (pas-
sive), and if you have to find this same place in the future on your own, you probably 
will not be able to do it. If, however, your goal is to learn how to get there, you would 
pay attention to distances, signs, and turns (active). This is how you should read the 
solutions in the text (and the text in general).
 While actively studying our solutions to problems is helpful, at some point you will 
need to know how to think through these problems on your own. If we help you too 
much as you solve a problem, you won’t really learn effectively. If we always “drive,” 
you won’t interact as meaningfully with the material. Eventually you need to learn to 
drive yourself. We will provide more help at the beginning of the text and less as we 
proceed to later chapters.
 There are two fundamentally different ways you might use to approach a problem. 
One way emphasizes memorization. We might call this the “pigeonholing method.” In 
this approach, the first step is to label the problem—to decide in which pigeonhole it 
fits. The pigeonholing method requires that we provide you with a set of steps that you 
memorize and store in the appropriate slot for each different problem you encounter. 
The difficulty with this method is that it requires a new pigeonhole each time a prob-
lem is changed by even a small amount.
 Consider the driving analogy again. Suppose you have memorized how to drive from 
your house to the grocery store. Do you know how to drive back from the grocery store 
to your house? Not necessarily. If you have only memorized the directions and do not 
 understand fundamental principles such as “I traveled north to get to the store, so my 
house is south of the store,” you may find yourself stranded. In a more complicated 
 example,  suppose you know how to get from your house to the store (and back) and 
from your house to the library (and back). Can you get from the library to the store 
without having to go back home? Probably not if you have only memorized directions 
and you do not have a “big picture” of where your house, the store, and the library are 
relative to one  another.
 The second approach is conceptual problem solving, in which we help you get the 
“big picture”—a real understanding of the situation. This approach to problem solving 
looks within the problem for a solution. In this method we assume that the problem is 
a new one, and we let the problem guide us as we solve it. In this approach we ask a 
series of questions as we proceed and use our knowledge of fundamental principles to 
answer these questions. Learning this approach requires some patience, but the reward 
for learning to solve problems this way is that we become an effective solver of any 
new problem that confronts us in daily life or in our work in any field. In summary, 
instead of looking outside the problem for a memorized solution, we will look inside 
the problem and let the problem help us as we proceed to a solution.

Pigeonholes can be used for sorting and 
classifying objects like mail.

933.5  Learning to Solve Problems
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Problem-Solving Strategy

Determining Molecular Formula from Empirical Formula

❯	 Obtain	the	empirical	formula.

❯	 Compute	the	mass	corresponding	to	the	empirical	formula.

❯	 Calculate	the	ratio:

Molar	mass

Empirical	formula	mass

❯	 The	integer	from	the	previous	step	represents	the	number	of	empirical	formula	
units	in	one	molecule.	When	the	empirical	formula	subscripts	are	multiplied	by	
this	integer,	the	molecular	formula	results.	This	procedure	is	summarized	by	the	
equation:

Molecular	formula 5 empirical	formula 3
molar	mass

empirical	formula	mass

Determining Empirical and Molecular Formulas I

Determine the empirical and molecular formulas for a compound that gives the follow-
ing percentages on analysis (in mass percents):

71.65% Cl    24.27% C    4.07% H

The molar mass is known to be 98.96 g/mol.

Solution

Where are we going?
To find the empirical and molecular formulas for the given compound

What do we know?

❯ Percent of each element

❯ Molar mass of the compound is 98.96 g/mol

What information do we need to find the empirical formula?

❯ Mass of each element in 100.00 g of compound

❯ Moles of each element

Interactive  
Example 3.10

Sign in at http://login.cengagebrain
.com to try this Interactive Example 
in OWL.

C6H6 = (CH)6 S8 = (S)8 C6H12O6 = (CH2O)6

Figure 3.6 | Examples of substances 
whose empirical and molecular 
formulas differ. Notice that molecular 
formula 5 (empirical formula)n, where 
n is an integer.

993.7 Determining the Formula of a Compound
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	 Positional	entropy	is	also	very	important	in	the	formation	of	solutions.	In	Chapter	
11	we	saw	that	solution	formation	is	favored	by	the	natural	tendency	for	substances	to	
mix.	We	can	now	be	more	precise.	The	entropy	change	associated	with	the	mixing	of	
two	pure	substances	is	expected	to	be	positive.	An	increase	in	entropy	is	expected	be-
cause	there	are	many	more	microstates	for	the	mixed	condition	than	for	the	separated	
condition.	This	effect	is	due	principally	to	the	increased	volume	available	to	a	given	
“particle”	after	mixing	occurs.	For	example,	when	 two	 liquids	are	mixed	 to	form	a	
solution,	the	molecules	of	each	liquid	have	more	available	volume	and	thus	more	avail-
able	positions.	Therefore,	 the	 increase	 in	positional	entropy	associated	with	mixing	
favors	the	formation	of	solutions.

Positional Entropy

For	each	of	the	following	pairs,	choose	the	substance	with	the	higher	positional	en-
tropy	(per	mole)	at	a	given	temperature.

a.	 Solid	CO2	and	gaseous	CO2

b.	 N2	gas	at	1	atm	and	N2	gas	at	1.0	3	1022	atm

Solution

a.	 Since	a	mole	of	gaseous	CO2	has	the	greater	volume	by	far,	the	molecules	have	
many	more	available	positions	than	in	a	mole	of	solid	CO2.	Thus	gaseous	CO2	
has	the	higher	positional	entropy.

b.	 A	mole	of	N2	gas	at	1	3	1022	atm	has	a	volume	100	times	that	(at	a	given	
temperature)	of	a	mole	of	N2	gas	at	1	atm.	Thus	N2	gas	at	1	3	1022	atm	has	
the	higher	positional	entropy.

See Exercise 17.31

Predicting Entropy Changes

Predict	the	sign	of	the	entropy	change	for	each	of	the	following	processes.

a.	 Solid	sugar	is	added	to	water	to	form	a	solution.

b.	 Iodine	vapor	condenses	on	a	cold	surface	to	form	crystals.

Solution

a.	 The	sugar	molecules	become	randomly	dispersed	in	the	water	when	the	solution	
forms	and	thus	have	access	to	a	larger	volume	and	a	larger	number	of	possible	
positions.	The	positional	disorder	is	increased,	and	there	will	be	an	increase	in	
entropy.	DS	is	positive,	since	the	final	state	has	a	larger	entropy	than	the	initial	
state,	and	DS	5	Sfinal	2	Sinitial.

b.	 Gaseous	iodine	is	forming	a	solid.	This	process	involves	a	change	from	a	
relatively	large	volume	to	a	much	smaller	volume,	which	results	in	lower	
positional	disorder.	For	this	process	DS	is	negative	(the	entropy	decreases).

See Exercise 17.32

The tendency to mix is due to the 
increased volume available to the particles 
of each component of the mixture. For 
example, when two liquids are mixed, 
the molecules of each liquid have more 
available volume and thus more available 
positions.

Interactive  
Example 17.1

Sign in at http://login.cengagebrain
.com to try this Interactive Example 
in OWL.

Interactive  
Example 17.2

Sign in at http://login.cengagebrain
.com to try this Interactive Example 
in OWL.

79317.1 Spontaneous Processes and Entropy
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Temperature Conversions II

One interesting feature of the Celsius and Fahrenheit scales is that �40�C and �40�F 
 represent the same temperature, as shown in Fig. 1.9. Verify that this is true.

Solution

Where are we going?
To show that �40�C � �40�F

What do we know?

❯ The relationship between the Celsius and Fahrenheit scales

How do we get there?
The difference between 32�F and �40�F is 72�F. The difference between 0�C and 
�40�C is 40�C. The ratio of these is

72°F

40°C
5

8 3 9°F

8 3 5°C
5

9°F

5°C

as required. Thus �40�C is equivalent to �40�F.

See Exercise 1.61

Since, as shown in Example 1.12, �40� on both the Fahrenheit and Celsius scales 
represents the same temperature, this point can be used as a reference point (like 0�C 
and 32�F) for a relationship between the two scales:

Number of Fahrenheit degrees

Number of Celsius degrees
5

TF 2 12402
TC 2 12402 5

9°F

5°C

 
TF 1 40

TC 1 40
5

9°F

5°C
 (1.3)

where TF and TC represent the same temperature (but not the same number). This equa-
tion can be used to convert Fahrenheit temperatures to Celsius, and vice versa, and 
may be easier to remember than Equations (1.1) and (1.2).

Example 1.12

TFTFT 1 40

TCTCT 1 40
5

9°F

5°C
(1.3)

66.6°F

32°F

98.6°F

Fahrenheit

0°C

?°C

Celsius

273.15 K

? K

Kelvin

5°C
9°F

×66.6°F = 37.0°C +37.0 = 310.2 K273.15 K

Figure 1.10 | Normal body 
temperature on the Fahrenheit, 
Celsius, and Kelvin scales.

25 1.8 Temperature
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The art program emphasizes molecular-level interactions that 
help students visualize the “micro/macro” connection.

Electrostatic potential maps help students visualize the 
distribution of charge in molecules.

Realistic drawings of glassware and instrumentation found in 
the lab help students make real connections.

than the hydrogen atoms, the molecular charge distribution is that shown in Fig. 8.5(a). 
Because of this charge distribution, the water molecule behaves in an  electric field as if 
it had two centers of charge—one positive and one negative—as shown in Fig. 8.5(b). 
The water molecule has a dipole moment. The same type of  behavior is observed for the 
NH3 molecule (Fig. 8.6). Some molecules have polar bonds but do not have a dipole 
moment. This occurs when the individual bond polarities are arranged in such a way 
that they cancel each other out. An example is the CO2 molecule, which is a linear mol-
ecule that has the charge distribution shown in Fig. 8.7. In this case the opposing bond 
polarities   cancel out, and the carbon dioxide molecule does not have a dipole moment. 
There is no  preferential way for this molecule to line up in an electric field. (Try to find 
a preferred orientation to make sure you understand this concept.)
 There are many cases besides that of carbon dioxide where the bond polarities op-
pose and exactly cancel each other. Some common types of molecules with polar 
bonds but no dipole moment are shown in Table 8.2.

Bond Polarity and Dipole Moment

For each of the following molecules, show the direction of the bond polarities and 
indicate which ones have a dipole moment: HCl, Cl2, SO3 (a planar molecule with 
the oxygen atoms spaced evenly around the central sulfur atom), CH4 [tetrahedral 
(see Table 8.2) with the carbon atom at the center], and H2S (V-shaped with the 
sulfur atom at the point).

Example 8.2

a b c

2δ−

δ+

δ+

− +

Δ−Δ+

H

O

H

H

O

H

Figure 8.5 | (a) The charge distribu-
tion in the water molecule. (b) The 
water molecule in an electric field.  
(c) The electrostatic potential diagram 
of the water molecule.

a b c

−

+

Δ−

Δ+
HH

N

H

3δ−

δ+ δ+
δ+

HH
N

H

Figure 8.6 | (a) The structure and 
charge distribution of the ammonia 
molecule. The polarity of the NOH 
bonds occurs because  nitrogen has a 
greater electronegativity than 
hydrogen. (b) The dipole moment of 
the ammonia molecule oriented in an 
electric field. (c) The electrostatic 
potential diagram for ammonia.

2δ+

C

δ−δ−

O O CO O

ba c

Figure 8.7 | (a) The carbon dioxide 
molecule. (b) The opposed bond 
polarities cancel out, and the carbon 
dioxide molecule has no  dipole 
moment. (c) The electrostatic 
 potential diagram for carbon dioxide.
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been emphasizing this approach in dealing with the reactions between ions in solution. 
Make it a habit to write down the components of solutions before trying to decide what 
 reaction(s) might take place as you attempt the end-of-chapter problems  involving 
 titrations.

	 4.9	 Oxidation–Reduction	Reactions
We have seen that many important substances are ionic. Sodium chloride, for example, 
can be formed by the reaction of elemental sodium and chlorine:

2Na 1s2 1 Cl2 1g2 h 2NaCl 1s2
In this reaction, solid sodium, which contains neutral sodium atoms, reacts with chlo-
rine gas, which contains diatomic Cl2 molecules, to form the ionic solid NaCl, which 
contains Na1 and Cl2 ions. This process is represented in Fig. 4.19. Reactions like this 
one, in which one or more electrons are transferred, are called oxidation–reduction 
reactions or redox reactions.
 Many important chemical reactions involve oxidation and reduction. Photosynthe-
sis, which stores energy from the sun in plants by converting carbon dioxide and water 
to sugar, is a very important oxidation–reduction reaction. In fact, most reactions used 
for energy production are redox reactions. In humans, the oxidation of sugars, fats, and 
proteins provides the energy necessary for life. Combustion reactions, which provide 

Experiment 26: Classification of 
Chemical Reactions

IBLG: See questions from  “Oxidation  
Reduction”

ClCl

Na
Na

CCCCCCCCCCCCCClClClCllClCllClCllClClllClCl

Cl−Cl−
Na+

Na+

2Na(s)
Sodium

2NaCl(s)
Sodium chloride

Cl2(g)
Chlorine+

Figure 4.19	 |	 The	reaction	of	solid	sodium	and	gaseous	chlorine	to	form	solid	sodium	chloride.
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What information do we need to find volume of blood containing 1.0 mg of NaCl?

❯	 Moles	of	NaCl	(in	1.0	mg)

How do we get there?
What are the moles of NaCl (58.44 g/mol)?

1.0	mg	NaCl 3
1	g	NaCl

1000	mg	NaCl
3

1	mol	NaCl

58.44	g	NaCl
5 1.7 3 1025	mol	NaCl

 What volume of 0.14 M NaCl contains 1.0 mg (1.7 3 1025 mole) of NaCl? 
There	is	some	volume,	call	it	V,	that	when	multiplied	by	the	molarity	of	this	solution	
will	yield	1.7	3	1025	mole	of	NaCl.	That	is,

V 3
0.14	mol	NaCl

L	solution
5 1.7 3 1025	mol	NaCl

We	want	to	solve	for	the	volume:

V 5
1.7 3 1025	mol	NaCl

0.14	mol	NaCl

L	solution

5 1.2 3 1024	L	solution

j	 Thus	0.12	mL	of	blood	contains	1.7	3	1025	mole	of	NaCl	or	1.0	mg	of	NaCl.

See Exercises 4.33 and 4.34

	 A	standard solution	is	a	solution whose concentration is accurately known.	Stan-
dard	solutions,	often	used	in	chemical	analysis,	can	be	prepared	as	shown	in	Fig.	4.10	
and	in	Example	4.6.

Solutions of Known Concentration

To	analyze	the	alcohol	content	of	a	certain	wine,	a	chemist	needs	1.00	L	of	an	aqueous	
0.200-M	K2Cr2O7	(potassium	dichromate)	solution.	How	much	solid	K2Cr2O7	must	be	
weighed	out	to	make	this	solution?

Solution

Where are we going?
To	find	the	mass	of	K2Cr2O7	required	for	the	solution

Interactive  
Example 4.6

Sign in at http://login.cengagebrain
.com to try this Interactive Example 
in OWL.

Volume marker
(calibration mark)

Wash
bottle

Weighed
amount
of solute

a b c

Figure 4.10 | Steps involved in the 
preparation of a standard aqueous 
solution. (a) Put a weighed amount  
of a substance (the solute) into the 
volumetric flask, and add a small 
quantity of water. (b) Dissolve the 
solid in the water by gently swirling 
the flask (with the stopper in place). 
(c) Add more water (with gentle 
swirling) until the level of the solution 
just reaches the mark etched on the 
neck of the flask. Then mix the 
solution thoroughly by inverting the 
flask several times.

1494.3 The Composition of Solutions
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Real-World Applications Interesting applications of modern chemistry show students the 
relevance of chemistry to their world.

Chemical Connections describe current applications of chemistry. These special-
interest boxes cover such topics as the invention of Post-it Notes, farming the 
wind, and the use of iron metal to clean up contaminated groundwater. Additional 
Chemical Connections are available on the student website.

Each chapter begins 
with an engaging intro-
duction that demon-
strates how chemistry is 
related to everyday life.

Post-it Notes, a product of the 3M 
Corporation, revolutionized casual 
written communications and personal 
reminders. Introduced in the United 
States in 1980, these sticky-but-not-
too-sticky notes have now found 
countless uses in offices, cars, and 
homes throughout the world.

The invention of sticky notes 
occurred over a period of about 10 
years and involved a great deal of 
serendipity. The adhesive for Post-it 
Notes was discovered by Dr. Spencer  
F. Silver of 3M in 1968. Silver found 
that when an acrylate polymer 
material was made in a particular way, 
it formed cross-linked microspheres. 
When suspended in a solvent and 
sprayed on a sheet of paper, this 
substance formed a “sparse mono-
layer” of adhesive after the solvent 
evaporated. Scanning electron 
microscope images of the adhesive 
show that it has an irregular surface, a 
little like the surface of a gravel road. 
In contrast, the adhesive on cello-
phane tape looks smooth and uniform, 
like a superhighway. The bumpy 
surface of Silver’s adhesive caused it 
to be sticky but not so sticky to 
produce permanent adhesion, 
because the number of contact points 
between the binding surfaces was 
limited.

When he invented this adhesive, 
Silver had no specific ideas for its use, 
so he spread the word of his discovery 
to his fellow employees at 3M to see if 
anyone had an application for it. In 
addition, over the next several years 
development was carried out to 
improve the adhesive’s properties. It 
was not until 1974 that the idea for 

Post-it Notes popped up. One Sunday 
Art Fry, a chemical engineer for 3M, 
was singing in his church choir when 
he became annoyed that the book-
mark in his hymnal kept falling out. He 
thought to himself that it would be 
nice if the bookmark were sticky 
enough to stay in place but not so 
sticky that it couldn’t be moved. 
Luckily, he remembered Silver’s 
glue—and the Post-it Note was born.

For the next three years, Fry 
worked to overcome the manufac-
turing obstacles associated with the 
product. By 1977 enough Post-it Notes 
were being produced to supply 3M’s 
corporate headquarters, where the 
employees quickly became addicted to 
their many uses. Post-it Notes are now 
available in 62 colors and 25 shapes.

In the years since the introduction 
of Post-it Notes, 3M has heard some 

remarkable stories connected to the 
use of these notes. For example, a 
Post-it Note was applied to the nose of 
a corporate jet, where it was intended 
to be read by the plane’s Las Vegas 
ground crew. Someone forgot to 
remove it, however. The note was still 
on the nose of the plane when it 
landed in Minneapolis, having survived 
a takeoff, a landing, and speeds of  
500 miles per hour at temperatures as 
low as 2568F. Stories on the 3M Web 
site describe how a Post-it Note on the 
front door of a home survived the 
140-mile-per-hour winds of Hurricane 
Hugo and how a foreign official 
accepted Post-it Notes in lieu of cash 
when a small bribe was needed to cut 
through bureaucratic hassles.

Post-it Notes have definitely 
changed the way we communicate and 
remember things.

Chemical connections
A Note-able Achievement

7	 1.2 The Scientific Method
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carbon dioxide. However, even though it appears that hydrogen is a very logical choice 
as a major fuel for the future, there are three main problems: the cost of production, stor-
age, and transport.
 First let’s look at the production problem. Although hydrogen is very abundant on 
the earth, virtually none of it exists as the free gas. Currently, the main source of hy-
drogen gas is from the treatment of natural gas with steam:

CH4 1g2 1 H2O 1g2  h 3H2 1g2 1 CO 1g2

In the Midwest the wind blows across 
fields of corn, soybeans, wheat, and 
wind  turbines—wind turbines? It turns 
out that the wind that seems to blow 
almost continuously across the plains is 
now becoming the latest cash crop. One 
of these new-breed wind farmers is 
Daniel Juhl, who recently erected  
17 wind turbines on six acres of land 
near Woodstock, Minnesota. These 
turbines can generate as much as  
10 megawatts (MW) of electricity, which 
Juhl sells to the local electrical utility.

There is plenty of untapped wind 
power in the United States. Wind 
mappers rate regions on a scale of  
1 to 6 (with 6 being the best) to 
indicate the quality of the wind 
resource. Wind farms are now being 
developed in areas rated from 4 to 6. 
The farmers who own the land 
welcome the increased income derived 
from the wind blowing across their 
land. Economists estimate that each 
acre devoted to wind turbines can pay 
royalties to the farmers of as much as 
$8000 per year, or many times the 
revenue from growing corn on that 
same land. Juhl claims that farmers 
who construct the turbines themselves 
can realize as much as $20,000 per 
year per turbine. Globally, wind 
generation of electricity has nearly 
quadrupled in the last five years and  
is expected to increase by about 60% 

per year in the United 
States. The economic 
feasibility of wind- 
generated electricity 
has greatly improved in 
the past 30 years as the 
wind  turbines have 
become more efficient. 
Today’s turbines can 
produce electricity that 
costs about the same as 
that from other sources. 
The most impressive 
thing about wind power 
is the magnitude of the 
supply. According to the 
American Wind Energy 
Association in Wash-
ington, D.C., the wind-power potential 
in the United States is comparable or 
larger than the energy resources under 
the sands of Saudi Arabia.

The biggest hurdle that must be 
overcome before wind power can 
become a significant electricity 
producer in the United States is 
construction of the transmission 
 infrastructure—the power lines 
needed to move the electricity from 
the rural areas to the cities where 
most of the power is used. For 
example, the hundreds of turbines 
planned in southwest Minnesota in a 
development called Buffalo Ridge 
could supply enough electricity to 

power 1 million homes if transmission 
problems can be solved.

Another possible scenario for wind 
farms is to use the electrical power 
generated to decompose water to 
produce hydrogen gas that could be 
carried to cities by pipelines and used 
as a fuel. One real benefit of hydrogen 
is that it produces water as its only 
combustion product. Thus, it is 
essentially pollution-free.

Within a few years, wind power 
could be a major source of electricity. 
There could be a fresh wind blowing 
across the energy landscape of the 
United States in the near future.

Chemical connections
Farming the Wind

This State Line Wind Project along the Oregon–Washington border 
uses approximately 399 wind turbines to create enough electricity to 
power some 70,000 households.

2776.6 New Energy Sources
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Chapter 13

Chemical Equilibrium
13.1	 The Equilibrium Condition

The Characteristics of Chemical 
Equilibrium

13.2	 The Equilibrium Constant

13.3	 Equilibrium Expressions Involving 
Pressures

13.4	 Heterogeneous Equilibria

13.5	 Applications of the Equilibrium 
Constant
The Extent of a Reaction

Reaction Quotient

Calculating Equilibrium Pressures and 
Concentrations

13.6	 Solving Equilibrium Problems
Treating Systems That Have Small 

Equilibrium Constants

13.7	 Le Châtelier’s Principle
The Effect of a Change in Concentration

The Effect of a Change in Pressure

The Effect of a Change in Temperature
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In doing stoichiometry calculations we assumed that reactions proceed to comple-
tion, that is, until one of the reactants runs out. Many reactions do proceed essen-

tially to completion. For such reactions it can be assumed that the reactants are quan-
titatively converted to products and that the amount of limiting reactant that remains is 
negligible. On the other hand, there are many chemical reactions that stop far short of 
completion. An example is the dimerization of nitrogen dioxide:

NO2 1 g2 1 NO2 1 g2 h N2O4 1 g2
The reactant, NO2, is a dark brown gas, and the product, N2O4, is a colorless gas. 

When NO2 is placed in an evacuated, sealed glass vessel at 258C, the initial dark 
brown color decreases in intensity as it is converted to colorless N2O4. However, even 
over a long period of time, the contents of the reaction vessel do not become color-
less. Instead, the intensity of the brown color eventually becomes constant, which 
means that the concentration of NO2 is no longer changing. This is illustrated on the 
molecular level in Fig. 13.1. This  observation is a clear indication that the reaction 
has stopped short of completion. In fact, the system has reached chemical equilib-
rium, the state where the concentrations of all reactants and products remain con-
stant with time.

Any chemical reactions carried out in a closed vessel will reach equilibrium. For 
some reactions the equilibrium position so favors the products that the reaction ap-
pears to have gone to completion. We say that the equilibrium position for such reac-
tions lies far to the right (in the direction of the products). For example, when gaseous 
hydrogen and oxygen are mixed in stoichiometric quantities and react to form water 
vapor, the reaction proceeds essentially to completion. The amounts of the reactants 
that remain when the system reaches equilibrium are so tiny as to be negligible. By 
contrast, some reactions occur only to a slight extent. For example, when solid CaO is 
placed in a closed vessel at 258C, the decomposition to solid Ca and gaseous O2 is 
virtually undetectable. In cases like this, the equilibrium position is said to lie far to the 
left (in the direction of the reactants).

In this chapter we will discuss how and why a chemical system comes to equi-
librium and the characteristics of equilibrium. In particular, we will discuss how to 
 calculate the concentrations of the reactants and products present for a given system 
at equilibrium.

	 13.1	 The	Equilibrium	Condition
Since no changes occur in the concentrations of reactants or products in a reaction 
system at equilibrium, it may appear that everything has stopped. However, this is not 
the case. On the molecular level, there is frantic activity. Equilibrium is not static but 
is a highly dynamic situation. The concept of chemical equilibrium is analogous to the 
flow of cars across a bridge connecting two island cities. Suppose the traffic flow on 
the bridge is the same in both directions. It is obvious that there is motion, since one 
can see the cars traveling back and forth across the bridge, but the number of cars in 
each city is not changing because equal numbers of cars are entering and leaving. The 
result is no net change in the car population.
 To see how this concept applies to chemical reactions, consider the reaction be-
tween steam and carbon monoxide in a closed vessel at a high temperature where the 
reaction takes place rapidly:

H2O 1
 g2 1 CO 1

 g2 m H2 1 g2 1 CO2 1 g2

IBLG: See questions from  
“The Equilibrium Condition and  
the  Equilibrium Constant”

Equilibrium is a dynamic situation.
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Each chapter has a For Review section to reinforce key con-
cepts and includes review questions for students to practice 
independently.

Active Learning Questions are designed to promote dis-
cussion among groups of students in class.

	 10.	 A certain sodium compound is dissolved in water to liberate 
Na1 ions and a certain negative ion. What evidence would you 
look for to determine whether the anion is behaving as an acid 
or a base? How could you tell whether the anion is a strong 
base? Explain how the anion could behave simultaneously as 
an acid and a base.

	 11.	 Acids and bases can be thought of as chemical opposites (ac-
ids are proton donors, and bases are proton acceptors). There-
fore, one might think that Ka 5 1yKb. Why isn’t this the case? 
What is the relationship between Ka and Kb? Prove it with a 
derivation.

	 12.	 Consider two solutions of the salts NaX(aq) and NaY(aq) at 
equal concentrations. What would you need to know to deter-
mine which solution has the higher pH? Explain how you 
would decide (perhaps even provide a sample calculation).

	 13.	 What is meant by pH? True or false: A strong acid solution 
 always has a lower pH than a weak acid solution. Explain.

	 14.	 Why is the pH of water at 258C equal to 7.00?

	 15.	 Can the pH of a solution be negative? Explain.

	 16.	 Is the conjugate base of a weak acid a strong base? Explain. 
 Explain why Cl2 does not affect the pH of an aqueous  solution.

	 17.	 Match the following pH values: 1, 2, 5, 6, 6.5, 8, 11, 11, and 
13 with the following chemicals (of equal concentration): 
HBr, NaOH, NaF, NaCN, NH4F, CH3NH3F, HF, HCN, and 
NH3.  Answer this question without performing calculations.

	 18.	 The salt BX, when dissolved in water, produces an acidic solu-
tion. Which of the following could be true? (There may be 
more than one correct answer.)

a.	 The acid HX is a weak acid.

b.	 The acid HX is a strong acid.

c.	 The cation B1 is a weak acid.

Explain.

A blue question or exercise number indicates that the answer to 
that question or exercise appears at the back of this book and a 
solution appears in the Solutions Guide, as found on PowerLecture.

Questions
	 19.	 Anions containing hydrogen (for example, HCO3

2 and 
H2PO4

2) usually show amphoteric behavior. Write equations 
illustrating the amphoterism of these two anions.

	 20.	 Which of the following conditions indicate an acidic solution 
at 258C?

a.	 pH 5 3.04

b.	 [H1] . 1.0 3 1027 M

c.	 pOH 5 4.51

d.	 [OH2] 5 3.21 3 10212 M

	 21.	 Which of the following conditions indicate a basic solution at 
258C?

a.	 pOH 5 11.21

b.	 pH 5 9.42

c.	 [OH2] . [H1]

d.	 [OH2] . 1.0 3 1027 M

Active Learning Questions
These questions are designed to be used by groups of students in 
class.

	 1.	 Consider two beakers of pure water at different temperatures. 
How do their pH values compare? Which is more acidic? more 
basic? Explain.

	 2.	 Differentiate between the terms strength and concentration as 
they apply to acids and bases. When is HCl strong? Weak? 
Concentrated? Dilute? Answer the same questions for ammo-
nia. Is the conjugate base of a weak acid a strong base?

	 3.	 Sketch two graphs: (a) percent dissociation for weak acid HA 
versus the initial concentration of HA ([HA]0) and (b) H1 con-
centration versus [HA]0. Explain both.

	 4.	 Consider a solution prepared by mixing a weak acid HA and 
HCl. What are the major species? Explain what is occurring in 
solution. How would you calculate the pH? What if you added 
NaA to this solution? Then added NaOH?

	 5.	 Explain why salts can be acidic, basic, or neutral, and show 
examples. Do this without specific numbers.

	 6.	 Consider two separate aqueous solutions: one of a weak acid 
HA and one of HCl. Assuming you started with 10 molecules 
of each:

a.	 Draw a picture of what each solution looks like at 
equilibrium.

b.	 What are the major species in each beaker?

c.	 From your pictures, calculate the Ka values of each acid.

d.	 Order the following from the strongest to the weakest 
base: H2O, A2, Cl2. Explain your order.

	 7.	 You are asked to calculate the H1 concentration in a solution 
of NaOH(aq). Because sodium hydroxide is a base, can we 
say there is no H1, since having H1 would imply that the solu-
tion is acidic?

	 8.	 Consider a solution prepared by mixing a weak acid HA, HCl, 
and NaA. Which of the following statements best describes 
what happens?

a.	 The H1 from the HCl reacts completely with the A2 from 
the NaA. Then the HA dissociates somewhat.

b.	 The H1 from the HCl reacts somewhat with the A2 from 
the NaA to make HA, while the HA is dissociating. Even-
tually you have equal amounts of everything.

c.	 The H1 from the HCl reacts somewhat with the A2 from 
the NaA to make HA while the HA is dissociating. Even-
tually all the reactions have equal rates.

d.	 The H1 from the HCl reacts completely with the A2 from 
the NaA. Then the HA dissociates somewhat until “too 
much” H1 and A2 are formed, so the H1 and A2 react to 
form HA, and so on. Eventually equilibrium is reached.

Justify your choice, and for choices you did not pick, explain 
what is wrong with them.

	 9.	 Consider a solution formed by mixing 100.0 mL of 0.10 M 
HA (Ka 5 1.0 3 1026), 100.00 mL of 0.10 M NaA, and 
100.0 mL of 0.10 M HCl. In calculating the pH for the final 
solution, you would make some assumptions about the order 
in which various reactions occur to simplify the calculations. 
State these assumptions. Does it matter whether the reactions 
actually occur in the assumed order? Explain.

A discussion of the Active Learning  Questions can be found online in the  Instructor’s Resource Guide and on 
PowerLecture. The questions allow students to explore their understanding of concepts through discussion and 
peer teaching. The real value of these questions is the learning that occurs while students talk to each other 
about chemical concepts.
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Key terms Buffered solutions
Section 15.1
common ion
common ion effect

Section 15.2
buffered solution
Henderson–Hasselbalch 

equation

Section 15.3
buffering capacity

Section 15.4
pH curve (titration curve)
millimole (mmol)
equivalence point 

(stoichiometric point)

Section 15.5
acid–base indicator
phenolphthalein

❯ Contains a weak acid (HA) and its salt (NaA) or a weak base (B) and its salt (BHCl)

❯ Resists a change in its pH when H1 or OH2 is added

❯ For a buffered solution containing HA and A2

❯ The Henderson–Hasselbalch equation is useful:

pH 5 pKa 1 log a 3A2 4
3HA 4 b

❯ The capacity of the buffered solution depends on the amounts of HA and A2 present

❯ The most efficient buffering occurs when the 
3A2 4
3HA 4  ratio is close to 1

❯ Buffering works because the amounts of HA (which reacts with added OH2) and A2 

	 (which reacts with added H1) are large enough that the 
3A2 4
3HA 4  ratio does not change 

significantly when strong acids or bases are added

Acid–base titrations
❯ The progress of a titration is represented by plotting the pH of the solution versus the volume 

of added titrant; the resulting graph is called a pH curve or titration curve

❯ Strong acid–strong base titrations show a sharp change in pH near the equivalence point

❯ The shape of the pH curve for a strong base–strong acid titration before the equivalence point 
is quite different from the shape of the pH curve for a strong base–weak acid titration
❯ The strong base–weak acid pH curve shows the effects of buffering before the equiva-

lence point
❯ For a strong base–weak acid titration, the pH is greater than 7 at the equivalence point 

because of the basic properties of A2

❯ Indicators are sometimes used to mark the equivalence point of an acid–base titration
❯ The end point is where the indicator changes color
❯ The goal is to have the end point and the equivalence point be as close as possible

For review

Review questions Answers to the Review Questions can be found on the Student website.

Unless otherwise noted, all art on this page is © Cengage Learning 2014.

748 Chapter 15 Acid–Base Equilibria

	 1. What is meant by the presence of a common ion? How 
does the presence of a common ion affect an equilib-
rium such as

HNO2 1aq2 m H1 1aq2 1 NO2
2 1aq2

What is an acid–base solution called that contains a 
common ion?

	 2. Define a buffer solution. What makes up a buffer 
solution? How do buffers absorb added H1 or OH2 
with little pH change?
 Is it necessary that the concentrations of the weak 
acid and the weak base in a buffered solution be equal? 
Explain. What is the pH of a buffer when the weak acid 
and conjugate base concentrations are equal?

 A buffer generally contains a weak acid and its 
weak conjugate base, or a weak base and its weak 
conjugate acid, in water. You can solve for the pH by 
setting up the equilibrium problem using the Ka reaction 
of the weak acid or the Kb reaction of the conjugate 
base. Both reactions give the same answer for the pH of 
the solution. Explain.
 A third method that can be used to solve for the pH 
of a buffer solution is the Henderson–Hasselbalch 
equation. What is the Henderson–Hasselbalch equa-
tion? What assumptions are made when using this 
equation?

	 3. One of the most challenging parts of solving acid–base 
problems is writing out the correct equation. When a 
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Comprehensive End-of-Chapter Practice and Review We offer end-of-chapter exer-
cises for every type of student and for every kind of homework assignment.
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Comprehensive End-of-Chapter Practice and Review 

New ChemWork end-of-chapter problems are now included, with many addi-
tional problems available to assign online for more practice.

e.	 When DG8 for this reaction is negative, then Kp is greater 
than 1.00.

	102.	 The equilibrium constant for a certain reaction increases by a 
factor of 6.67 when the temperature is increased from 300.0 K 
to 350.0 K. Calculate the standard change in enthalpy (DH8) 
for this reaction (assuming DH8 is temperature-independent).

Challenge Problems
	103.	 Consider two perfectly insulated vessels. Vessel 1 initially 

contains an ice cube at 08C and water at 08C. Vessel 2 initially 
 contains an ice cube at 08C and a saltwater solution at 08C. 
 Consider the process H2O 1s2 S H2O 1l2 .
a.	 Determine the sign of DS, DSsurr, and DSuniv for the pro-

cess in  vessel 1.

b.	 Determine the sign of DS, DSsurr, and DSuniv for the pro-
cess in vessel 2.

(Hint: Think about the effect that a salt has on the freezing 
point of a solvent.)

	104.	 Liquid water at 258C is introduced into an evacuated, insulated 
 vessel. Identify the signs of the following thermodynamic func-
tions for the process that occurs: DH, DS, DTwater, DSsurr, DSuniv.

	105.	 Using data from Appendix 4, calculate DH8, DG8, and K (at 
298 K) for the production of ozone from oxygen:

3O2 1 g2 m 2O3 1 g2
At 30 km above the surface of the earth, the temperature  
is about 230. K and the partial pressure of oxygen is about  
1.0 3 1023 atm. Estimate the partial pressure of ozone in equi-
librium with oxygen at 30 km above the earth’s surface. Is it 
reasonable to assume that the equilibrium between oxygen 
and ozone is maintained under these conditions? Explain.

	106.	 Entropy can be calculated by a relationship proposed by 
Ludwig Boltzmann:

S 5 k ln 1W2
where k 5 1.38 3 10223 J/K and W is the number of ways a 
 particular state can be obtained. (This equation is engraved on 
Boltzmann’s tombstone.) Calculate S for the five arrange-
ments of particles in Table 17.1.

	107.	 a.	 Using the free energy profile for a simple one-step reaction, 
show that at equilibrium K 5 kfykr, where kf and kr are the 
rate constants for the forward and reverse reactions. Hint: 
Use the relationship DG8 5 2RT ln(K) and represent kf and 
kr  using the Arrhenius equation (k 5 Ae2E a /RT ).

Reaction coordinate

G

Reactants

Ea (forward)

ΔG °
Ea (reverse)

Products

ChemWork Problems
These multiconcept problems (and additional ones) are found inter-
actively online with the same type of assistance a student would get 
from an instructor.

	 95.	 Which of the following reactions (or processes) are expected 
to have a negative value for DS8?

a.	 SiF6 1aq2 1 H2 1 g2 h 2HF 1 g2 1 SiF4 1 g2
b.	 4Al 1s2 1 3O2 1 g2 h 2Al2O3 1s2
c.	 CO 1

 g2 1 Cl2 1 g2 h COCl2 1 g2
d.	 C2H4 1 g2 1 H2O 1

 l 
2 h C2H5OH 1

 l 
2

e.	 H2O 1s2 h H2O 1
 l 
2

	 96.	 For rubidium DH8vap 5 69.0 kJ/mol at 6868C, its boiling point. 
Calculate DS8, q, w, and DE for the vaporization of 1.00 mole 
of rubidium at 6868C and 1.00 atm pressure.

	 97.	 Given the thermodynamic data below, calculate DS and DSsurr 
for the following reaction at 258C and 1 atm:

XeF6 1 g2 h XeF4 1s2 1 F2 1 g2

DH8f  (kJ/mol) S8 (J/K ? mol)

XeF6(g) 2294 300.
XeF4(s) 2251 146
F2(g)      0 203

	 98.	 Consider the reaction:

H2S 1 g2 1 SO2 1 g2 h 3S 1 g2 1 2H2O 1
 l 
2

for which DH  is 2233 kJ and DS is 2424 J/K.

a.	 Calculate the free energy change for the reaction (DG) at 
393 K.

b.	 Assuming DH and DS do not depend on temperature, at 
what temperatures is this reaction spontaneous?

	 99.	 The following reaction occurs in pure water:

H2O 1
 l 
2 1 H2O 1

 l 
2 h H3O

1 1aq2 1 OH2 1aq2
which is often abbreviated as

H2O 1
 l 
2 h H1 1aq2 1 OH2 1aq2

For this reaction, DG8 5 79.9 kJ/mol at 258C. Calculate the 
value of DG for this reaction at 258C when [OH2] 5 0.15 M 
and [H1] 5 0.71 M.

	100.	 Consider the dissociation of a weak acid HA (Ka 5 4.5 3 1023) 
in water:

HA 1aq2 m H1 1aq2 1 A2 1aq2
Calculate DG8 for this reaction at 258C.

	101.	 Consider the reaction:

PCl3 1 g2 1 Cl2 1 g2 m PCl5 1 g2
At 258C, DH8 5 292.50 kJ.

Which of the following statements is(are) true?

a.	 This is an endothermic reaction.

b.	 DS8 for this reaction is negative.

c.	 If the temperature is increased, the ratio 
PCl5

PCl3
 will 

increase.

d.	 DG8 for this reaction has to be negative at all 
temperatures.

Unless otherwise noted, all art on this page is © Cengage Learning 2014.
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decays to 176Hf, was used to estimate this age. The half-life of 
176Lu is 37 billion years. How are ratios of 176Lu to 176Hf uti-
lized to date very old rocks?

	 7.	 Why are the observed energy changes for nuclear processes so 
much larger than the energy changes for chemical and physi-
cal processes?

	 8.	 Natural uranium is mostly nonfissionable 238U; it contains 
only about 0.7% of fissionable 235U. For uranium to be useful 
as a nuclear fuel, the relative amount of 235U must be increased 
to about 3%. This is accomplished through a gas diffusion pro-
cess. In the diffusion process, natural uranium reacts with flu-
orine to form a mixture of 238UF6(g) and 235UF6(g). The fluo-
ride mixture is then enriched through a multistage diffusion 
process to produce a 3% 235U nuclear fuel. The diffusion pro-
cess utilizes Graham’s law of effusion (see Chapter 5, Section 
5.7). Explain how Graham’s law of effusion allows natural 
uranium to be enriched by the gaseous diffusion process.

	 9.	 Much of the research on controlled fusion focuses on the prob-
lem of how to contain the reacting material. Magnetic fields 
appear to be the most promising mode of containment. Why is 
containment such a problem? Why must one resort to mag-
netic fields for containment?

	 10.	 A recent study concluded that any amount of radiation expo-
sure can cause biological damage. Explain the differences be-
tween the two models of radiation damage, the linear model 
and the threshold model.

Exercises
In this section similar exercises are paired.

Radioactive Decay and Nuclear Transformations

	 11.	 Write an equation describing the radioactive decay of each of 
the following nuclides. (The particle produced is shown in pa-
rentheses, except for electron capture, where an electron is a 
reactant.)

a.	 3
1H (b)

b.	 8
3Li (b followed by a)

c.	 7
4Be (electron capture)

d.	 8
5B (positron)

	 12.	 In each of the following radioactive decay processes, supply 
the missing  particle.

a.	 60Co S 60Ni 1 ?

b.	 97Tc 1 ? S 97Mo

c.	 99Tc S 99Ru 1 ?

d.	 239Pu S 235U 1 ?

A blue question or exercise number indicates that the answer to 
that question or exercise appears at the back of this book and a 
solution appears in the Solutions Guide, as found on PowerLecture.

Questions
	 1.	 When nuclei undergo nuclear transformations, g rays of charac-

teristic frequencies are observed. How does this fact, along with 
other information in the chapter on nuclear stability, suggest 
that a quantum mechanical model may apply to the nucleus?

	 2.	 There is a trend in the United States toward using coal-fired 
power plants to generate electricity rather than building new 
nuclear fission power plants. Is the use of coal-fired power 
plants without risk? Make a list of the risks to society from the 
use of each type of power plant.

	 3.	 Which type of radioactive decay has the net effect of changing 
a neutron into a proton? Which type of decay has the net effect 
of turning a proton into a neutron?

	 4.	 Consider the following graph of binding energy per nucleon as 
a function of mass number.
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a.	 What does this graph tell us about the relative half-lives 
of the nuclides? Explain your answer.

b.	 Which nuclide shown is the most thermodynamically sta-
ble? Which is the least thermodynamically stable?

c.	 What does this graph tell us about which nuclides 
undergo fusion and which undergo fission to become 
more stable? Support your answer.

	 5.	 What are transuranium elements and how are they synthesized?

	 6.	 Scientists have estimated that the earth’s crust was formed 
4.3 billion years ago. The radioactive nuclide 176Lu, which 

Key terms
reactor core
moderator
control rods
breeder reactor

Section 19.7
somatic damage
genetic damage
rad
rem

Review questions Answers to the Review Questions can be found on the Student website.
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problems associated with nuclear reactors? What are 
breeder reactors? What are some problems associated 
with breeder reactors?

	10. The biological effects of a particular source of radiation 
depend on several  factors. List some of these factors. 
Even though 85Kr and 90Sr are both b-particle emitters, 

the dangers associated with the decay of 90Sr are much 
greater than those linked to 85Kr. Why? Although g rays 
are far more penetrating than a particles, the latter are 
more likely to cause damage to an organism. Why? 
Which type of radiation is more effective at promoting 
the ionization of biomolecules?
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	 30.	 For each of the following molecules or ions that contain sul-
fur, write the Lewis structure(s), predict the molecular struc-
ture (including bond angles), and give the expected hybrid 
orbitals for sulfur.

a.	 SO2

b.	 SO3

c.	

     S2O3
2−

2−

SS

O

O

O

d.	

     S2O8
2− SO

O

O

O O

2−

S

O

O

O

e.	 SO3
22

f.	 SO4
22

g.	 SF2

h.	 SF4

i.	 SF6

j.	 F3SOSF

k.	 SF5
1

	 31.	 Why must all six atoms in C2H4 lie in the same plane?

	 32.	 The allene molecule has the following Lewis structure:

H

H

C C

H

H

C

Must all hydrogen atoms lie the same plane? If not, what is 
their spatial relationship? Explain.

	 33.	 Indigo is the dye used in coloring blue jeans. The term navy 
blue is derived from the use of indigo to dye British naval 
uniforms in the eighteenth century. The structure of the indigo 
molecule is

C

N
H

H

O

C
C

C
C

C

C

H

HH

C

O

C

H

H

C
C

C

CC

C

H H

H

C N

a.	 How many s bonds and p bonds exist in the molecule?

b.	 What hybrid orbitals are used by the carbon atoms in the 
  indigo molecule?

	 34.	 Urea, a compound formed in the liver, is one of the ways hu-
mans excrete nitrogen. The Lewis structure for urea is

NH

H H

HC

O

N

Using hybrid orbitals for carbon, nitrogen, and oxygen, deter-
mine which orbitals overlap to form the  various bonds in urea.

Exercises
In this section similar exercises are paired.

The Localized Electron Model and Hybrid Orbitals

	 17.	 Use the localized electron model to describe the bonding in 
H2O.

	 18.	 Use the localized electron model to describe the bonding in 
CCl4.

	 19.	 Use the localized electron model to describe the bonding in 
H2CO (carbon is the central atom).

	 20.	 Use the localized electron model to describe the bonding in 
C2H2 (exists as HCCH).

	 21.	 The space-filling models of ethane and ethanol are shown 
below.

Ethane
(C2H6)

Ethanol
(C2H5OH)

C

O

H

Use the localized electron model to describe the bonding in 
ethane and ethanol.

	 22.	 The space-filling models of hydrogen cyanide and phosgene 
are shown below.

Hydrogen cyanide
(HCN)

Phosgene
(COCl2)

C

Cl

O

N

H

Use the localized electron model to describe the bonding in 
hydrogen cyanide and phosgene.

	 23.	 Give the expected hybridization of the central atom for the 
molecules or ions in Exercises 83 and 89 from Chapter 8.

	 24.	 Give the expected hybridization of the central atom for the 
molecules or ions in Exercises 84 and 90 from Chapter 8.

	 25.	 Give the expected hybridization of the central atom for the 
molecules or ions in Exercise 87 from Chapter 8.

	 26.	 Give the expected hybridization of the central atom for the 
molecules in Exercise 88 from Chapter 8.

	 27.	 Give the expected hybridization of the central atom for the 
molecules in Exercises 113 and 114 from Chapter 8.

	 28.	 Give the expected hybridization of the central atom for the 
molecules in Exercises 115 and 116 from Chapter 8.

	 29.	 For each of the following molecules, write the Lewis 
structure(s), predict the molecular structure (including bond 
angles), give the expected hybrid orbitals on the central atom, 
and predict the overall polarity.

a.	 CF4	 e.	 BeH2	 i.	 KrF4

b.	 NF3	 f.	 TeF4	 j.	 SeF6

c.	 OF2	 g.	 AsF5	 k.	 IF5

d.	 BF3	 h.	 KrF2	 l.	 IF3
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Questions are homework problems directed at concepts 
within the chapter and in general don’t require calculation.

There are numerous Exercises to reinforce stu-
dents’ understanding of each section. These prob-
lems are paired and organized by topic so that 
instructors can review them in class and assign 
them for homework.
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Challenge Problems take students one step 
further and challenge them more rigorously than 
the Additional Exercises.

Marathon Problems also combine con-
cepts from multiple chapters; they are the 
most challenging problems in the end-of-
chapter material.

Integrative Problems combine concepts from 
multiple chapters.

temperatureof thesolution.Thevaporatequilibriumabove
thesolutionhasdoublethemolefractionofsubstanceAthat
thesolutiondoes.WhatisthemolefractionofliquidAinthe
solution?

	129.	 InsomeregionsofthesouthwestUnitedStates,thewateris
veryhard.Forexample,inLasCruces,NewMexico,thetap
watercontainsabout560mgofdissolvedsolidspermilliliter.
Reverse osmosis units are marketed in this area to soften
water.Atypicalunitexertsapressureof8.0atmandcanpro-
duce45Lwaterperday.

a.	 AssumingallofthedissolvedsolidsareMgCO3and
assumingatemperatureof278C,whattotalvolumeof
watermustbeprocessedtoproduce45Lpurewater?

b.	 Wouldthesamesystemworkforpurifyingseawater?
(Assumeseawateris0.60MNaCl.)

Integrative Problems
Theseproblemsrequiretheintegrationofmultipleconceptstofind
thesolutions.

	130.	 Creatinine,C4H7N3O,isaby-productofmusclemetabolism,
and creatinine levels in the body are known to be a fairly
reliableindicatorofkidneyfunction.Thenormallevelofcre-
atinine in the blood for adults is approximately 1.0 mg per
deciliter(dL)ofblood.Ifthedensityofbloodis1.025g/mL,
calculatethemolalityofanormalcreatininelevelina10.0-mL
bloodsample.Whatistheosmoticpressureofthissolutionat
25.08C?

	131.	 An aqueous solution containing 0.250 mole of Q, a strong
electrolyte,in5.003102gwaterfreezesat22.798C.Whatis
thevan’tHofffactorforQ?Themolalfreezing-pointdepres-
sionconstantforwateris1.868C?kg/mol.Whatistheformula
ofQifitis38.68%chlorinebymassandtherearetwiceas
manyanionsascationsinoneformulaunitofQ?

	132.	 Anthraquinonecontainsonlycarbon,hydrogen,andoxygen.
When 4.80 mg anthraquinone is burned, 14.2 mg CO2 and
1.65mgH2Oareproduced.Thefreezingpointofcamphoris
loweredby22.38Cwhen1.32ganthraquinoneisdissolvedin
11.4gcamphor.Determinetheempiricalandmolecularfor-
mulasofanthraquinone.

a.	 WhatfractionofthemolesofNaClinthissolutionexist
asionpairs?

b.	 Calculatethefreezingpointthatwouldbeobservedfor
thissolution.

	123.	 Thevapor inequilibriumwithapentane–hexanesolutionat
258C has a mole fraction of pentane equal to 0.15 at 258C.
Whatisthemolefractionofpentaneinthesolution?(SeeEx-
ercise57forthevaporpressuresofthepureliquids.)

	124.	 Aforensicchemistisgivenawhitesolidthatissuspectedof
beingpurecocaine(C17H21NO4,molarmass5303.35g/mol).
Shedissolves1.2260.01gof thesolid in15.6060.01g
benzene.Thefreezingpointisloweredby1.3260.048C.

a.	 Whatisthemolarmassofthesubstance?Assumingthat
thepercentuncertaintyinthecalculatedmolarmassisthe
sameasthepercentuncertaintyinthetemperature
change,calculatetheuncertaintyinthemolarmass.

b.	 Couldthechemistunequivocallystatethatthesubstance
iscocaine?Forexample,istheuncertaintysmallenough
todistinguishcocainefromcodeine(C18H21NO3,molar
mass5299.36g/mol)?

c.	 Assumingthattheabsoluteuncertaintiesinthemeasure-
mentsoftemperatureandmassremainunchanged,how
couldthechemistimprovetheprecisionofherresults?

	125.	 A1.60-gsampleofamixtureofnaphthalene(C10H8)andan-
thracene(C14H10)isdissolvedin20.0gbenzene(C6H6).The
freezingpointofthesolutionis2.818C.Whatisthecomposi-
tionasmasspercentofthesamplemixture?Thefreezingpoint
ofbenzeneis5.518CandKfis5.128C?kg/mol.

	126.	 AsolidmixturecontainsMgCl2andNaCl.When0.5000gof
thissolidisdissolvedinenoughwatertoform1.000Lofsolu-
tion,theosmoticpressureat25.08Cisobservedtobe0.3950
atm.WhatisthemasspercentofMgCl2inthesolid?(Assume
idealbehaviorforthesolution.)

	127.	 Formicacid(HCO2H)isamonoproticacidthationizesonly
partiallyinaqueoussolutions.A0.10-Mformicacidsolution
is4.2%ionized.Assumingthatthemolarityandmolalityof
thesolutionarethesame,calculatethefreezingpointandthe
boilingpointof0.10Mformicacid.

	128.	 Youhaveasolutionoftwovolatileliquids,AandB(assume
idealbehavior).PureliquidAhasavaporpressureof350.0torr
and pure liquid B has a vapor pressure of 100.0 torr at the
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	 98.	 The Hg21 ion forms complex ions with I2 as follows:

 Hg21 1aq2 1 I2 1aq2 m HgI1 1aq2  K1 5 1.0 3 108

 HgI1 1aq2 1 I2 1aq2 m HgI2 1aq2  K2 5 1.0 3 105

 HgI2 1aq2 1 I2 1aq2 m HgI3
2 1aq2  K3 5 1.0 3 109

 HgI3
2 1aq2 1 I2 1aq2 m HgI4

22 1aq2  K4 5 1.0 3 108

A solution is prepared by dissolving 0.088 mole of Hg(NO3)2 
and 5.00 mole of NaI in enough water to make 1.0 L of 
solution.

a.	 Calculate the equilibrium concentration of [HgI4
22].

b.	 Calculate the equilibrium concentration of [I2].

c.	 Calculate the equilibrium concentration of [Hg21].

Challenge Problems
	 99.	 The copper(I) ion forms a complex ion with CN2 according to 

the following equation:

Cu1 1aq2 1 3CN2 1aq2 m Cu 1CN2 3
22 1aq2    K 5 1.0 3 1011

a.	 Calculate the solubility of CuBr(s) (Ksp 5 1.0 3 1025) in 
1.0 L of 1.0 M NaCN.

b.	 Calculate the concentration of Br2 at equilibrium.

c.	 Calculate the concentration of CN2 at equilibrium.

	100.	 Consider a solution made by mixing 500.0 mL of 4.0 M NH3 
and 500.0 mL of 0.40 M AgNO3. Ag1 reacts with NH3 to form 
AgNH3

1 and Ag(NH3)2
1:

 Ag1 1aq2 1 NH3 1aq2 m AgNH3
1 1aq2      K1 5 2.1 3 103

 AgNH3
1 1aq2 1 NH3 1aq2 m Ag 1NH32 2

1 1aq2     K2 5 8.2 3 103

Determine the concentration of all species in solution.

	101.	 a.	 Calculate the molar solubility of AgBr in pure water. Ksp 
for AgBr is 5.0 3 10213.

b.	 Calculate the molar solubility of AgBr in 3.0 M NH3. The 
overall formation constant for Ag(NH3)2

1 is 1.7 3 107, 
that is,

Ag1 1aq2 1 2NH3 1aq2 h Ag 1NH32 2
1 1aq2    K 5 1.7 3 107.

c.	 Compare the calculated solubilities from parts a and b. 
Explain any differences.

d.	 What mass of AgBr will dissolve in 250.0 mL of 3.0 M 
NH3?

e.	 What effect does adding HNO3 have on the solubilities 
calculated in parts a and b?

	102.	 Calculate the equilibrium concentrations of NH3, Cu21, 
Cu(NH3)21, Cu(NH3)2

21, Cu(NH3)3
21, and Cu(NH3)4

21 in a 
solution prepared by mixing 500.0 mL of 3.00 M NH3 with 
500.0 mL of 2.00 3 1023 M Cu(NO3)2. The stepwise equilib-
ria are

Cu21 1aq2 1 NH3 1aq2 m CuNH3
21 1aq2

K1 5 1.86 3 104

CuNH3
21 1aq2 1 NH3 1aq2 m Cu 1NH32 2

21 1aq2
K2 5 3.88 3 103

Cu 1NH32 2
21 1aq2 1 NH3 1aq2 m Cu 1NH32 3

21 1aq2
K3 5 1.00 3 103

Cu 1NH32 3
21 1aq2 1 NH3 1aq2 m Cu 1NH32 4

21 1aq2
K4 5 1.55 3 102

	 89.	 a.	 Using the Ksp value for Cu(OH)2 (1.6 3 10219) and the over-
all formation constant for Cu(NH3)4

21 (1.0 3 1013), calcu-
late the value for the equilibrium constant for the following 
reaction:

Cu 1OH2 2 1s2 1 4NH3 1aq2 m Cu 1NH32 4
21 1aq2 1 2OH2 1aq2

b.	 Use the value of the equilibrium constant you calculated 
in part a to calculate the solubility (in mol/L) of Cu(OH)2 
in 5.0 M NH3. In 5.0 M NH3 the concentration of OH2 is 
0.0095 M.

	 90.	 Describe how you could separate the ions in each of the fol-
lowing groups by selective precipitation.

a.	 Ag1, Mg21, Cu21	 c.	 Pb21, Bi31

b.	 Pb21, Ca21, Fe21	

	 91.	 The solubility rules outlined in Chapter 4 say that Ba(OH)2, 
Sr(OH)2, and Ca(OH)2 are marginally soluble hydroxides. 
Calculate the pH of a saturated solution of each of these mar-
ginally soluble hydroxides.

	 92.	 In the chapter discussion of precipitate formation, we ran the 
precipitation reaction to completion and then let some of the 
precipitate redissolve to get back to equilibrium. To see why, 
redo Example 16.6, where

Initial 
Concentration (mol/L)

Equilibrium  
Concentration (mol/L)

[Mg21]0 5 3.75 3 1023 [Mg21] 5 3.75 3 1023 2 y
[F2]0 5 6.25 3 1022

88888888n

[F2] 5 6.25 3 1022 2 2y

ChemWork Problems
These multiconcept problems (and additional ones) are found inter-
actively online with the same type of assistance a student would get 
from an instructor.

	 93.	 Assuming that the solubility of Ca3(PO4)2(s) is 1.3 3 10232 
mol/L at 258C, calculate the Ksp for this salt. Ignore any poten-
tial reactions of the ions with water.

	 94.	 Order the following solids (a–d) from least soluble to most 
soluble. Ignore any potential reactions of the ions with water.

a.	 AgCl Ksp 5 1.6 3 10210

b.	 Ag2S Ksp 5 1.6 3 10249

c.	 CaF2 Ksp 5 4.0 3 10211

d.	 CuS Ksp 5 8.5 3 10245

	 95.	 The Ksp for PbI2(s) is 1.4 3 1028. Calculate the solubility of 
PbI2(s) in 0.048 M NaI.

	 96.	 The solubility of Pb(IO3)2(s) in a 7.2 3 1022-M KIO3 solution 
is 6.0 3 1029 mol/L. Calculate the Ksp value for Pb(IO3)2(s).

	 97.	 A 50.0-mL sample of 0.0413 M AgNO3(aq) is added to 50.0 mL 
of 0.100 M NaIO3(aq). Calculate the [Ag1] at equilibrium in the 
resulting solution. [Ksp for AgIO3(s) 5 3.17 3 1028.]

y mol/Mg21

reacts to 
form MgF2
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HCl for neutralization. Calculate the molarity of the original 
sample of H2SO4. Sulfuric acid has two acidic hydrogens.

	136.	 A 6.50-g sample of a diprotic acid requires 137.5 mL of a 
0.750 M NaOH solution for complete neutralization. Deter-
mine the molar mass of the acid.

	137.	 Citric acid, which can be obtained from lemon juice, has the 
mo lecular formula C6H8O7. A 0.250-g sample of citric acid 
dissolved in 25.0 mL of water requires 37.2 mL of 0.105 M 
NaOH for complete neutralization. What number of acidic hy-
drogens per molecule does citric acid have?

	138.	 A stream flows at a rate of 5.00 3 104 liters per second (L/s) 
upstream of a manufacturing plant. The plant discharges  
3.50 3 103 L/s of water that contains 65.0 ppm HCl into the 
stream. (See Exercise 121 for definitions.)

a.	 Calculate the stream’s total flow rate downstream from 
this plant.

b.	 Calculate the concentration of HCl in ppm downstream 
from this plant.

c.	 Further downstream, another manufacturing plant diverts 
1.80 3 104 L/s of water from the stream for its own use. 
This plant must first neutralize the acid and does so by 
adding lime:

CaO 1s2 1 2H1 1aq2 h Ca21 1aq2 1 H2O 1l2
	  What mass of CaO is consumed in an 8.00-h work day by 

this plant?

d.	 The original stream water contained 10.2 ppm Ca21. 
Although no calcium was in the waste water from the first 
plant, the waste water of the second plant contains Ca21 
from the neutralization process. If 90.0% of the water 
used by the second plant is returned to the stream, calcu-
late the concentration of Ca21 in ppm downstream of the 
second plant.

	139.	 It took 25.06 60.05 mL of a sodium hydroxide solution to ti-
trate a 0.4016-g sample of KHP (see Exercise 77). Calculate 
the concentration and uncertainty in the concentration of the 
sodium hydroxide solution. (See Appendix 1.5.) Neglect any 
uncertainty in the mass.

Integrative Problems
These problems require the integration of multiple concepts to find 
the solutions.

	140.	 Tris(pentafluorophenyl)borane, commonly known by its acro-
nym BARF, is frequently used to initiate polymerization of 
ethylene or propylene in the presence of a catalytic transition 
metal compound. It is composed solely of C, F, and B; it is 
42.23% C and 55.66% F by mass.

a.	 What is the empirical formula of BARF?

b.	 A 2.251-g sample of BARF dissolved in 347.0 mL of 
solution produces a 0.01267-M solution. What is the 
molecular formula of BARF?

	141.	 In a 1-L beaker, 203 mL of 0.307 M ammonium chromate was 
mixed with 137 mL of 0.269 M chromium(III) nitrite to pro-
duce ammonium nitrite and chromium(III) chromate. Write 
the balanced chemical equation for the reaction occurring 

here. If the percent yield of the reaction was 88.0%, what mass 
of chromium(III) chromate was isolated?

	142.	 The vanadium in a sample of ore is converted to VO21. The 
VO21 ion is subsequently titrated with MnO4

2 in acidic solu-
tion to form V(OH)4

1 and manganese(II) ion. The unbalanced 
titration reaction is

MnO4
2 1aq2 1 VO21 1aq2 1 H2O 1l2 h

V 1OH2 4
1 1aq2 1 Mn21 1aq2 1 H1 1aq2

To titrate the solution, 26.45 mL of 0.02250 M MnO4
2 was 

required. If the mass percent of vanadium in the ore was 
58.1%, what was the mass of the ore sample? Hint: Balance 
the titration reaction by the oxidation states method.

	143.	 The unknown acid H2X can be neutralized completely by 
OH2 according to the following (unbalanced) equation:

H2X 1aq2 1 OH2 1aq2 h X22 1aq2 1 H2O 1l2
The ion formed as a product, X22, was shown to have 36 total 
electrons. What is element X? Propose a name for H2X. To 
completely neutralize a sample of H2X, 35.6 mL of 0.175 M 
OH2 solution was required. What was the mass of the H2X 
sample used?

Marathon Problems
These problems are designed to incorporate several concepts and 
techniques into one situation.

	144.	 Three students were asked to find the identity of the metal in a 
particular sulfate salt. They dissolved a 0.1472-g sample of the 
salt in water and treated it with excess barium chloride, result-
ing in the precipitation of barium sulfate. After the precipitate 
had been filtered and dried, it weighed 0.2327 g.

	 	  Each student analyzed the data independently and came to 
different conclusions. Pat decided that the metal was titanium. 
Chris thought it was sodium. Randy reported that it was gal-
lium. What formula did each student assign to the sulfate salt?

	 	  Look for information on the sulfates of gallium, sodium, and 
titanium in this text and reference books such as the CRC 
Handbook of Chemistry and Physics. What further tests would 
you suggest to determine which student is most likely correct?

	145.	 You have two 500.0-mL aqueous solutions. Solution A is a 
solution of a metal nitrate that is 8.246% nitrogen by mass. 
The ionic compound in solution B consists of potassium, chro-
mium, and oxygen; chromium has an oxidation state of 16 
and there are 2 potassiums and 1 chromium in the formula. 
The masses of the solutes in each of the solutions are the same. 
When the solutions are added together, a blood-red precipitate 
forms. After the reaction has gone to completion, you dry the 
solid and find that it has a mass of 331.8 g.

a.	 Identify the ionic compounds in solution A and solution B.

b.	 Identify the blood-red precipitate.

c.	 Calculate the concentration (molarity) of all ions in the 
orig inal solutions.

d.	 Calculate the concentration (molarity) of all ions in the 
final solution.

Marathon Problems can be used in class by groups of students to 
help facilitate problem-solving skills.
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2

When you start your car, do you think about chemistry? Probably not, but you 
should. The power to start your car is furnished by a lead storage battery. 

How does this battery work, and what does it contain? When a battery goes dead, what 
does that mean? If you use a friend’s car to “jump-start” your car, did you know that 
your battery could explode? How can you avoid such an unpleasant possibility? What 
is in the gasoline that you put in your tank, and how does it furnish energy to your car 
so that you can drive it to school? What is the vapor that comes out of the exhaust pipe, 
and why does it cause air pollution? Your car’s air conditioner might have a substance 
in it that is leading to the destruction of the ozone layer in the upper atmosphere. What 
are we doing about that? And why is the ozone layer important anyway?

All of these questions can be answered by understanding some chemistry. In fact, 
we’ll consider the answers to all of these questions in this text.

Chemistry is around you all the time. You are able to read and understand this sen-
tence because chemical reactions are occurring in your brain. The food you ate for 
breakfast or lunch is now furnishing energy through chemical reactions. Trees and 
grass grow because of chemical changes.

Chemistry also crops up in some unexpected places. When archaeologist Luis 
 Alvarez was studying in college, he probably didn’t realize that the chemical elements 
iridium and niobium would make him very famous when they helped him solve the 
problem of the disappearing dinosaurs. For decades scientists had wrestled with the 
mystery of why the dinosaurs, after ruling the earth for millions of years, suddenly 
became extinct 65 million years ago. In studying core samples of rocks dating back to 
that period, Alvarez and his coworkers recognized unusual levels of iridium and nio-
bium in these samples—levels much more characteristic of extraterrestrial bodies than 
of the earth. Based on these  observations, Alvarez hypothesized that a large meteor hit 
the earth 65 million years ago, changing atmospheric conditions so much that the  
dinosaurs’ food couldn’t grow, and they died—almost instantly in the geologic 
timeframe.

Chemistry is also important to historians. Did you realize that lead poisoning prob-
ably was a significant contributing factor to the decline of the Roman Empire? The 
Romans had high exposure to lead from lead-glazed pottery, lead water pipes, and a 
sweetening syrup called sapa that was prepared by boiling down grape juice in lead-
lined vessels. It turns out that one reason for sapa’s sweetness was lead acetate (“sugar 
of lead”), which formed as the juice was cooked down. Lead poisoning, with its symp-
toms of lethargy and mental malfunctions, certainly could have contributed to the de-
mise of the Roman society.

Chemistry is also apparently very important in determining a person’s behavior. 
Various studies have shown that many personality disorders can be linked directly  
to imbalances of trace elements in the body. For example, studies on the inmates at 
State ville Prison in Illinois have linked low cobalt levels with violent behavior. Lith-
ium salts have been shown to be very effective in controlling the effects of manic- 
depressive disease, and you’ve probably at some time in your life felt a special “chem-
istry” for another person. Studies suggest there is literally chemistry going on between 
two people who are attracted to each other. “Falling in love” apparently causes changes 
in the chemistry of the brain; chemicals are produced that give that “high” associated 
with a new relationship. Unfortunately, these chemical effects seem to wear off over 
time, even if the relationship persists and grows.

The importance of chemistry in the interactions of people should not really surprise 
us. We know that insects communicate by emitting and receiving chemical signals  
via molecules called pheromones. For example, ants have a very complicated set of 
chemical signals to signify food sources, danger, and so forth. Also, various female sex 
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attractants have been isolated and used to lure males into traps to control insect popu-
lations. It would not be surprising if humans also emitted chemical signals that we 
were not aware of on a conscious level. Thus chemistry is pretty interesting and pretty 
 important. The main goal of this text is to help you understand the concepts of chem-
istry so that you can better appreciate the world around you and can be more effective 
in  whatever career you choose.

 1.1 Chemistry: An Overview
Since the time of the ancient Greeks, people have wondered about the answer to the 
question: What is matter made of? For a long time, humans have believed that matter is 
composed of atoms, and in the previous three centuries, we have collected much indi-
rect evidence to support this belief. Very recently, something exciting has happened— 
for the first time we can “see” individual atoms. Of course, we cannot see atoms with 
the naked eye; we must use a special microscope called a scanning tunneling micro-
scope (STM). Although we will not consider the details of its operation here, the STM 
uses an electron current from a tiny needle to probe the surface of a substance. The 
STM pictures of  several substances are shown in Fig. 1.1. Notice how the atoms are 
connected to one another by “bridges,” which, as we will see, represent the electrons 
that interconnect atoms.

So, at this point, we are fairly sure that matter consists of individual atoms. The 
 nature of these atoms is quite complex, and the components of atoms don’t behave 
much like the objects we see in the world of our experience. We call this world the 
macroscopic world—the world of cars, tables, baseballs, rocks, oceans, and so forth. 
One of the main jobs of a scientist is to delve into the macroscopic world and discover 
its “parts.” For  example, when you view a beach from a distance, it looks like a con-
tinuous solid substance. As you get closer, you see that the beach is really made up of 
individual grains of sand. As we examine these grains of sand, we find that they are 
composed of silicon and oxygen atoms connected to each other to form intricate shapes 
(Fig. 1.2). One of the main challenges of chemistry is to understand the connection 
between the macroscopic world that we experience and the microscopic world of 
atoms and molecules. To truly understand chemistry, you must learn to think on the 
atomic level. We will spend much time in this text helping you learn to do that.

Figure	1.1 | Scanning tunneling 
microscope images.

An image showing the individual carbon
atoms in a sheet of graphene.

Scanning tunneling microscope image
of DNA.

3	 1.1 Chemistry: An Overview
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Critical	Thinking
The scanning tunneling microscope allows us to “see” atoms. What if you were sent 
back in time before the invention of the scanning tunneling microscope? What 
evidence could you give to support the theory that all matter is made of atoms and 
molecules?

One of the amazing things about our universe is that the tremendous variety of 
substances we find there results from only about 100 different kinds of atoms. You can 
think of these approximately 100 atoms as the letters in an alphabet from which all the 
“words” in the universe are made. It is the way the atoms are organized in a given 
substance that determines the properties of that substance. For example, water, one of 
the most common and important substances on the earth, is composed of two types of 
atoms: hydrogen and  oxygen. Two hydrogen atoms and one oxygen atom are bound 
together to form the water molecule:

hydrogen atom

oxygen atom
water molecule

When an electric current passes through it, water is decomposed to hydrogen and oxy-
gen. These chemical elements themselves exist naturally as diatomic (two-atom) 
molecules:

written O2oxygen molecule

written H2hydrogen molecule

We can represent the decomposition of water to its component elements, hydrogen and 
oxygen, as follows:

one oxygen molecule
written O2two water

molecules
written 2H2O

electric
current

two hydrogen molecules
written 2H2

Figure	1.2 | Sand on a beach looks 
uniform from a distance, but up close 
the irregular sand grains are visible, 
and each grain is composed of tiny 
atoms.

O
Si

4 Chapter	1 Chemical Foundations
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Notice that it takes two molecules of water to furnish the right number of oxygen and 
hydrogen atoms to allow for the formation of the two-atom molecules. This reaction 
 explains why the battery in your car can explode if you jump-start it improperly. When 
you hook up the jumper cables, current flows through the dead battery, which contains 
water (and other things), and causes hydrogen and oxygen to form by decomposition of 
some of the water. A spark can cause this accumulated hydrogen and oxygen to explode, 
forming water again.

O2

2H2Ospark

2H2

This example illustrates two of the fundamental concepts of chemistry: (1) Matter is 
composed of various types of atoms, and (2) one substance changes to another by re-
organizing the way the atoms are attached to each other.

These are core ideas of chemistry, and we will have much more to say about them.

Science:	A	Process	for	Understanding		
Nature	and	Its	Changes
How do you tackle the problems that confront you in real life? Think about your trip 
to school. If you live in a city, traffic is undoubtedly a problem you confront daily. How 
do you decide the best way to drive to school? If you are new in town, you first get a 
map and look at the possible ways to make the trip. Then you might collect informa-
tion about the advantages and disadvantages of various routes from people who know 
the area. Based on this information, you probably try to predict the best route. How-
ever, you can find the best route only by trying several of them and comparing the re-
sults. After a few experiments with the various possibilities, you probably will be able 
to select the best way. What you are doing in solving this everyday problem is applying 
the same process that scientists use to study nature. The first thing you did was collect 
relevant data. Then you made a prediction, and then you tested it by trying it out. This 
process contains the fundamental elements of science.

	 1.	 Making observations (collecting data)
	 2.	 Suggesting a possible explanation (formulating a hypothesis)
	 3.	 Doing experiments to test the possible explanation (testing the hypothesis)

Scientists call this process the scientific method. We will discuss it in more detail in the 
next section. One of life’s most important activities is solving problems—not “plug and 
chug” exercises, but real problems—problems that have new facets to them, that involve 
things you may have never confronted before. The more creative you are at solving these 
problems, the more effective you will be in your career and your personal life. Part of the 
reason for learning chemistry, therefore, is to become a better problem solver. Chemists 
are usually excellent problem solvers because to master chemistry, you have to master 
the scientific approach. Chemical problems are frequently very complicated—there is 
usually no neat and tidy solution. Often it is difficult to know where to begin.

 1.2 The Scientific Method
Science is a framework for gaining and organizing knowledge. Science is not simply a 
set of facts but also a plan of action—a procedure for processing and understanding 
 certain types of information. Scientific thinking is useful in all aspects of life, but in 
this text we will use it to understand how the chemical world operates. As we said in 
our  previous discussion, the process that lies at the center of scientific inquiry is called 

IBLG:	See	questions	from	“Chemistry:		
An	Overview	and	the	Scientific	Method”

5	 1.2 The Scientific Method
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the scientific	method. There are actually many scientific methods, depending on the 
nature of the  specific problem under study and the particular investigator involved. 
However, it is useful to consider the following general framework for a generic scien-
tific method (Fig. 1.3):

Steps	in	the	Scientific	Method

1.	 Making observations. Observations may be qualitative (the sky is blue; water is a 
liquid) or quantitative (water boils at 1008C; a certain chemistry book weighs 2 kg). 
A qualitative observation does not involve a number. A quantitative observation 
(called a measurement) involves both a number and a unit.

2.	 Formulating hypotheses. A hypothesis is a possible explanation for an observation.

3.	 Performing experiments. An experiment is carried out to test a hypothesis. This in-
volves gathering new information that enables a scientist to decide whether the 
hypothesis is valid—that is, whether it is supported by the new information 
learned from the experiment. Experiments always produce new observations, and 
this brings the process back to the beginning again.

To understand a given phenomenon, these steps are repeated many times, gradually 
accumulating the knowledge necessary to provide a possible explanation of the 
phenomenon.

Scientific	Models
Once a set of hypotheses that agrees with the various observations is obtained, the hy-
potheses are assembled into a theory. A theory,	which is often called a model,	is a set 
of tested hypotheses that gives an overall explanation of some natural phenomenon.

It is very important to distinguish between observations and theories. An observa-
tion is something that is witnessed and can be recorded. A theory is an interpretation—
a possible explanation of why nature behaves in a particular way. Theories inevitably 
change as more information becomes available. For example, the motions of the sun 
and stars have remained virtually the same over the thousands of years during which 
humans have been observing them, but our explanations—our theories—for these mo-
tions have changed greatly since ancient times.

The point is that scientists do not stop asking questions just because a given theory 
seems to account satisfactorily for some aspect of natural behavior. They continue do-
ing experiments to refine or replace the existing theories. This is generally done by us-
ing the currently accepted theory to make a prediction and then performing an experi-
ment (making a new observation) to see whether the results bear out this prediction.

Always remember that theories (models) are human inventions. They represent at-
tempts to explain observed natural behavior in terms of human experiences. A theory 
is actually an educated guess. We must continue to do experiments and to refine our 
theories (making them consistent with new knowledge) if we hope to approach a more 
complete understanding of nature.

As scientists observe nature, they often see that the same observation applies to 
many different systems. For example, studies of innumerable chemical changes have 
shown that the total observed mass of the materials involved is the same before and 
after the change. Such generally observed behavior is formulated into a statement 
called a natural	law. For example, the observation that the total mass of materials is 
not affected by a chemical change in those materials is called the law	of	conservation	
of	mass.

Note the difference between a natural law and a theory. A natural law is a summary of 
observed (measurable) behavior, whereas a theory is an explanation of behavior. A law 
summarizes what happens; a theory (model) is an attempt to explain why it happens.

In this section we have described the scientific method as it might ideally be applied 
(Fig. 1.4). However, it is important to remember that science does not always progress 

Figure	1.3 | The fundamental steps 
of the scientific method.

Experiment

Prediction

Observation

Hypothesis

Experiment

Theory (model)

Theory
modi�ed
as needed

Experiment

Prediction

Observation

Hypothesis

Experiment

Theory
(model) Law

Theory
modi�ed
as needed

Figure	1.4 | The various parts of the 
scientific method.
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Post-it Notes, a product of the 3M 
Corporation, revolutionized casual 
written communications and personal 
reminders. Introduced in the United 
States in 1980, these sticky-but-not-
too-sticky notes have now found 
countless uses in offices, cars, and 
homes throughout the world.

The invention of sticky notes 
occurred over a period of about 10 
years and involved a great deal of 
serendipity. The adhesive for Post-it 
Notes was discovered by Dr. Spencer  
F. Silver of 3M in 1968. Silver found 
that when an acrylate polymer 
material was made in a particular way, 
it formed cross-linked microspheres. 
When suspended in a solvent and 
sprayed on a sheet of paper, this 
substance formed a “sparse mono-
layer” of adhesive after the solvent 
evaporated. Scanning electron 
microscope images of the adhesive 
show that it has an irregular surface, a 
little like the surface of a gravel road. 
In contrast, the adhesive on cello-
phane tape looks smooth and uniform, 
like a superhighway. The bumpy 
surface of Silver’s adhesive caused it 
to be sticky but not so sticky to 
produce permanent adhesion, 
because the number of contact points 
between the binding surfaces was 
limited.

When he invented this adhesive, 
Silver had no specific ideas for its use, 
so he spread the word of his discovery 
to his fellow employees at 3M to see if 
anyone had an application for it. In 
addition, over the next several years 
development was carried out to 
improve the adhesive’s properties. It 
was not until 1974 that the idea for 

Post-it Notes popped up. One Sunday 
Art Fry, a chemical engineer for 3M, 
was singing in his church choir when 
he became annoyed that the book-
mark in his hymnal kept falling out. He 
thought to himself that it would be 
nice if the bookmark were sticky 
enough to stay in place but not so 
sticky that it couldn’t be moved. 
Luckily, he remembered Silver’s 
glue—and the Post-it Note was born.

For the next three years, Fry 
worked to overcome the manufac-
turing obstacles associated with the 
product. By 1977 enough Post-it Notes 
were being produced to supply 3M’s 
corporate headquarters, where the 
employees quickly became addicted to 
their many uses. Post-it Notes are now 
available in 62 colors and 25 shapes.

In the years since the introduction 
of Post-it Notes, 3M has heard some 

remarkable stories connected to the 
use of these notes. For example, a 
Post-it Note was applied to the nose of 
a corporate jet, where it was intended 
to be read by the plane’s Las Vegas 
ground crew. Someone forgot to 
remove it, however. The note was still 
on the nose of the plane when it 
landed in Minneapolis, having survived 
a takeoff, a landing, and speeds of  
500 miles per hour at temperatures as 
low as 2568F. Stories on the 3M Web 
site describe how a Post-it Note on the 
front door of a home survived the 
140-mile-per-hour winds of Hurricane 
Hugo and how a foreign official 
accepted Post-it Notes in lieu of cash 
when a small bribe was needed to cut 
through bureaucratic hassles.

Post-it Notes have definitely 
changed the way we communicate and 
remember things.

Chemical connections
A Note-able Achievement

7	 1.2 The Scientific Method
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smoothly and efficiently. For one thing, hypotheses and observations are not totally 
independent of each other, as we have assumed in the description of the idealized sci-
entific method. The coupling of observations and hypotheses occurs because once we 
begin to proceed down a given theoretical path, our hypotheses are unavoidably 
couched in the language of that theory. In other words, we tend to see what we expect 
to see and often fail to notice things that we do not expect. Thus the theory we are test-
ing helps us  because it focuses our questions. However, at the same time, this focusing 
process may limit our ability to see other possible explanations.

It is also important to keep in mind that scientists are human. They have prejudices; 
they misinterpret data; they become emotionally attached to their theories and thus 
lose objectivity; and they play politics. Science is affected by profit motives, budgets, 
fads, wars, and religious beliefs. Galileo, for example, was forced to recant his astro-
nomical observations in the face of strong religious resistance. Lavoisier, the father of 
modern chemistry, was beheaded because of his political affiliations. Great progress in 
the chemistry of nitrogen fertilizers resulted from the desire to produce explosives to 
fight wars. The progress of science is often affected more by the frailties of humans 
and their  institutions than by the limitations of scientific measuring devices. The sci-
entific methods are only as effective as the humans using them. They do not automati-
cally lead to progress.

Critical	Thinking
What if everyone in the government used the scientific method to analyze and solve 
society’s problems, and politics were never involved in the solutions? How would this 
be different from the present situation, and would it be better or worse?

 1.3 Units of Measurement
Making observations is fundamental to all science. A quantitative observation, or mea-
surement, always consists of two parts: a number and a scale (called a unit). Both parts 
must be present for the measurement to be meaningful.

In this textbook we will use measurements of mass, length, time, temperature, electric 
current, and the amount of a substance, among others. Scientists recognized long ago 
that standard systems of units had to be adopted if measurements were to be useful. If 
every scientist had a different set of units, complete chaos would result. Unfortunately, 
different standards were adopted in different parts of the world. The two major systems 
are the English system used in the United States and the metric system used by most of 
the rest of the industrialized world. This duality causes a good deal of trouble; for ex-
ample, parts as simple as bolts are not interchangeable between machines built using the 
two systems. As a result, the United States has begun to adopt the metric system.

Most scientists in all countries have used the metric system for many years. In 1960, 
an international agreement set up a system of units called the International  System (le 
Système International in French), or the SI	system. This system is based on the metric 
system and units derived from the metric system. The fundamental SI units are listed in 
Table 1.1. We will discuss how to manipulate these units later in this chapter.

IBLG:	See	questions	from	“Uncertainty,		
Measurement,	and	Calculations”

Robert Boyle (1627–1691) was born in Ireland. He became especially interested in experiments 
 involving air and developed an air pump with which he produced evacuated cylinders. He used 
these cylinders to show that a feather and a lump of lead fall at the same rate in the absence of 
air resistance and that sound cannot be produced in a vacuum. His most famous experiments 
 involved careful measurements of the volume of a gas as a function of pressure. In his book  Boyle 
urged that the ancient view of elements as mystical substances should be abandoned and that an 
element should instead be defined as anything that cannot be broken down into simpler 
substances. This concept was an important step in the development of  modern chemistry.

8 Chapter	1 Chemical Foundations
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Because the fundamental units are not always convenient (expressing the mass of a 
pin in kilograms is awkward), prefixes are used to change the size of the unit. These 
are listed in Table 1.2. Some common objects and their measurements in SI units are 
listed in Table 1.3.

One physical quantity that is very important in chemistry is volume, which is not a 
fundamental SI unit but is derived from length. A cube that measures 1 meter (m) on 

Soda is commonly sold in 2-L  bottles— 
an example of the use of SI units in 
everyday life.

Table	1.1 | Fundamental SI Units

Physical	Quantity Name	of	Unit Abbreviation

Mass kilogram kg
Length meter m
Time second s
Temperature kelvin K
Electric current ampere A
Amount of substance mole mol
Luminous intensity candela cd

How important are conversions 
from one unit to another? If you ask 
the National Aeronautics and Space 
Administration (NASA), very impor-
tant! In 1999, NASA lost a $125 million 
Mars Climate Orbiter because of a 
failure to convert from English to 

 metric units.
The problem arose because two 

teams working on the Mars mission 
were using different sets of units. 
NASA’s scientists at the Jet Propulsion 
Laboratory in Pasadena, California, 
assumed that the thrust data for the 
rockets on the Orbiter they received 
from Lockheed Martin Astronautics in 
Denver, which built the spacecraft, 
were in metric units. In reality, the 
units were English. As a result, the 
Orbiter dipped 100 km lower into the 
Mars atmosphere than planned, and 
the friction from the atmosphere 
caused the craft to burn up.

NASA’s mistake refueled the 
controversy over whether Congress 
should require the United States to 

switch to the metric system. About 
95% of the world now uses the  metric 
system, and the United States is slowly 
switching from English to metric. For 
example, the automobile industry has 
adopted metric fasteners, and we buy 
our soda in 2-L bottles.

Units can be very important. In 
fact, they can mean the difference 

between life and death on some 
occasions. In 1983, for example, a 
Canadian jetliner almost ran out of 
fuel when someone pumped 22,300 lb 
of fuel into the  aircraft instead of 
22,300 kg. Remember to watch your 
units!

Chemical connections
Critical Units!

Artist’s conception of the lost Mars Climate Orbiter.

9	 1.3 Units of Measurement
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