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Chemistry is a fascinating and important subject that is challenging to teach 
and even more challenging to learn. Making this complex subject accessible 
to students without distortion is the challenge of the chemical educator, espe-
cially at the introductory level. Chemical Principles, Eighth Edition, provides 
a rigorous but understandable introduction to chemistry. It emphasizes con-
ceptual understanding, the importance of models, and thoughtful problem 
solving.

Chemical Principles is based on our experiences at the University of Illi-
nois teaching an accelerated general chemistry course for chemical sciences 
majors and other students who require a rigorous introductory course. These 
students typically have excellent credentials and a genuine aptitude for chem-
istry but only limited understanding of the fundamental concepts of chemistry. 
Although they may know how to solve stoichiometry and gas problems when 
they arrive in our courses, these students typically lack a thorough apprecia-
tion for the chemical principles that underlie these applications. This is not 
because they had inadequate preparation in high school; instead, we believe it 
results from the nature of chemistry itself—a subject that requires several 
passes before real mastery can take place.

Our mission in writing this text was to produce a book that does not as-
sume that students already know how to think like chemists. These students 
will eventually do complicated and rigorous thinking, but they must be 
brought to that point gradually. Thus this book covers the advanced topics (in 
gases, atomic theory, thermodynamics, and so on) that one expects in a course 
for chemical sciences majors, but it starts with the fundamentals and then 
builds to the level required for more complete understanding. Chemistry is not 
the result of an inspired vision. It is the product of countless observations and 
many attempts, using logic and trial and error, to account for these observa-
tions. In this book we develop key chemical concepts in the same way—to 
show the observations first and then discuss the models that have been con-
structed to explain the observed behavior. We hope students will practice 
“thinking like a chemist” by carefully studying the observations to see if they 
can follow the thought process, rather than just jumping ahead to the equation 
or model that will follow.

In Chemical Principles, Eighth Edition, we take advantage of the excellent 
math skills that these students typically possess. As a result, there are fewer 
worked-out examples than would be found in most mainstream books. The 
end-of-chapter problems cover a wide range—from drill exercises to difficult 
problems, some of which would challenge the average senior chemistry major. 
Thus instructors can tailor the problem assignments to the level appropriate 
for their students.

This text maintains a student-friendly approach without being patroniz-
ing. In addition, to demonstrate the importance of chemistry in real life, we 
have incorporated throughout the book a number of applications and recent 
advances in essay form.

Learning to Think Like a Chemist

xv
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xvi      Learning to Think Like a Chemist

New to This Edition
We continue to be pleased that the previous editions of the text have been well 
received. In response to comments from users, however, we have made some 
significant changes for the eighth edition.

n	 We have expanded Section 3.4 “Conceptual Problem Solving” to increase 
the emphasis on the importance of having students think their way through 
a problem.

n	 We have increased the discussion of how to use our problem-solving approach 
in the examples in Chapters 3 through 5 to model for the students the types 
of questions they should be asking and answering when solving problems.

n	 All examples have been checked and revised as needed, with titles being added.
n	 In the new Section 3.11, “Solving a Complex Problem,” we discuss at length 

a complex problem (that is, one which requires the students to utilize 
knowledge and understanding of many concepts). We also consider an alter-
native solution to show students that there is always more than one method 
to solve a complex problem.

n	 A more rigorous discussion of the mathematics involved in relating the 
number of microstates to the concept of entropy is included in Section 10.1.

n	 Critical Thinking questions have been added throughout the text to empha-
size the importance of conceptual learning.

n	 Several Chemical Insights and Chemistry Explorers features have been 
added or revised.

n	 Calculus-based derivations of integrated rate laws for zero-, first-, and 
second-order reactions have been added in Appendix 6.

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

n	 ChemWork problems have been added to the end-of-chapter problems 
throughout the text. These problems test the 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 series 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 com-
puter; rather, it encourages students to continue working through the hints 
to arrive at the answer. ChemWork problems in the text can be worked us-
ing the online system or as pencil-and-paper problems.

n	 All end-of-chapter questions and problems have been checked, rewritten, 
and updated as needed to comply with OWL v.2.

n	 The art program has been modified and updated as needed.

Organization
The early chapters in this book deal with chemical reactions. Stoichiometry is 
covered in Chapters 3 and 4, with special emphasis on reactions in aqueous 
solutions. The properties of gases are treated in Chapter 5, followed by cover-
age of gas phase equilibria in Chapter 6. Acid–base equilibria are covered in 
Chapter 7, and Chapter 8 deals with additional aqueous equilibria. Thermo-
dynamics is covered in two chapters: Chapter 9 deals with thermochemistry 
and the first law of thermodynamics; Chapter 10 treats the topics associated 
with the second law of thermodynamics. The discussion of electrochemistry 
follows in Chapter 11. Atomic theory and quantum mechanics are covered in 

81982_fm_i-xxii.indd   16 9/18/15   2:02 PM

Copyright 2017 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.



Learning to Think Like a Chemist      xvii

Chapter 12, followed by two chapters on chemical bonding and modern spec-
troscopy (Chapters 13 and 14). Chemical kinetics is discussed in Chapter 15, 
followed by coverage of solids and liquids in Chapter 16 and the physical 
properties of solutions in Chapter 17. A systematic treatment of the descriptive 
chemistry of the representative elements is given in Chapter 18 and of the 
transition metals in Chapter 19. Chapter 20 covers topics in nuclear chemistry, 
and Chapter 21 provides an introduction to organic chemistry and to the most 
important biomolecules.

Flexibility of Topic Order
We recognize that the order of the chapters in this text may not fit the order 
of the topics in your course. Therefore, we have tried to make the order as 
flexible as possible. In the courses that we have taught using the text, we have 
successfully used it in a very different order from the one the text follows. We 
would encourage you to use it in whatever order that serves your purposes.

Instructors have several options for arranging the material to comple-
ment their syllabi. For example, the section on gas phase and aqueous equi-
libria (Chapters 6–8) could be moved to any point later in the course. The 
chapters on thermodynamics can be separated: Chapter 9 can be used early 
in the course with Chapter 10 later. In addition, the chapters on atomic 
theory and bonding (Chapters 12–14) can be used near the beginning of the 
course. In summary, an instructor who wants to cover atomic theory early 
and equilibrium later might prefer the following order of chapters: 1–5, 9, 

Approach 1

Chapter 1    Chemists and Chemistry

Chapter 2    Atoms, Molecules, and Ions

Chapter 3    Stoichiometry

Chapter 4    Types of Chemical Reactions and Solution 
Stoichiometry

Chapter 5    Gases

Chapter 9    Energy, Enthalpy, and Thermochemistry

Chapter 12  Quantum Mechanics and Atomic Theory

Chapter 13  Bonding: General Concepts

Chapter 14  Covalent Bonding: Orbitals

Chapter 10  Spontaneity, Entropy, and Free Energy

Chapter 11  Electrochemistry

Chapter 6    Chemical Equilibrium

Chapter 7    Acids and Bases

Chapter 8    Applications of Aqueous Equilibria

Chapter 15  Chemical Kinetics

Chapter 16  Liquids and Solids

Chapter 17  Properties of Solutions

Chapter 18  The Representative Elements

Chapter 19  Transition Metals and Coordination  
Chemistry

Chapter 20  The Nucleus: A Chemist’s View

Chapter 21  Organic and Biochemical Molecules

Approach 2

Chapter 1    Chemists and Chemistry

Chapter 2    Atoms, Molecules, and Ions

Chapter 3    Stoichiometry

Chapter 4    Types of Chemical Reactions and Solution 
Stoichiometry

Chapter 5    Gases

Chapter 9    Energy, Enthalpy, and Thermochemistry

Chapter 12  Quantum Mechanics and Atomic Theory

Chapter 13  Bonding: General Concepts

Chapter 14  Covalent Bonding: Orbitals

Chapter 6    Chemical Equilibrium

Chapter 7    Acids and Bases

Chapter 8    Applications of Aqueous Equilibria

Chapter 10  Spontaneity, Entropy, and Free Energy

Chapter 11  Electrochemistry

Chapter 15  Chemical Kinetics

Chapter 16  Liquids and Solids

Chapter 17  Properties of Solutions

Chapter 18  The Representative Elements

Chapter 19  Transition Metals and Coordination  
Chemistry

Chapter 20  The Nucleus: A Chemist’s View

Chapter 21  Organic and Biochemical Molecules

Two approaches for teaching atomic theory earlier and equilibrium later in the course
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xviii      Learning to Think Like a Chemist

12, 13, 14, 10, 11, 6, 7, 8, 15–21. An alternative order might be: 1–5, 9, 12, 
13, 14, 6, 7, 8, 10, 11, 15–21. The point is that the chapters on atomic theory 
and bonding (12–14), thermodynamics (9, 10), and equilibrium (6, 7, 8) can 
be moved around quite easily. In addition, the kinetics chapter (Chapter 15) 
can be covered at any time after bonding. It is also possible to use Chapter 
20 (on nuclear chemistry) much earlier—after Chapter 12, for example—if 
desired.

Mathematical Level
This text assumes a solid background in algebra. All of the mathematical op-
erations required are described in Appendix One or are illustrated in worked-
out examples. A knowledge of calculus is not required for use of this text. 
Differential and integral notions are used only where absolutely necessary and 
are explained when they are used.

Supporting Materials
Please visit http://www.cengage.com/chemistry/zumdahl/chemprin8e for more 
information about student and instructor resources for this book and about 
custom versions.
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Chemistry. It is a word that evokes various, and often dramatic, responses. 
It is a word that is impossible to define concisely, because the field is so 
diverse and its practitioners perform such an incredible variety of jobs. 
Chemistry mainly deals with situations in which the nature of a sub-

stance is changed by altering its composition; entirely new substances are 
synthesized, or the properties of existing substances are enhanced.

There are many misconceptions about the practitioners of chemistry. 
Many people picture a chemist as a solitary figure who works in a laboratory 
and does not talk to anyone else for days at a time. Nothing could be further 
from the truth. Many chemists do indeed work in laboratories, but rarely by 
themselves. A typical day for a modern chemist would be spent as a member 
of a team solving a particular problem important to his or her company. This 
team might consist of chemists from various specialties, chemical engineers, 
development specialists, and possibly even lawyers. Figure 1.1 ▼ represents the 
people and organizations with which typical laboratory chemists might expect 
to interact in the course of their jobs.

On the other hand, many persons trained as chemists do not perform ac-
tual laboratory work but may work as patent lawyers, financial analysts, plant 
managers, salespeople, personnel managers, and so on. Also, it is quite common 
for a person trained as a chemist to have many different jobs during a career.

In Chapters 2 through 21 of this text we will concentrate on the formal 
discipline of chemistry—its observations, theories, and applications. The goal 
of Chapter 1 is to introduce some of the important aspects of chemistry not 
typically discussed in connection with learning chemistry. The chapter includes 
an introduction to the world of commercial chemistry and provides a couple 
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Typical chemists interact with a great 
variety of other people while doing 
their jobs. (Center photo: Photograph 
Courtesy of Argonne National 
Laboratory)
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1.2    A Real-World Chemistry Problem      3

of specific examples of the types of problems confronting the practitioners of 
the “chemical arts.’’ We begin by considering the chemical scientist as a prob-
lem solver.

1.1    Thinking Like a Chemist
Much of your life, both personal and professional, will involve problem solv-
ing. Most likely, the more creative you are at solving problems, the more effec-
tive and successful you will be. Chemists are usually excellent problem solvers 
because they get a lot of practice. Chemical problems are frequently very  
complicated—there is usually no neat and tidy solution. Often it is difficult to 
know where to begin. In response to this dilemma, a chemist makes an edu-
cated guess (formulates a hypothesis) and then tests it to see if the proposed 
solution correctly predicts the observed behavior of the system. This process 
of trial and error is virtually a way of life for a chemist. Chemists rarely solve 
a complex problem in a straightforward, elegant manner. More commonly, 
they poke and prod the problem and make progress only in fits and starts.

It’s very important to keep this in mind as you study chemistry. Although 
“plug and chug” exercises are necessary to familiarize you with the relation-
ships that govern chemical behavior, your ultimate goal should be to advance 
beyond this stage to true problem solving. Unfortunately, it is impossible to 
give a formula for becoming a successful problem solver. Creative problem 
solving is a rather mysterious activity that defies simple analysis. However, it 
is clear that practice helps. That’s why we will make every attempt in this text 
to challenge you to be creative with the knowledge of chemistry you will be 
acquiring. Although this process can be frustrating at times, it is definitely 
worth the struggle—both because it is one of the most valuable skills you can 
develop and because it helps you test your understanding of chemical con-
cepts. If your understanding of these concepts is not sufficient to allow you to 
solve problems involving “twists’’ that you have never encountered before, 
your knowledge is not very useful to you. The only way to develop your cre-
ativity is to expose yourself to new situations in which you need to make new 
connections. A substantial part of creative problem solving involves develop-
ing the confidence necessary to think your way through unfamiliar situations. 
You must recognize that the entire solution to a complex problem is almost 
never visible in the beginning. Typically, one tries first to understand pieces of 
the problem and then puts those pieces together to form the solution.

1.2    A Real-World Chemistry Problem
As discussed, the professional chemist is primarily a problem solver—one who 
daily confronts tough, but fascinating, situations that must be understood. To 
illustrate, we will consider an important current problem that requires chemical 
expertise to solve: the crumbling of the paper in many of the books published 
in the past century. The pages of many of these books are literally falling apart. 
To give some perspective on the magnitude of the problem, if the books in the 
New York Public Library were lined up, they would stretch for almost 100 
miles. Currently, about 40 miles of these books are quietly crumbling to dust.

Because of the magnitude of this problem, the company that develops a 
successful preservation process will reap considerable financial rewards, in 
addition to performing an important service to society. Assume that you work 
for a company that is interested in finding a method for saving the crumbling 
paper in books and that you are put in charge of your company’s efforts to 
develop such a process. What do you know about paper? Probably not much. 
So the first step is to go to the library to learn all you can about paper. Because Acid-damaged paper.
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4      Chapter 1    Chemists and Chemistry

paper manufacturing is a mature industry, a great deal of information is avail-
able. Research at the library will show that paper is made of cellulose obtained 
from wood pulp and that the finished paper is “sized’’ to give it a smooth 
surface that prevents ink from “fuzzing.’’ The agent typically used for sizing is 
alum [Al2(SO4)3], which is the cause of the eventual decomposition of the pa-
per. This happens as follows: In the presence of moisture, the Al31 ions from 
alum become hydrated, forming Al(H2O)6

31. The Al(H2O)6
31 ion acts as an 

acid because the very strong Al31
OO bond causes changes in the OOH bonds 

of the attached water molecules, thus allowing H1 ions to be produced by the 
following reaction:

Al(H2O)6
31  34  [Al(OH)(H2O)5]21 1 H1

Therefore, paper sized with alum contains significant numbers of H1 ions. This 
is important because the H1 assists in the breakdown of the polymeric cellulose 
structure of paper. Cellulose is composed of glucose molecules (C6H12O6) 
bonded together to form long chains. A segment of cellulose is shown in 
Fig. 1.2 ▶. When the long chains of glucose units in cellulose are broken into 
shorter pieces, the structural integrity of the paper fails and it crumbles.

Although library research helps you to understand the fundamentals of the 
problem, now the tough part (and the most interesting part) begins. Can you find 
a creative solution to the problem? Can the paper in existing books be treated to 
stop the deterioration in a way that is economical, permanent, and safe?

The essence of the problem seems to be the H1 present in the paper. How 
can it be removed or at least rendered harmless?

Your general knowledge of chemistry tells you that some sort of base (a 
substance that reacts with H1) is needed. One of the most common and least 
expensive bases is sodium hydroxide. Why not dip the affected books in a 
solution of sodium hydroxide and remove the H1 by the reaction: H1 1 OH2 n  
H2O? This seems to be a reasonable first idea, but as you consider it further 
and discuss it with your colleagues, several problems become apparent:

	1.	 The NaOH(aq) is a strong base and is therefore quite corrosive. It will 
destroy the paper by breaking down the cellulose just as acid does.
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1.2    A Real-World Chemistry Problem      5

	2.	 The book bindings will be destroyed by dipping the books in water, and 
the pages will stick together after the books dry.

	3.	 The process will be very labor-intensive, requiring the handling of indi-
vidual books.

Some of these difficulties can be addressed. For example, a much weaker 
base than sodium hydroxide could be used. Also, the pages could be removed 
from the binding, soaked one at a time, dried, and then rebound. In fact, this 
process is used for some very rare and valuable books, but the labor involved 
makes it very expensive—much too expensive for the miles of books in the 

Figure 1.2
The polymer cellulose, which consists 
of b-d-glucose monomers. (Source: 
Laguna Design/Science Source)
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6      Chapter 1    Chemists and Chemistry

New York Public Library. Obviously, this process is not what your company is 
seeking.

You need to find a way to treat large numbers of books without disas-
sembling them. How about using a gaseous base? The books could be sealed 
in a chamber and the gaseous base allowed to permeate them. The first candi-
date that occurs to you is ammonia, a readily available gaseous base that reacts 
with H1 to form NH4

1:

NH3 1 H1  88n  NH4
1

This seems like a very promising idea, so you decide to construct a pilot treat-
ment chamber. To construct this chamber, you need some help from cowork-
ers. For example, you might consult a chemical engineer for help in the design 
of the plumbing and pumps needed to supply ammonia to the chamber. You 
might also consult a mechanical engineer about the appropriate material to use 
for the chamber and then discuss the actual construction of the chamber with 
machinists and other personnel from the company’s machine shop. In addi-
tion, you probably would consult a safety specialist and possibly a toxicologist 
about the hazards associated with ammonia.

Before the chamber is built, you also have to think carefully about how to 
test the effectiveness of the process. How could you evaluate, in a relatively 
short time, how well the process protects paper from deterioration? At this 
stage, you would undoubtedly do more library research and consult with other 
experts, such as a paper chemist your company hires as an outside consultant.

Assume now that the chamber has been constructed and that the initial tests 
look encouraging. At first the H1 level is greatly reduced in the treated paper. 
However, after a few days the H1 level begins to rise again. Why? The fact that 
ammonia is a gas at room temperature (and pressure) is an advantage because 
it allows you to treat many books simultaneously in a dry chamber. However, 
the volatility of ammonia works against you after the treatment. The process

NH4
1  88n  NH3h 1 H1

allows the ammonia to escape after a few days. Thus this treatment is too 
temporary. Even though this effort failed, it was still useful because it provided 
an opportunity to understand what is required to solve this problem. You need 
a gaseous substance that permanently reacts with the paper and that also 
consumes H1.

In discussing this problem over lunch, a colleague suggests the compound 
diethyl zinc [(C2H5)2Zn], which is quite volatile (boiling point 5 117°C) and 
which reacts with water (moisture is present in paper) as follows:

(C2H5)2Zn 1 H2O  88n  ZnO 1 2C2H6

The C2H6 (ethane) is a gas that escapes, but the white solid, ZnO, becomes an 
integral part of the paper. The important part of ZnO is the oxide ion, O22, 
which reacts with H1 to form water:

O22 1 2H1  88n  H2O

Thus the ZnO is a nonvolatile base that can be placed in the paper by a gas-
eous substance. This process seems very promising. However, the major disad-
vantage of this process (there are always disadvantages) is that diethyl zinc is 
very flammable and great care must be exercised in its use. This leads to an-
other question: Is the treatment effective enough to be worth the risks in-
volved? As it turns out, the Library of Congress used diethyl zinc until 1994, 
but the process was discontinued because of its risks. Since then, a process 
known as Bookkeeper has been used. In this process, the book is immersed 
into a suspension of magnesium oxide (MgO). Small particles (submicron) of 
MgO are deposited in the pages, and these neutralize the acid and, like ZnO 
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1.3    The Scientific Method      7

formed from diethyl zinc, become an integral part of the paper. The advantages 
are the simplicity of the application and the safety of the method.

The type of problem solving illustrated by investigation of the acid decom-
position of paper is quite typical of that which a practicing chemist confronts 
daily. The first step in successful problem solving is to identify the exact nature 
of the problem. Although this may seem trivial, it is often the most difficult 
and most important part of the process. Poor problem solving often results 
from a fuzzy definition of the problem. You cannot efficiently solve a problem 
if you do not understand the essence of the problem. Once the problem is well 
defined, then solutions can be advanced, usually by a process of intelligent trial 
and error. This process typically involves starting with the simplest potential 
solution and iterating to a final solution as the feedback from earlier attempts 
is used to refine the approach. Rarely, if ever, is the solution to a complex 
problem obvious immediately after the problem is defined. The best solution 
becomes apparent only as the results from various trial solutions are evalu-
ated. A schematic summarizing the approach for dealing with the acid decom-
position of paper is shown in Fig. 1.3 ▲.

1.3    The Scientific Method
Science is a framework for gaining and organizing knowledge. Science is not 
simply a set of facts but is 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. The process that lies at the center of scientific inquiry is called 
the scientific method. There are actually many scientific methods depending 
on the nature of the specific problem under study and on the particular 
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8      Chapter 1    Chemists and Chemistry

investigator involved. However, it is useful to consider the following general 
framework for a generic scientific method:

Steps	 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 100°C; a certain chemistry 
book weighs 2 kilograms). A qualitative observation does not involve a 
number. A quantitative observation (called a measurement) involves both 
a number and a unit. ◀

See Appendix A1.6 for conventions 
regarding the use of significant figures 
in connection with measurements and 
the calculations involving measurements. 
Appendix 2 discusses methods for con-
verting among various units.

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

3	 Making predictions. The hypothesis then is used to make a prediction that 
can be tested by performing an experiment.

4	 Performing experiments. An experiment is carried out to test the hypoth-
esis. This involves gathering new information that enables a scientist to 
decide whether the hypothesis is correct—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 begin-
ning again.

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?

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

As scientists observe nature, they often see that the same observation ap-
plies to many different systems. For example, 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. This law tells us what happens, but 
it does not tell us why. To try to explain why, we continue to make observa-
tions, formulate hypotheses, and test these against observations.

Once a set of hypotheses that agree with the various observations is ob-
tained, the hypotheses 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. ◀

This portrayal of the classical scientific 
method probably overemphasizes the 
importance of observations in current 
scientific practice. Now that we know a 
great deal about the nature of matter, 
scientists often start with a hypothesis 
that they try to refute as they push for-
ward the frontiers of science. See the 
writings of Karl Popper for more informa-
tion on this view.

It is very important to distinguish between observations and theories. An 
observation 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. For example, in Chapter 2 we will read about Dalton’s atomic theory, in 
which John Dalton proposed that a chemical reaction is a reorganization of 
atoms in reacting substances to produce new substances. As we discussed, we 
know that mass is conserved (it is a natural law), and we can explain it by 
claiming that all matter is made of nonchanging atoms (the theory).

Theories inevitably change as more information becomes available. For 
example, we will also see in Chapter 2 that with further experimentation and 
observations, the atomic theory came to include subatomic particles—electrons, 

81982_ch01_0001-0014.indd   8 9/18/15   1:42 PM

Copyright 2017 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.



1.3    The Scientific Method      9

protons, and neutrons. The “indivisible” atom of Dalton is not indivisible after 
all. We see the idea of changing theories in all realms of science. 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 motions 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 behav-
ior. They continue doing experiments to refine or replace the existing theories. 
This is generally done by using the currently accepted theory to make a predic-
tion and then performing an experiment (making a new observation) to see 
whether the results bear out this prediction.

Always remember that theories (models) are human inventions. They repre-
sent attempts to explain observed natural behavior in terms of human experi-
ences. 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 nearly complete understanding of nature.

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 smoothly and efficiently. For one thing, hypotheses 
and observations are not totally independent of each other, as we have as-
sumed in the description of the idealized scientific method. The coupling of 

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

The problem arose because two teams work-
ing 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 kilometers 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-liter 
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 pounds of fuel into the aircraft 
instead of 22,300 kilograms. Remember to watch 
your units!

Critical Units! Chemical Insights

Artist’s conception of the lost Mars Climate Orbiter.
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Figure 1.4
The various parts of the scientific 
method.
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