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Periodic Table of Elements

Alkaline
1 earth metals

1A

Noble
gases

Halogens IJS

nonmetals

S3—

13 14 15
3A 4A 5A

=)
>
P

Alkali metals

fActinides

metals
3 4 5 6 7 8 9 10 11 12
Transition metals
-
22 23 24 25 26 27 28 29 30
Ti \% Cr Mn Fe Co Ni Cu Zn
47.88 5094 52.00 54.94 55.85 5893 58.69 63.55 65.38
40 41 4 43 44 45 46 47
Zr Nb Mo Te Ru Rh Pd Ag
91.22 9291 9594 (98) 101.1 1029 1064 107.9
72 73 74 75 76 77 78 79 80
Hf Ta W Re Os Ir Pt Au Hg
178.5 180.9 183.9 186.2 190.2 1922 195.1 197.0 200.6
104 105 106 107 108 109 110 111 112
Rf Db Sg Bh Hs Mt Ds Rg Cn
(261) (262) (263) (264) (265) (268) (271) (272) (285)

=
=
o Q &
N
I

Group numbers 1-18 represent the system recommended by the International Union

of Pure and Applied Chemistry.
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Preface

The ninth edition of Introductory Chemistry continues toward the goals we have pur-
sued for the first eight editions: to make chemistry interesting, accessible, and under-
standable to the beginning student. For this edition, we have included additional sup-
port for instructors and students to help achieve these goals.

Learning chemistry can be very rewarding. And even the novice, we believe, can
relate the macroscopic world of chemistry—the observation of color changes and pre-
cipitate formation—to the microscopic world of ions and molecules. To achieve that
goal, instructors are making a sincere attempt to provide more interesting and more
effective ways to learn chemistry, and we hope that Introductory Chemistry will be
perceived as a part of that effort. In this text we have presented concepts in a clear and
sensible manner using language and analogies that students can relate to. We have also
written the book in a way that supports active learning. In particular, the Active Learn-
ing Questions, found at the end of each chapter, provide excellent material for collab-
orative work by students. In addition, we have connected chemistry to real-life experi-
ence at every opportunity, from chapter-opening discussions of chemical applications
to “Chemistry in Focus” features throughout the book. We are convinced that this ap-
proach will foster enthusiasm and real understanding as the student uses this text.
Highlights of the Introductory Chemistry program are described in the following
section.

New to This Edition

Building on the success of previous editions of Introductory Chemistry, the following
changes have been made to further enhance the text:

Updates to the Student Text and Annotated Instructor’s Edition

Changes to the student text and the accompanying Annotated Instructor’s Edition are
outlined as follows:

Limiting Reactant Approach In Chapters 9 and 15 we have enhanced the treatment of
stoichiometry by including “BCA” (Before—Change—After) tables. This allows an-
other method by which students can conceptually understand the role coefficients play
in a balanced chemical reaction. Students are shown three methods to select a limiting
reactant: comparing the amounts of reactant present, calculating the amounts of prod-
ucts that can be formed by complete consumption of each reactant, and using a BCA
table.

Art Program We have revised, modified, and updated the figures in the textbook as
needed to better serve visual learners.

End-of-Chapter Exercises We replaced over 10% of the end-of-chapter questions and
problems. As before, the margin of the Annotated Instructor’s Edition includes answers
to all of the Self-Check and end-of-chapter exercises, along with additional examples
for all Example problems. In the student edition, answers to Self-Checks and to even-
numbered exercises are provided at the back of the book.

Xvii
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Preface

Emphasis on Reaction Chemistry

We continue to emphasize chemical reactions early in the book, leaving the more ab-
stract material on orbitals for later chapters. In a course in which many students en-
counter chemistry for the first time, it seems especially important that we present the
chemical nature of matter before we discuss the theoretical intricacies of atoms and
orbitals. Reactions are inherently interesting to students and can help us draw them to
chemistry. In particular, reactions can form the basis for fascinating classroom demon-
strations and laboratory experiments.

We have therefore chosen to emphasize reactions before going on to the details of
atomic structure. Relying only on very simple ideas about the atom, Chapters 6 and 7
represent a thorough treatment of chemical reactions, including how to recognize a
chemical change and what a chemical equation means. The properties of aqueous solu-
tions are discussed in detail, and careful attention is given to precipitation and acid—
base reactions. In addition, a simple treatment of oxidation—reduction reactions is
given. These chapters should provide a solid foundation, relatively early in the course,
for reaction-based laboratory experiments.

For instructors who feel that it is desirable to introduce orbitals early in the course,
prior to chemical reactions, the chapters on atomic theory and bonding (Chapters 11
and 12) can be covered directly after Chapter 4. Chapter 5 deals solely with nomencla-
ture and can be used wherever it is needed in a particular course.

Development of Problem-Solving Skills

Problem solving is a high priority in chemical education. We all want our students to
acquire problem-solving skills. Fostering the development of such skills has been a
central focus of the earlier editions of this text, and we have maintained this approach
in this edition.

In the first chapters we spend considerable time guiding students to an understand-
ing of the importance of learning chemistry. At the same time, we explain that the
complexities that can make chemistry frustrating at times can also provide the oppor-
tunity to develop the problem-solving skills that are beneficial in any profession.
Learning to think like a chemist is useful to everyone. To emphasize this idea, we apply
scientific thinking to some real-life problems in Chapter 1.

One reason chemistry can be challenging for beginning students is that they often
do not possess the required mathematical skills. Thus we have paid careful attention to
such fundamental mathematical skills as using scientific notation, rounding off to the
correct number of significant figures, and rearranging equations to solve for a particu-
lar quantity. And we have meticulously followed the rules we have set down so as not
to confuse students.

Attitude plays a crucial role in achieving success in problem solving. Students must
learn that a systematic, thoughtful approach to problems is better than brute-force memo-
rization. We foster this attitude early in the book, using temperature conversions as a ve-
hicle in Chapter 2. Throughout the book we encourage an approach that starts with trying
to represent the essence of the problem using symbols and/or diagrams and ends with
thinking about whether the answer makes sense. We approach new concepts by carefully
working through the material before we give mathematical formulas or overall strategies.
We encourage a thoughtful, step-by-step approach rather than the premature use of algo-
rithms. Once we have provided the necessary foundation, we highlight important rules
and processes in skill development boxes so that students can locate them easily.

Section 8.4: Learning to Solve Problems is written specifically to help students bet-
ter understand how to think their way through a problem. We discuss how to solve
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Preface Xix

problems in a flexible, creative way based on understanding the fundamental ideas of
chemistry and asking and answering key questions. We model this approach in the in-
text Examples throughout the text.

Many of the worked examples are followed by Self-Check Exercises, which provide
additional practice. The Self-Check Exercises are keyed to end-of-chapter exercises to
offer another opportunity for students to practice a particular problem-solving skill or
understand a particular concept.

We have expanded the number of end-of-chapter exercises. As in the first eight edi-
tions, the end-of-chapter exercises are arranged in “matched pairs,” meaning that both
problems in the pair explore similar topics. An Additional Problems section includes
further practice in chapter concepts as well as more challenging problems.
Cumulative Reviews, which appear after every few chapters, test concepts from the
preceding chapter block. Answers for all even-numbered exercises appear in a special
section at the end of the student edition.

Handling the Language of Chemistry
and Applications

We have gone to great lengths to make this book “student friendly” and have received
enthusiastic feedback from students who have used it.

As in the earlier editions, we present a systematic and thorough treatment of chemi-
cal nomenclature. Once this framework is established, students can progress through
the book comfortably.

Along with chemical reactions, applications form an important part of descriptive
chemistry. Because students are interested in chemistry’s impact on their lives, we have
included many “Chemistry in Focus” boxes that describe current applications of chem-
istry. These special-interest boxes cover such topics as hybrid cars, artificial sweeten-
ers, and positron emission tomography (PET).

Visual Impact of Chemistry

In response to instructors’ requests to include graphic illustrations of chemical reac-
tions, phenomena, and processes, we use a full-color design that enables color to be
used functionally, thoughtfully, and consistently to help students understand chemistry
and to make the subject more inviting to them. We have included only those photos that
illustrate a chemical reaction or phenomenon or that make a connection between chem-
istry and the real world. Many new photos enhance the ninth edition.

Choices of Coverage

For the convenience of instructors, three versions of the ninth edition are available: one
paperback version and two hardbound versions. Introductory Chemistry, Ninth Edi-
tion, available in hardcover and paperback, covers the first 19 chapters. Introductory
Chemistry: A Foundation, Ninth Edition, a hardbound text, has 21 chapters, with the
final 2 chapters providing a brief introduction to organic and biological chemistry.
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About the Annotated Instructor’s Edition

The Annotated Instructor’s Edition (AIE) gathers a wealth of teaching support in one
convenient package. The AIE contains all 21 chapters (the full contents of Introductory
Chemistry: A Foundation, Ninth Edition). Annotations in the wraparound margins of
the AIE include the following:

* Answers to Self-Check Exercises, at point of use.
* Answers to all end-of-chapter questions and exercises, at point of use.

¢ Additional Examples with answers to supplemental worked-out Examples in the
text.

e Teaching Support: Suggestions for specific lecture/instruction methods, activities,
and in-class demonstrations to help convey concepts.

* An overview of the chapter’s learning objectives.
e Teaching Tips: Guidelines for highlighting critical information in the chapter.

® Misconceptions: Tips on where students may have trouble with or be confused by
a topic.

¢ Demonstrations: Detailed instructions for in-class demonstrations and activities.
(These are similar to material in Teaching Support and may be referenced in
Teaching Support annotations.)

e Laboratory Experiments: Information on which labs in the Laboratory Manual are
relevant to chapter content.

e Background Information: Explanations of conventions used in the text.

¢ Icons mark material correlations between the main text and the electronic support
materials, the Test Bank, and the Laboratory Manual.

* Historical Notes: Biographical or other historical information about science and
scientists.

Supporting Materials

Please visit http://www.cengage.com/chemistry/zumdahl/introchem9e for infor-
mation about student and instructor resources for this text.

Acknowledgments

This book represents the efforts of many talented and dedicated people. We wish to
thank Dawn Giovanniello, Product Director, for her oversight of the project, and Lisa
Lockwood, Senior Product Manager, for her support, vision, and enthusiasm. We also
appreciate the efforts of Teresa Trego, Senior Product Manager, who did her usual
great job of managing this project. It was also a pleasure to work with Elizabeth Woods,
Content Developer, whose good ideas and suggestions were always appreciated.

We are also glad to be working again with Gretchen Adams from the University of
Illinois. She managed the revision of the end-of-chapter exercises and problems and
the solutions manual. She also worked on the Annotated Instructor’s Edition. Her posi-
tive attitude, tireless work ethic, and great ideas are always appreciated. Thanks to John
Little for his outstanding work on Introductory Chemistry in the Laboratory. We also
appreciate the work of Sharon Donahue, who continues to enhance the text by finding
the perfect photos.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. WCN 02-200-203

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Preface XXi

Thanks to others who have provided valuable assistance on this revision: Nellie
Mitchell, Product Assistant; Sarah Cole, Senior Designer; Janet del Mundo, Senior
Marketing Manager; and Cassie Carey, Senior Project Manager (Graphic World).

Finally, we are especially thankful to all of the reviewers whose feedback and sug-
gestions contributed to the success of this project.

Tanya Knickerbocker
Yakima Valley College

Michael Cross
Northern Essex Community College

Jacklyne Carlson
Bismarck State College

Lisa McGaw
Northern Oklahoma College

Mandy Blackburn
University of Central Missouri

Shirley E. Vides-Rust
Southern University at Shreveport

Adedoyin Adeyiga
Cheyney University of Pennsylvania

Adam Wenz
Flathead Valley Community College

David Gosser
City College of New York

Dr. Mary Osterloh
Houston Baptist University

Angela Carraway
Meridian Community College

Zane John Laws
Cisco College

Frankie Wood-Black
Northern Oklahoma College

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. WCN 02-200-203

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



CHAPTTER

Chemistry:
An Introduction

1.1 Chemistry: An
Introduction

1.2 What Is Chemistry?

1.3 Solving Problems
Using a Scientific
Approach

1.4 The Scientific
Method

1.5 Learning Chemistry

Chemistry deals with the natural
world.
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Did you ever see a fireworks display on July Fourth and wonder how it’s possible to produce those
beautiful, intricate designs in the air? Have you read about dinosaurs—how they ruled the earth for
millions of years and then suddenly disappeared? Although the extinction happened 65 million years
ago and may seem unimportant, could the same thing happen to us? Have you ever wondered why
an ice cube (pure water) floats in a glass of water (also pure water)? Did

you know that the “lead” in your pencil is made of the same substance
(carbon) as the diamond in an engagement ring? Did you ever wonder
how a corn plant or a palm tree grows seemingly by magic, or why
leaves turn beautiful colors in autumn? Do you know how the

battery works to start your car or run your calculator? Surely some

of these things and many others in the world around you have
intrigued you. The fact is that we can explain all of these things

in convincing ways using the models of chemistry and the related
physical and life sciences.

Fireworks are a beautiful illustration of chemistry in action.
PhotoDisc/Getty Images

m Chemistry: An Introduction

OBJECTIVE = To understand the importance of learning chemistry.

Although chemistry might seem to have little to do with dinosaurs, knowledge of
chemistry was the tool that enabled paleontologist Luis W. Alvarez and his coworkers
from the University of California at Berkeley to “crack the case” of the disappearing
dinosaurs. The key was the relatively high level of iridium found in the sediment that
represents the boundary between the earth’s Cretaceous (K) and Tertiary (T) periods—
the time when the dinosaurs disappeared virtually overnight (on the geologic scale).
The Berkeley researchers knew that meteorites also have unusually high iridium con-
tent (relative to the earth’s composition), which led them to suggest that a large mete-
orite impacted the earth 65 million years ago, causing the climatic changes that wiped
out the dinosaurs.

A knowledge of chemistry is useful to almost everyone—chemistry occurs all
around us all of the time, and an understanding of chemistry is useful to doctors, law-
yers, mechanics, business-people, firefighters, and poets, among others. Chemistry is
important—there is no doubt about that. It lies at the heart of our efforts to produce
new materials that make our lives safer and easier, to produce new sources of energy
that are abundant and nonpolluting, and to understand and control the many diseases
that threaten us and our food supplies. Even if your future career does not require the
daily use of chemical principles, your life will be greatly influenced by chemistry.

A strong case can be made that the use of chemistry has greatly enriched all of
our lives. However, it is important to understand that the principles of chemistry are
inherently neither good nor bad—it’s what we do with this knowledge that really mat-
ters. Although humans are clever, resourceful, and concerned about others, they also
can be greedy, selfish, and ignorant. In addition, we tend to be shortsighted; we con-
centrate too much on the present and do not think enough about the long-range impli-
cations of our actions. This type of thinking has already caused us a great deal of
trouble—severe environmental damage has occurred on many fronts. We cannot place
all the responsibility on the chemical companies because everyone has contributed to
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2 CHAPTER 1 Chemistry: An Introduction

Courtesy, Bart Eklund

Bart Eklund checking air quality at a
hazardous waste site.

these problems. However, it is less important to lay blame than to figure out how to
solve these problems. An important part of the answer must rely on chemistry.

One of the “hottest” fields in the chemical sciences is environmental chemistry—an
area that involves studying our environmental ills and finding creative ways to address
them. For example, meet Bart Eklund, < who works in the atmospheric chemistry field
for Radian Corporation in Austin, Texas. Bart’s interest in a career in environmental
science was fostered by two environmental chemistry courses and two ecology courses
he took as an undergraduate. His original plan to gain several years of industrial expe-
rience and then to return to school for a graduate degree changed when he discovered
that professional advancement with a B.S. degree was possible in the environmental
research field. The multidisciplinary nature of environmental problems has allowed
Bart to pursue his interest in several fields at the same time. You might say that he
specializes in being a generalist.

The environmental consulting field appeals to Bart for a number of reasons: the
chance to define and solve a number of research problems; the simultaneous work on a
number of diverse projects; the mix of desk, field, and laboratory work; the travel; and
the opportunity to perform rewarding work that has a positive effect on people’s lives.

Among his career highlights are the following:

= Spending a winter month doing air sampling in the Grand Tetons, where he also
met his wife and learned to ski;

= Driving sampling pipes by hand into the rocky ground of Death Valley Monument
in California;

= Working regularly with experts in their fields and with people who enjoy what
they do;

= Doing vigorous work in 100 °F weather while wearing a rubberized suit, double
gloves, and a respirator; and

= Getting to work in and see Alaska, Yosemite Park, Niagara Falls, Hong Kong, the
People’s Republic of China, Mesa Verde, New York City, and dozens of other
interesting places.

Bart Eklund’s career demonstrates how chemists are helping to solve our environmen-
tal problems. It is how we use our chemical knowledge that makes all the difference.

An example that shows how technical knowledge can be a “double-edged sword” is
the case of chlorofluorocarbons (CFCs). When the compound CCLF, (originally called
Freon-12) was first synthesized, it was hailed as a near-miracle substance. Because of
its noncorrosive nature and its unusual ability to resist decomposition, Freon-12 was
rapidly applied in refrigeration and air-conditioning systems, cleaning applications, the
blowing of foams used for insulation and packing materials, and many other ways. For
years everything seemed fine—the CFCs actually replaced more dangerous materials,
such as the ammonia formerly used in refrigeration systems. The CFCs were definitely
viewed as “good guys.” But then a problem was discovered—the ozone in the upper
atmosphere that protects us from the high-energy radiation of the sun began to decline.
What was happening to cause the destruction of the vital ozone?

Much to everyone’s amazement, the culprits turned out to be the seemingly benefi-
cial CFCs. Inevitably, large quantities of CFCs had leaked into the atmosphere, but
nobody was very worried about this development because these compounds seemed
totally benign. In fact, the great stability of the CFCs (a tremendous advantage for their
various applications) was in the end a great disadvantage when they were released into
the environment. Professor F. S. Rowland and his colleagues at the University of Cali-
fornia at Irvine demonstrated that the CFCs eventually drifted to high altitudes in the
atmosphere, where the energy of the sun stripped off chlorine atoms. These chlorine
atoms in turn promoted the decomposition of the ozone in the upper atmosphere. (We
will discuss this in more detail in Chapter 13.) Thus a substance that possessed many
advantages in earth-bound applications turned against us in the atmosphere. Who
could have guessed it would turn out this way?
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CHEMISTRY IN FOCUS

Dr. Ruth—Cotton Hero

Dr. Ruth Rogan Benerito may have saved the cotton industry
in the United States. In the 1960s, synthetic fibers posed a
serious competitive threat to cotton, primarily because of
wrinkling. Synthetic fibers such as polyester can be formu-
lated to be highly resistant to wrinkles both in the laundering
process and in wearing. On the other hand, 1960s cotton fab-
rics wrinkled easily—white cotton shirts had to be ironed to
look good. This requirement put cotton at a serious disadvan-
tage and endangered an industry very important to the eco-

During the 1960s Ruth Benerito worked as a scientist for
the U.S. Department of Agriculture (USDA), where she was
instrumental in developing the chemical treatment of cotton
to make it wrinkle resistant. In so doing she enabled cotton
to remain a preeminent fiber in the market—a place it con-
tinues to hold today. She was honored with the Lemelson—
MIT Lifetime Achievement Award for Inventions in 2002
when she was 86 years old.

Dr. Benerito began her career when women were not

nomic health of the South. expected to enter scientific fields. However, her mother, who
was an artist, adamantly encouraged her to be anything she
wanted to be.

Dr. Benerito graduated from high school at age 14 and
attended Newcomb College, the women'’s college associated
with Tulane University. She majored in chemistry with minors
in physics and math. At that time she was one of only two
women allowed to take the physical chemistry course at
Tulane. She earned her B.S. degree in 1935 at age 19 and
subsequently earned a master’s degree at Tulane and a Ph.D.
at the University of Chicago.

In 1953 Dr. Benerito began working in the Agriculture
Department’s Southern Regional Research Center in New
Orleans, where she mainly worked on cotton and cotton-
related products. She also invented a special method for
intravenous feeding in long-term medical patients.

Dr. Benerito retired from the USDA in 1986 but continued
to teach and tutor until her death in 2013 at the age of 97.
She held 55 patents, including the one for wrinkle-free cot-
ton awarded in 1969. Everyone who knew Dr. Benerito
described her as a class act.

See Problem 1.4

AP Photo/Eric Risberg

Ruth Benerito, the inventor of easy-care
cotton.

The good news is that the U.S. chemical industry is leading the way to find envi-
ronmentally safe alternatives to CFCs, and the levels of CFCs in the atmosphere are
already dropping.

The saga of the CFCs demonstrates that we can respond relatively quickly to a seri-
ous environmental problem if we decide to do so. Also, it is important to understand
that chemical manufacturers have a new attitude about the environment—they are now
among the leaders in finding ways to address our environmental ills. The industries
that apply the chemical sciences are now determined to be part of the solution rather
than part of the problem.

As you can see, learning chemistry is both interesting and important. A chemistry
course can do more than simply help you learn the principles of chemistry, however.
A major by-product of your study of chemistry is that you will become a better prob-
lem solver. One reason chemistry has the reputation of being “tough” is that it often
deals with rather complicated systems that require some effort to figure out. Although
this might at first seem like a disadvantage, you can turn it to your advantage if you
have the right attitude. Recruiters for companies of all types maintain that one of the
first things they look for in a prospective employee is the ability to solve problems. We

3
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A chemist in the laboratory.
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4 CHAPTER 1 Chemistry: An Introduction

OBJECTIVE

Chemical and physical changes will be
discussed in Chapter 3.

The launch of the space shuttle gives
clear indications that chemical reactions

are occurring. NASA

OBJECTIVE

will spend a good deal of time solving various types of problems in this book by using
a systematic, logical approach that will serve you well in solving any kind of problem
in any field. Keep this broader goal in mind as you learn to solve the specific problems
connected with chemistry.

Although learning chemistry is often not easy, it’s never impossible. In fact, anyone
who is interested, patient, and willing to work can learn the fundamentals of chemistry.
In this book we will try very hard to help you understand what chemistry is and how it
works and to point out how chemistry applies to the things going on in your life.

Our sincere hope is that this text will motivate you to learn chemistry, make its
concepts understandable to you, and demonstrate how interesting and vital the study
of chemistry is.

What Is Chemistry?

= To define chemistry.

Chemistry can be defined as the science that deals with the materials of the universe
and the changes that these materials undergo. € Chemists are involved in activities as
diverse as examining the fundamental particles of matter, looking for molecules in
space, synthesizing and formulating new materials of all types, using bacteria to pro-
duce such chemicals as insulin, and inventing new diagnostic methods for early
detection of disease.
Chemistry is often called the central science—and with good reason. Most of
the phenomena that occur in the world around us involve chemical changes,
changes where one or more substances become different substances. Here are
some examples of chemical changes:

Wood burns in air, forming water, carbon dioxide, and other
substances.

A plant grows by assembling simple substances into more complex
substances.

The steel in a car rusts.
Eggs, flour, sugar, and baking powder are mixed and baked to yield a cake.
The definition of the term chemistry is learned and stored in the brain.
Emissions from a power plant lead to the formation of acid rain. <«
As we proceed, you will see how the concepts of chemistry allow us to understand

the nature of these and other changes and thus help us manipulate natural materials to
our benefit.

Solving Problems Using
a Scientific Approach

= To understand scientific thinking.

One of the most important things we do in everyday life is solve problems. In fact,
most of the decisions you make each day can be described as solving problems.

It’s 8:30 a.m. on Friday. Which is the best way to drive to school to avoid traffic
congestion?

You have two tests on Monday. Should you divide your study time equally or allot
more time to one than to the other?
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OBJECTIVE

1.4 The Scientific Method 5

Your car stalls at a busy intersection, and your little brother is with you. What should
you do next?

These are everyday problems of the type we all face. What process do we use to
solve them? You may not have thought about it before, but there are several steps that
almost everyone uses to solve problems:

1. Recognize the problem and state it clearly. Some information becomes known,
or something happens that requires action. In science we call this step making an
observation.

2. Propose possible solutions to the problem or possible explanations for the
observation. In scientific language, suggesting such a possibility is called
formulating a hypothesis.

3. Decide which of the solutions is the best or decide whether the explanation
proposed is reasonable. To do this we search our memories for any pertinent
information, or we seek new information. In science we call searching for new
information performing an experiment.

As we will discover in the next section, scientists use these same procedures to
study what happens in the world around us. The important point here is that scientific
thinking can help you in all parts of your life. It’s worthwhile to learn how to think
scientifically—whether you want to be a scientist, an auto mechanic, a doctor, a politi-
cian, or a poet!

The Scientific Method

= To describe the method scientists use to study nature.

In the last section we began to see how the methods of science are used to solve prob-
lems. In this section we will further examine this approach.

Science is a framework for gaining and organizing knowledge. Science is not sim-
ply a set of facts but also a plan of action—a procedure for processing and understand-
ing certain types of information. Although scientific thinking is useful in all aspects of
life, in this text we will use it to understand how the natural world operates. The pro-
cess that lies at the center of scientific inquiry is called the scientific method. As we
saw in the previous section, it consists of the following steps:

Steps in the Scientific Method

1. State the problem and collect data (make observations). Observations
may be qualitative (the sky is blue; water is a liquid) or quantitative
(water boils at 100 °C; a certain chemistry book weighs 4.5 pounds). A
qualitative observation does not involve a number. A quantitative
observation is called a measurement and does involve a number (and a
unit, such as pounds or inches). We will discuss measurements in detail
in Chapter 2.

2. Formulate hypotheses. A hypothesis is a possible explanation for the
observation.

3. Perform experiments. An experiment is something we do to test the
hypothesis. We gather new information that allows us to decide
whether the hypothesis is supported by the new information we have
learned from the experiment. Experiments always produce new
observations, and this brings us back to the beginning of the process
again.
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CHEMISTRY IN FOCUS

A Mystifying Problem

To illustrate how science helps us solve problems, consider a
true story about two people, David and Susan (not their real
names). David and Susan were healthy 40-year-olds living in
California, where David was serving in the U.S. Air Force.
Gradually Susan became quite ill, showing flu-like symptoms
including nausea and severe muscle pains. Even her personal-
ity changed: she became uncharacteristically grumpy. She
seemed like a totally different person from the healthy,
happy woman of a few months earlier. Following her doctor’s
orders, she rested and drank a lot of fluids, including large
quantities of coffee and orange juice from her favorite mug,
part of a 200-piece set of pottery dishes recently purchased in
Italy. However, she just got sicker, developing extreme
abdominal cramps and severe anemia.

During this time David also became ill and exhibited symp-
toms much like Susan’s: weight loss, excruciating pain in his
back and arms, and uncharacteristic fits of temper. The disease
became so debilitating that he retired early from the U.S. Air
Force, and the couple moved to Seattle. For a short time their
health improved, but after they unpacked all their belongings
(including those pottery dishes), their health began to dete-
riorate again. Susan’s body became so sensitive that she could
not tolerate the weight of a blanket. She was near death.
What was wrong? The doctors didn’t know, but one sug-
gested she might have porphyria, a rare blood disease.

Desperate, David began to search the medical literature
himself. One day while he was reading about porphyria, a
phrase jumped off the page: “Lead poisoning can sometimes
be confused with porphyria.” Could the problem be lead
poisoning?

We have described a very serious problem with life-or-
death implications. What should David do next? Overlooking

for a moment the obvious response of calling the couple’s
doctor immediately to discuss the possibility of lead poison-
ing, could David solve the problem via scientific thinking?
Let’s use the three steps described in Section 1.3 to attack the
problem one part at a time. This is important: usually we
solve complex problems by breaking them down into man-
ageable parts. We can then assemble the solution to the over-
all problem from the answers we have found “piecemeal.”
In this case there are many parts to the overall problem:

What is the disease?

Where is it coming from?

Can it be cured?

Let’s attack “What is the disease?” first.

Observation: David and Susan are ill with the symptoms
described. Is the disease lead poisoning?

Hypothesis: The disease is lead poisoning.

Experiment: If the disease is lead poisoning, the symptoms
must match those known to characterize lead poisoning.
Look up the symptoms of lead poisoning. David did this
and found that they matched the couple’s symptoms almost
exactly.

This discovery points to lead poisoning as the source of their
problem, but David needed more evidence.

Observation: Lead poisoning results from high levels of lead
in the bloodstream.

Hypothesis: David and Susan have high levels of lead in their
blood.

See Problem 1.7

To explain the behavior of a given part of nature, we repeat these steps many times.
Gradually we accumulate the knowledge necessary to understand what is going on.
Once we have a set consisting of hypotheses that agree with our various observations,

we assemble the hypotheses into a theory that is often called a model. A theory (model)
is a set of tested hypotheses that gives an overall explanation of some part of nature
(Fig. 1.1).

It is important to distinguish between observations and theories. An observation is
something that is witnessed and can be recorded. A theory is an interpretation—a pos-
sible 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—have changed greatly
since ancient times.
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Experiment: Perform a blood analysis.
Susan arranged for such an analysis, and
the results showed high lead levels for
both David and Susan.

This confirms that lead poisoning is prob-
ably the cause of the trouble, but the
overall problem is still not solved. David
and Susan are likely to die unless they
find out where the lead is coming from.

Observation: There is lead in the
couple’s blood.

Hypothesis: The lead is in their food or
drink when they buy it.

Italian pottery.

Experiment: Find out whether anyone else who shopped at
the same store was getting sick (no one was). Also note that
moving to a new area did not solve the problem.

Observation: The food they buy is free of lead.

Hypothesis: The dishes they use are the source of the lead
poisoning.

Experiment: Find out whether their dishes contain lead.
David and Susan learned that lead compounds are often
used to put a shiny finish on pottery objects. And laboratory
analysis of their Italian pottery dishes showed that lead was
present in the glaze.

Observation: Lead is present in their dishes, so the dishes are
a possible source of their lead poisoning.

Hypothesis: The lead is leaching into their food.

Experiment: Place a beverage, such as orange juice, in one
of the cups and then analyze the beverage for lead. The
results showed high levels of lead in drinks that had been in
contact with the pottery cups.

Critical Thinking

After many applications of the scien-
tific method, the problem is solved. We
can summarize the answer to the prob-
lem (David and Susan’s illness) as follows:
the Italian pottery they used for every-
day dishes contained a lead glaze that
contaminated their food and drink with
lead. This lead accumulated in their
bodies to the point where it interfered
seriously with normal functions and
produced severe symptoms. This overall
explanation, which summarizes the
hypotheses that agree with the experi-
mental results, is called a theory in sci-
ence. This explanation accounts for the results of all the
experiments performed.*

We could continue to use the scientific method to study
other aspects of this problem, such as

Photo by Ken 0'Donoghue © Cengage Learning

What types of food or drink leach the most lead from the
dishes?

Do all pottery dishes with lead glazes produce lead
poisoning?

As we answer questions using the scientific method, other
questions naturally arise. By repeating the three steps over
and over, we can come to understand a given phenomenon
thoroughly.

*“David” and “Susan” recovered from their lead poisoning and
are now publicizing the dangers of using lead-glazed pottery.
This happy outcome is the answer to the third part of their
overall problem, “Can the disease be cured?” They simply
stopped eating from that pottery!

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?

The point is that we don’t stop asking questions just because we have devised a
theory that seems to account satisfactorily for some aspect of natural behavior. We
continue doing experiments to refine our theories. We generally do this by using the
theory to make a prediction and then doing an experiment (making a new observation)
to see whether the results bear out this prediction.

Always remember that theories (models) are human inventions. They represent our
attempts to explain observed natural behavior in terms of our human experiences. We

7
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Figure 1.1 The various parts of the
scientific method.
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OBJECTIVE

must continue to do experiments and refine our theories to be consistent with new
knowledge if we hope to approach a more nearly complete understanding of nature.

As we observe nature, we often see that the same observation applies to many dif-
ferent systems. For example, studies of innumerable chemical changes have shown
that the total mass of the materials involved is the same before and after the change.
We often formulate such generally observed behavior into a statement called a
natural law. 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.

You must recognize the difference between a law and a theory. A law is a summary
of observed (measurable) behavior, whereas a theory is an explanation of behavior. A
law tells what happens, a theory (model) is our attempt to explain why it happens.

In this section, we have described the scientific method (which is summarized in
Fig. 1.1) as it might ideally be applied. However, it is important to remember that sci-
ence does not always progress smoothly and efficiently. Scientists are human. They
have prejudices; they misinterpret data; they can 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 astronomical observations in the face of strong religious resistance. Lavoisier,
the father of modern chemistry, was beheaded because of his political affiliations. And
great progress in the chemistry of nitrogen fertilizers resulted from the desire to pro-
duce explosives to fight wars. The progress of science is often slowed more by the
frailties of humans and their institutions than by the limitations of scientific measuring
devices. The scientific method is only as effective as the humans using it. It does not
automatically lead to progress.

Learning Chemistry

= To develop successful strategies for learning chemistry.

Chemistry courses have a universal reputation for being difficult. There are some good
reasons for this. For one thing, the language of chemistry is unfamiliar in the begin-
ning; many terms and definitions need to be memorized. As with any language, you
must know the vocabulary before you can communicate effectively. We will try to help
you by pointing out those things that need to be memorized.

But memorization is only the beginning. Don’t stop there or your experience with
chemistry will be frustrating. Be willing to do some thinking, and learn to trust yourself
to figure things out. To solve a typical chemistry problem, you must sort through the
given information and decide what is really crucial.

It is important to realize that chemical systems tend to be complicated—there are
typically many components—and we must make approximations in describing them.
Therefore, trial and error play a major role in solving chemical problems. In tackling
a complicated system, a practicing chemist really does not expect to be right the first
time he or she analyzes the problem. The usual practice is to make several simplifying
assumptions and then give it a try. If the answer obtained doesn’t make sense, the
chemist adjusts the assumptions, using feedback from the first attempt, and tries again.
The point is this: in dealing with chemical systems, do not expect to understand imme-
diately everything that is going on. In fact, it is typical (even for an experienced chem-
ist) not to understand at first. Make an attempt to solve the problem and then analyze
the feedback. It is no disaster to make a mistake as long as you learn from it.

The only way to develop your confidence as a problem solver is to practice solving
problems. To help you, this book contains examples worked out in detail. Follow
these through carefully, making sure you understand each step. These examples are
usually followed by a similar exercise (called a self-check exercise) that you should
try on your own (detailed solutions of the self-check exercises are given at the end
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CHEMISTRY IN FOCUS

Chemistry: An Important Component of Your Education

What is the purpose of education? Because you are spending
considerable time, energy, and money to pursue an educa-
tion, this is an important question.

Some people seem to equate education with the storage of
facts in the brain. These people apparently believe that educa-
tion simply means memorizing the answers to all of life’s pres-
ent and future problems. Although this is clearly unreasonable,
many students seem to behave as though this were their guid-
ing principle. These students want to memorize lists of facts
and to reproduce them on tests. They regard as unfair any
exam questions that require some original thought or some
processing of information. Indeed, it might be tempting to
reduce education to a simple filling up with facts because that
approach can produce short-term satisfaction for both student
and teacher. And of course, storing facts in the brain is impor-
tant. You cannot function without knowing that red means
stop, electricity is hazardous, ice is slippery, and so on.

However, mere recall of abstract information, without the
ability to process it, makes you little better than a talking
encyclopedia. Former students always seem to bring the same
message when they return to campus. The characteristics that
are most important to their success are a knowledge of the
fundamentals of their fields, the ability to recognize and solve

problems, and the ability to communicate effectively. They
also emphasize the importance of a high level of motivation.

How does studying chemistry help you achieve these
characteristics? The fact that chemical systems are compli-
cated is really a blessing, although one that is well disguised.
Studying chemistry will not by itself make you a good prob-
lem solver, but it can help you develop a positive, aggressive
attitude toward problem solving and can help boost your
confidence. Learning to “think like a chemist” can be valu-
able to anyone in any field. In fact, the chemical industry is
heavily populated at all levels and in all areas by chemists
and chemical engineers. People who were trained as chemi-
cal professionals often excel not only in chemical research
and production but also in the areas of personnel, market-
ing, sales, development, finance, and management. The
point is that much of what you learn in this course can
be applied to any field of endeavor. So be careful not to
take too narrow a view of this course. Try to look beyond
short-term frustration to long-term benefits. It may not be
easy to learn to be a good problem solver, but it's well worth
the effort.

See Problem 1.18

of each chapter). Use the self-check exercises to test whether you are
understanding the material as you go along.
There are questions and problems at the end of each chapter. The

questions review the basic concepts of the chapter and give you an oppor-
tunity to check whether you properly understand the vocabulary intro-
duced. Some of the problems are really just exercises that are very similar
to examples done in the chapter. If you understand the material in the
chapter, you should be able to do these exercises in a straightforward
way. Other problems require more creativity. These contain a knowledge
gap—some unfamiliar territory that you must cross—and call for thought
and patience on your part. For this course to be really useful to you, it is
important to go beyond the questions and exercises. Life offers us many
exercises, routine events that we deal with rather automatically, but the
real challenges in life are true problems. This course can help you become a more
creative problem solver.

As you do homework, be sure to use the problems correctly. If you cannot do a
particular problem, do not immediately look at the solution. Review the relevant mate-
rial in the text, then try the problem again. Don’t be afraid to struggle with a problem.
Looking at the solution as soon as you get stuck short-circuits the learning process.

Learning chemistry takes time. Use all the resources available to you, and study on a
regular basis. Don’t expect too much of yourself too soon. You may not understand every-
thing at first, and you may not be able to do many of the problems the first time you try
them. This is normal. It doesn’t mean you can’t learn chemistry. Just remember to keep
working and to keep learning from your mistakes, and you will make steady progress.

£
S
<
2
=]
2
=
E
=]
8
2]
=
2
©
El

Students discussing a chemistry
experiment.
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