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LIST OF ELEMENTS WITH THEIR SYMBOLS AND ATOMIC MASSES

A mass value which is enclosed in parentheses is the mass number for the most stable isotope of an element that is laboratory produced rather than naturally 
occurring.
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PREFACE

Introduction to Chemical Principles is a text for students who have had little or no previous instruction in 
chemistry' or whose instruction was so long ago that a thorough review is needed. The text’s purpose is to 
give students the background (and confidence) needed for a subsequent successful encounter with a main 
sequence, college-level, general chemistry course.

Many texts written for preparatory’ chemistry courses are simply watered-down versions of general 
chemistry' texts: They' treat almost all topics found in the general chemistry' course, but at a superficial 
level. Introduction to Chemical Principles does not fit this mold. My philosophy' is that it is better to treat 
fewer topics extensively and have the student understand those topics in greater depth. I resisted the very’ 
real temptation to include lots of additional concepts in this new edition. Instead, my focus for this edition 
was on rewriting selected portions to improve the clarity of presentation.

NEW FEATURES OF THE ELEVENTH EDITION

• “Chemical Insights” are used to bridge the gap between mathematics and chemistry. This 
new “insight” feature, which is appended to many of the worked-out example problems in the text that 
involve calculations, focuses on the element or compound that is the subject of the calculation. These 
insights give information on the subject element’s/compound’s occurrence, its properties and uses, its 
relationship to the environment, its relationship to living systems (biochemistry’), and so on. It is easy 
for students to become so involved in the mathematics of problem solving that they completely’ forget 
about the “realness” of the type of matter that is the subject of the calculation. There are 85 total insights 
which address this “realness” issue.

• A “Student Learning Focus” feature is used as a mini study guide for students. These learning 
objectives, found at the start of all sections of all chapters, “pinpoint” for the student what it is hoped 
they will gain by study of the given section.

• New Worked-Out Example Problems. Nineteen of the 236 worked-out example problems in the 
text are new. Worked-out-in-detail example problems with their extensive commentary’ constitute 
one of the greatest strengths of the text.

• Extensive revision of “End-of-Chapter Problem Sets.” Although the total number of end-of- 
chapter problems, which already exceeds that of most other similar texts, has not increased signifi­
cantly, almost 500 of the previous edition’s 2200 problems have lx?en replaced with new problems. 
A special effort was made to create new problems that address specifically the “core concepts” as­
sociated with a given chapter section’s subject matter. In most chapters several of the newly’ added 
problems involve presentation of data in a “visual form” rather than in a “sentence form.” Many of the 
“visual problems” involve situations where reasoning, with little or no calculation, is needed to test a 
student’s grasp of a key concept.

Content changes to individual chapters. After ten successful editions of Introduction to Chemical 
Principles, the need for drastic alterations in chapter ordering and chapter content does not exist. Changes 
that have l)een made relate to “fine tuning" of the presentation of the subject matter. Among the most impor­
tant changes to this edition are the following:

• Chapters 4 and 5: The last four sections of chapter 4 of the previous edition (atoms, molecules, 
and chemical formulas) has been moved to the start of Chapter 5. Material concerning unstable 
nuclei previously' found in chapter 5 has been deleted

• Chapter 13: Material dealing with the use of the molarity' concentration unit in chemical calculations 
now immediately follows the introduction of the concept of molarity’. Previously this material was 
found at the end of the chapter.

xiii
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IMPORTANT CONTINUING FEATURES IN THE ELEVENTH EDITION

1. Development of each topic starts out at ground level. Because of the varied degrees of under­
standing of chemical principles possessed by students taking a preparatory chemistry' course, each 
topic is developed step by' step from ground level until the level of sophistication required for a 
further chemistry' course is attained.

2. Problem-solving pedagogy is based on dimensional analysis. Over forty years of reaching 
experience suggest to me that student “troubles” in general chemistry courses are almost always cen­
tered on the inability’ to set up and solve problems. Whenever possible, I use dimensional analysis in 
problem solving. This method, which requires no mathematics beyond arithmetic and elementary al­
gebra, is a powerful and widely' applicable problem-solving tool. Most important, it is a method that 
an average student can master with an average amount of diligence. Mastering dimensional analysis 
also helps build the confidence that is so valuable for future chemistry courses.

3. Detailed commentary accompanies all worked-out example problems. In all chapters, one or 
more worked-out example problems follow the presentation of key' concepts. These examples walk 
students through the thought processes involved in solving the particular type of problem. Detailed 
commentary accompanies all of the steps involved in solving a problem.

4. “Answer Double Check” feature. Over half (60%) of the texts worked-out examples are enhanced 
by’ the feature called “answer double check.” The purpose of this feature, which is appended to the end 
of the worked-out example discussion, is to encourage students to consider whether the answer they 
obtain in working a problem is a reasonable answer in terms of items such as numerical magnitude, 
number of significant figures present, sign convention (plus or minus), and direction of change (increase 
or descrease). An unreasonable answer is often a sign that a calculator error has been made.

5. Significant-figure concepts are emphasized in all problem-solving situations. Routinely, 
electronic calculators display’ answers that contain more digits than are needed or acceptable. In all 
worked-out examples, students are reminded about these unneeded digits by the appearance of two 
answers to the example: the calculator answer (which does not take into account significant figures) 
and, in color, the correct answer (which is the calculator answer adjusted to the correct number of 
significant figures).

6. Operation rules for standardizing uncertainty in numbers are used. Students often experi­
ence a relatively' high degree of frustration when they correctly solve a problem and yet obtain an 
answer that differs slightly from the one given in the answer section at the back of the book. They 
want to get the exact number shown in the answer section. Most often the discrepancy is due to 
differing degrees of uncertainty in the input numbers used for the calculation, for example, in mo­
lecular mass values. To minimize such frustration, operational rules have been introduced for stan­
dardizing uncertainty' in input numbers. The standard mode of operation is always (1) to round all 
atomic masses to hundredths before using them in molecular mass calculations, and (2) to specify' 
frequently used numbers, such as Avogadro’s number, molar volume, and the ideal gas constant to 
four significant figures. Using these operational rules for input numbers, student answers will match 
the back-of-the-book answers to the last significant digit.

7. Defined terms always appear in self-standing complete sentences. All definitions are high­
lighted in the text when they are first presented, using boldface and italic type. Each defined term 
appears as a complete sentence; students are never required to deduce a definition from context. In 
addition, the definitions of all terms appear in a separate glossary’ found at the end of the text. All 
defined terms have been reexamined to see if they could be stated with greater clarity’. The result is 
a rewording of many defined terms. In addition, the number of defined terms has been increased. 
There are 29 new or modified definitions in this new edition of the text.

8. All end-of-chapter exercises occur in matched pairs. In essence, each chapter has two inde­
pendent, but similar, problem sets. Counting subparts to problems, there are over 5000 questions 
and problems available for students to use in their journey to proficient problem solving. Answers 
to all of the odd-numbered problems are found at the end of the text. Thus, two problem sets exist, 
one with answers and one without.
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9- “Multiple-Choice Practice Test” feature. The emphasis in this text has always l>een and still is 
on working problems from scratch. Some, but certainly not all instructors, use this same approach 
when giving class examinations. A multiple-choice question examination is another common type 
of examination given. To aid students whose examinations involve multiple-choice examinations, 
a 20-question "multiple-choice practice test” in included as the last feature in each chapter. It is in­
tended that students use this feature as an aid in reviewing subject matter for an upcoming multiple­
choice examination.

10. Historical vignettes are used to address some of the “people aspects” of chemistry. These 
vignettes, entitled "The Human Side of Chemistry,” are brief biographies of scientists who helped de­
velop the foundations of modern chemistry. In courses such as the one for which this text is written, 
it is very easy for students to completely lose any feeling for the people involved in the development 
of the subject matter they are considering. If it were not for the contributions of these people, many 
of whom worked under adverse conditions, chemistry would not be the central science that it is 
today.

11. Marginal notes are used extensively. The two main functions of the marginal notes are (1) to 
summarize key concepts and often give help for remembering concepts or distinguishing between 
similar concepts, and (2) to provide additional details, links between concepts, or historical informa­
tion about the concepts under discussion.

SUPPLEMENTS
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Instructor Solutions Manual (download only): (ISBN: 0321815130) by Nancy J. Gardner, California 
State University-Long Beach. Contains full solutions to all of the end-of-chapter problems in the text.
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For the Student
Student Solutions Manual: (ISBN: 0321815122) by Nancy J. Gardner, California State University- 
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The Science of Chemistry

1.1 Chemistry—A Scientific Discipline
1.2 Scientific Research and Technology
1.3 The Scope of Chemistry
1.4 How Chemists Discover Things—The Scientific Method
1.5 The Limitations of the Scientific Method
1.6 Application Limitations for Methods of Science

1.1 CHEMISTRY—A SCIENTIFIC DISCIPLINE

Student Learning Focus: Understand the relationship of the scientific discipline called chemistry to 
other scientific disciplines and be familiar with the sub-structuring that occurs with the discipline 
of chemistry.

Chemistry is part of a larger body of knowledge called science. Science is the study in 
which humans attempt to organize and explain, in a systematic and logical manner, 
knowledge about themselves and their surroundings.

Because of the enormous scope of science, rhe sheer amount of accumulated 
knowledge, and the limitations of human mental capacity to master such a large and 
diverse body of knowledge, science is divided into smaller subdivisions called scientific 
disciplines. A scientific discipline fs a branch of science limited in size and scope to 
make it more manageable. Examples of scientific disciplines are chemistry, astronomy, 
botany, geology, physics, and zoology.

Figure 1.1 shows an organizational chart, with emphasis on chemistry, for the vari­
ous scientific disciplines. These disciplines can be grouped into physical sciences (the 
study of matter and energy) and biological sciences (the study of living organisms). 
Chemistry is a physical science.

Rigid boundaries between scientific disciplines do not exist. All scientific disciplines 
borrow information and methods from each other. No scientific discipline is totally inde­
pendent. Environmental problems that scientists have encountered in the last two decades

1
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FIGURE 1.1 An 
organizational 
chart showing the 
relationship of the 
scientific discipline 
called chemistry 
to other scientific 
disciplines and also 
the sub-structuring 
that occurs within the 
discipline of chemistry.

Physical Sciences 
Study of Matter and Energy

Biological Sciences 
Study of Living Organisms

Analytical
1

General Inorganic Organic Physical

1
Analysis Fundamental Noncarbon- Carbon- Energy

and laws containing containing changes
composition and concepts substances substances

particularly show the interdependence of the various scientific disciplines. For example, 
chemists attempting to solve the problems of chemical contamination of the environment 
find that they need some knowledge of geology, zoology, and botany. It is now common 
to talk not only of chemists, but also of geochemists, biochemists, chemical physicists, 
and so on. The middle portion of Figure 1.1 shows the overlap of the other scientific dis­
ciplines with chemistry.

Discipline overlap requires that scientists, in addition to having in-depth knowledge 
of a selected discipline, also have limited knowledge of other disciplines. Discipline over­
lap also explains why a great many college students are required to study chemistry. One 
or more chemistry courses are required because of their applicability to the disciplines in 
which the student has more specific interest.

The body' of knowledge found within the scientific discipline of chemistry is itself 
vast. No one can hope to master completely all aspects of chemical knowledge. However, 
the fundamental concepts of chemistry can be learned in a relatively’ short period of time.

The vastness of chemistry’ is sufficiently large that it. like most scientific disciplines, 
is partitioned into subdisciplines. The lower portion of Figure 1.1 shows the five funda­
mental branches of chemistry: analytical, general, inorganic, organic, and physical. Most 
of the subject matter of this textbook falls within the realm of general chemistry, the fun­
damental laws and concepts of chemistry.

The American Chemical Society’ (ACS) is the largest scientific organization in the 
world. Examination of the names of the 33 subdivisions of ACS (see Table 1.1) further
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TABLE 1.1 Names of the Divisions of the American Chemical Society

Agricultural and Food Chemistry

Agrochemicals

Analytical Chemistry

Biochemical Technology

Biological Chemistry

Business Development and Management

Carbohydrate Chemistry

Catalysis Science and Technology

Cellulose and Renewable Materials

Fluorine Chemistry

Fuel Chemistry

Geochemistry

History of Chemistry

Industrial and Engineering Chemistry

Inorganic Chemistry

Medicinal Chemistry

Nuclear Chemistry and Technology

Organic Chemistry

Chemical Education Petroleum Chemistry

Chemical Health and Safety

Chemical Information

Physical Chemistry

Polymer Chemistry

Chemical Toxicology 

Chemistry and the Law 

Colloid and Surface Science

Polymeric Materials: Science and Engineering

Professional Relations

Rubber

Computers in Chemistry

Environmental Chemistry

Small Chemical Businesses

illustrates the wide diversity of subject matter and activities encompassed within the dis­
cipline of chemistry.

1.2 SCIENTIFIC RESEARCH AND TECHNOLOGY

Student Learning Focus: Understand how the fields of basic scientific research and applied sci­
entific research differ from each other and how the concepts of applied chemical research and 
technology are related.

The basic activity through which new knowledge is added to rhe various scientific disci­
plines, including chemistry, is that of scientific research. Scientific research is the pro­
cess of methodical investigation into a subject in order to discover new information about 
the subject. There are two general types of scientific research—basic and applied. Basic 
scientific research is research whose major focus is the discovery of new fundamental 
information about humans and other living organisms and the universe in which they 
live. The number of scientists involved in basic scientific research is small compared to 
those involved in applied scientific research. Most scientists function in the area of ap­
plied scientific research. Applied chemical research is research whose major focus is the 
discovery of products and processes that can be used to benefit humankind.

In many ways, basic scientific research is the precursor to applied scientific research. 
The former is the lifeline that supplies the latter with new ideas on which to work. No 
change in quality of life results from basic scientific research endeavors unless something 
is done with the body of information that accumulates. Use of this information for the 
betterment of humankind is the role of applied chemical research and the ensuing tech­
nology that results from it. Technology is the application of applied chemical research to 
the production of new products to improve human survival, comfort, and quality of life.
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Whether or not a given 
piece of scientific knowl­
edge is technologically 
used for beneficial or 
detrimental purposes de­
pends on the motives of 
those men and women, 
whether in industry or 
government, who have 
the decision-making 
authority. In democratic 
societies, citizens (the 
voters) can influence 
many technological 
decisions. It is important 
for citizens to become 
informed about scientific 
and technological issues.

Technological advances began affecting our society' more than 200 years ago, and new 
advances still continue, at an accelerating pace, to have a major impact on human society’.

Both benefits and detriments can be obtained from the same piece of scientific 
knowledge, depending on the technology used to put it to work. For example, knowledge 
concerning the closely’ related structures of the naturally-occurring substances morphine 
and codeine, obtained through basic research, has led to the development of several im­
portant codeine-derivatives currently used in modern medicine as prescription painkillers 
(hydrocodone and oxycodone) as well as the synthesis of the illegal drug heroin, whose 
structure parallels closely that of morphine.

1.3 THE SCOPE OF CHEMISTRY

Student Learning Focus: Be able to list several areas in which chemistry applications are important 
to human beings.

Although chemistry is concerned with only a part of the scientific knowledge that has 
been accumulated, it is in itself an enormous and broad field. Chemistry’ touches all parts 
of our lives.

Many’ of the clothes we wear are made from synthetic fibers produced by chemical 
processes. Even natural fibers, such as cotton or wool, are the products of naturally’ occur­
ring chemical reactions within living systems. Our transportation usually involves vehicles 
powered with energy obtained by burning chemical mixtures such as gasoline or diesel 
and jet fuels. The drugs used to cure many’ of our illnesses are the result of chemical re­
search. The paper on which this textbook is printed was produced through a chemical 
process, and the ink used in printing the words and illustrations is a mixture of many 
chemicals. Almost all of our recreational pursuits involve objects made of materials pro­
duced by’ chemical industries. Skis, boats, basketballs, bowling balls, musical instruments, 
and television sets all contain materials that do not occur naturally, but are products of 
human technological expertise.

Our bodies are a complex mixture of chemicals. The principles of chemistry are 
fundamental to an understanding of all processes of the living state. Chemical secretions 
(hormones) produced within our bodies help determine our outward physical character­
istics such as height, weight, and appearance. Digestion of food involves a complex series 
of chemical reactions. Food itself is an extremely complicated array of chemical sub­
stances. Chemical reactions govern our thought processes and how knowledge is stored 
in and retrieved from our brains. In short, chemistry’ runs our lives.

A formal course in chemistry’ can be a fascinating experience because it helps us 
understand ourselves and our surroundings. We cannot truly understand or even know- 
very’ much about the world we live in or about our own bodies without being conversant 
with the fundamental ideas of chemistry.

1.4 HOW CHEMISTS DISCOVER THINGS—THE SCIENTIFIC METHOD

Student Learning Focus: List procedural steps associated with the problem-solving approach called 
the scientific method and distinguish among the terms experiment, scientific fact, scientific law, 
scientific hypothesis, and scientific theory.

There is no one single correct way to do scientific research, be it basic or applied 
(Sec. 1.2). Different scientists often have different approaches to solving the same 
problem. However, the various approaches used always have embodied within them 
a number of common characteristics that constitute the problem-solving approach 
known as the scientific method.
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The scientific method is a set of general procedures based on experimentation and 
observation used to acquire scientific knowledge and explain natural phenomena. The 
procedural steps in the scientific method are as follows:

1. Identify the problem, break it into small parts, and carefully plan procedures to ob­
tain information about all aspects of this problem.

2. Collect data concerning the problem through observation and experimentation (see 
Figure 1.2).

3. Analyze and organize the data in terms of general statements (generalizations) that 
summarize the experimental observations.

4. Suggest probable explanations for the generalizations.
5. Experiment further to prove or disprove the proposed explanations.

On occasion, a great discovery is made by accident, but the majority of scientific 
discoveries are the result of the application of these five steps over long periods of 
time. There are no instantaneous steps in the scientific method: applying them requires 
considerable amounts of time. Even in those situations where luck is involved, it must 
be remembered that chance favors the prepared mind. To take full advantage of an 
accidental discovery, a person must be well trained in the procedures of the scientific 
method.

The imagination, creativity, and mental attitude of a scientist using the scientific 
method are always major factors in scientific success. The procedures of the scientific 
method must always be enhanced with the abilities of a thinking scientist.

There are special vocabulary terms associated with the scientific method and its use. 
This vocabulary includes the terms experiment, scientific fact, scientific law, scientific 
hypothesis, and scientific theory. An understanding of the relationships among these terms 
is the key to a real understanding of how to obtain chemical knowledge.

Experiments, Observations, and Data
The beginning step in the search for chemical knowledge is the identification of an as­
pect of a chemical system that needs study. After determining what other chemists have 
already learned about the selected situation, a chemist sets up experiments for obtaining

Although two different 
scientists rarely approach 
the same problem in ex­
actly the same way, there 
are always similarities in 
their approaches. These 
similarities are the proce­
dures associated with the 
scientific method.

FIGURE 1.2 Chemistry 
is an experimental 
science. Most 
discoveries in 
chemistry are made 
through analysis of 
data obtained from 
experiments carried 
out in laboratories. 
(iStockphoto)
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more information. An experiment is a well-defined, controlled procedure for obtaining 
information about a system under study.

Performing an experiment involves making careful observations about a system 
under study. An observation is a statement that describes something we see, hear, smell, 
taste, or feel. Instrumentation is most often used as an aid in making observations. 
Observations obtained while performing an experiment are called data. Such data may’ 
lx? qualitative or quantitative, with the latter being preferred. Qualitative data is non- 
nu merical data consisting of general observations about a system under study. The ob­
servation that ice is less dense than liquid water is an example of qualitative information 
about a system. Quantitative data is numerical data obtained by various measurements 
on a system under study. The information that ice has a density of 0.9170 grams per cubic 
centimeter at 0°C whereas liquid water has a density’ of 0.9999 grams per cubic centimeter 
at the same temperature represents quantitative data. Quantitative observations are more 
useful than qualitative ones because they can be compared with each other and trends or 
patterns in information can be seen.

An experiment typically involves study’ of at least two quantities, that is, variables 
that have changing values. Usually, the effect of change in one variable on another vari­
able, with all other variables held constant, is measured. For example, the effect that 
temperature change has on the density’ of a fixed quantity’ of a gas, with pressure held 
constant, can be measured.

A well-designed experiment is always performed under controlled conditions, that 
is, the values of all variables are always noted, not just those that are changing. When 
such is the case, the experimental data can be reproduced, if needed, by repeating the 
experiment.

EXAMPLE 1.1 Distinguishing between Qualitative 
and Quantitative Data

Classify each of the following pieces of information as qualitative data or quan­
titative data.

a. The patient’s high fever has reached 105.3°F.
b. The cricket is chirping more loudly’ tonight than last night.
c. The package of candy contains about 200 gummi bears.

SOLUTION
a. Quantitative data—the temperature was measured with a thermometer.
b. Qualitative data—no measurement was made.
c. Qualitative data—even though a number is specified, it is an estimated number 

rather than a measured number.

Scientific Facts

The individual pieces of new information (data) about a system under study, obtained 
by carrying out experimental procedures, are called scientific facts. A scientific fact 
is a reproducible piece of data about some natural phenomenon that is obtained from 
experimentation. Note the word reproducible in this definition. If a given experiment is 
repeated under exactly the same conditions, the same results (scientific facts) should be 
obtained. To be acceptable, all scientific facts must be verifiable by anyone who has the 
time, means, and knowledge needed to repeat the experiments that led to their discovery’.
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It is important that scientific data be published so that other scientists have the 
opportunity to critique and double-check both the data and experimental design. The 
most common publication avenue is that of articles in scientific journals. Other com­
munication avenues include papers presented at scientific meetings and specialized 
textbooks. Communication of research results to other scientists is as important as the 
actual obtaining of the results in the laboratory.

Scientific Laws
After obtaining scientific facts through experimentation, a scientist then makes an 
effort to determine ways in which the scientific facts about a given system relate both 
to each other and to scientific facts known about similar systems. Repeating patterns 
often emerge among the collected scientific facts. These patterns that describe the 
behavior of chemical systems under specific conditions are called scientific laws. A 
scientific law is a generalization that summarizes scientific facts about a natural 
phenomenon.

Do not assume that scientific laws are easy to discover. Often, many years of work 
and thousands of facts are needed before the true relationships among variables in the 
area under study emerge.

A scientific law is a description of what happens in a given type of experiment. No 
new understanding of nature results from simply stating a scientific law. A scientific law 
merely summarizes already known observations (scientific facts).

A scientific law can be expressed either as a verbal statement or as a mathematical 
equation. An example of a verbally stated scientific law is “If hot and cold pieces of metal 
are placed in contact with each other, the temperature of the hot piece always decreases 
and the temperature of the cold piece always increases.”

It is important to distinguish between the use of the word law in science and its 
use in a societal context. Scientific laws are discovered by research (see Fig. 1.2), and re­
searchers have no control over what the laws turn out to be. Societal laws, which are de­
signed to control aspects of human behavior, are arbitrary conventions agreed upon (in a 
democracy) by the majority of those to whom the laws apply. These laws can be and are 
changed when necessary. For example, the speed limit for a particular highway (a societal 
law) can lx? decreased or increased for various safety or political reasons.

Scientific Hypotheses
There is no mention in a scientific law about why the occurrence described happens. The 
scientific law simply summarizes experimental observations without attempting to clarify 
the reasons for the occurrence. Chemists and other scientists are not content with such 
a situation. They want to know why a certain type of observation is always made. Thus, 
after a scientific law is discovered, scientists work out plausible, tentative explanations of 
the behavior encompassed by the scientific law. These explanations are called scientific 
hypotheses. A scientific hypothesis is a model or statement that can be tested by experi­
ment, which offers an explanation for a scientific law. Note the inclusion of the concept 
of testability in this definition. A scientific hypothesis is different from other kinds of 
hypotheses because of the testability requirement. In other academic disciplines, such 
as philosophy, hypotheses concerning the meaning of life are often considered. Such 
hypotheses are not scientific hypotheses because they cannot be tested by experiment.

Once a scientific hypothesis has been proposed, experimentation begins again. 
Scientists run more experiments under varied, but controlled, conditions to test the reli­
ability of the proposed explanation. The scientific hypothesis must lx? able to predict the 
outcome of as-yet-untried experiments. The validity of the scientific hypothesis depends 
upon its predictions being true.

A major goal of basic 
scientific research is to 
organize scientific facts so 
that relationships can be 
established among them. 
Such relationships are 
called scientific laws.

A contrast exists between 
the ways in which scien­
tific facts and the results 
of technology (Sec. 1.2) 
are shared. Scientists 
publish their observations 
(scientific facts) as widely, 
openly, and quickly as 
possible. Technological 
breakthroughs, on the 
other hand, are usually- 
kept secret by an indi­
vidual or company until 
patent rights for the new 
process or product are 
obtained. Even then, only- 
limited information Is 
released.
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In practice, scientists usually start with a number of alternative scientific hypotheses 
for a given scientific law. Evaluation proceeds by demonstrating that certain proposals are 
not valid. A successful experiment is one in which one or more of the alternative scientific 
hypotheses are demonstrated to be inconsistent with experimental observation and are 
thus rejected. Scientific progress is made in the same way a marble statue is: Unwanted 
bits of marble are chipped away. Example 1.2 contains a simple illustration of this “chip­
ping away” principle in a scientific context.

EXAMPLE 1.2 Relating Scientific Hypotheses to Experimental Information

As a problem-solving 
approach, the scientific 
method is used by many 
people who do not call 
themselves scientists. An 
automobile mechanic 
uses the scientific ap­
proach when working on 
a car. First, based on tests 
(experimental observa­
tions), the automobile 
mechanic deduces a 
probable cause of the 
problem (a hypothesis). 
Then parts are adjusted 
or replaced, and the car 
is checked (more experi­
mental observations) to 
see if the problem has 
been corrected (testing 
of the hypothesis). An 
experienced automobile 
mechanic learns that cer­
tain observations almost 
always indicate a specific 
problem (a validated 
hypothesis).

Suppose you encounter a situation involving two unopened books with no identification 
on their covers and four alternative scientific hypotheses about these books, which are 
(1) the thinner book is a chemistry textbook, (2) the thicker book is a chemistry textbook, 
(3) both books are chemistry’ textbooks, and (4) neither book is a chemistry textbook. 
What information about the validity of these scientific hypotheses can be obtained by 
opening the thicker book and determining that it is a chemistry textbook?

SOLUTION
This experiment (opening the thicker book) proves scientific hypothesis 2 and disproves 
scientific hypothesis 4; it does not, however, prove that only one of the scientific hypoth­
eses is true. The fact that the thicker book is a chemistry textbook does not rule out the 
possibility that the thinner book is also a chemistry textbook.

EXAMPLE 1.3 Differentiating among Terminologies Associated 
with the Scientific Method

Classify each of the following as a scientific fact, scientific latv, or scientific hypothesis.

a. The burning candle generated both heat and light.
b. As a candle burns, its wax gradually disappears.
c. All burning candles generate heat and light.
d. Burning candles generate heat as the result of the decomposition of melted wax.

SOLUTION
a. This is a single observation, that is, a scientific fact.
b. This is a single observation, that is, a scientific fact.
c. This is a generalization based on many observations, that is, a scientific late.
d. This is a tentative testable explanation for observations, that is, a scientific 

hypothesis.

Scientific Theories

As further experimentation continues to validate a particular scientific hypothesis, its 
acceptance in scientific circles increases. If after extensive testing, the reliability of a 
scientific hypothesis is still very’ high, confidence in it increases to the extent that it is ac­
cepted by the scientific community7 at large. After more time has elapsed and more positive
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support has accumulated, the scientific hypothesis assumes the status of a scientific theory. 
A scientific theory is a scientific hypothesis that has been tested and validated over a long 
period of time. The dividing line between a scientific hypothesis and a scientific theory7 is 
arbitrary and cannot be precisely defined. There is no set number of supporting experi­
ments that must lx? performed to give scientific theory’ status to a scientific hypothesis.

Scientific theories serve two important purposes: (1) they’ allow scientists to predict 
what will happen in experiments that have not yet been run, and (2) they simplify the 
very real problem of being able to remember all the scientific facts that have already been 
discovered. Figure 1.3 shows the interplay that must occur between scientific hypotheses 
and experimentation before an acceptable scientific theory’ is obtained.

Scientific theories must often undergo modification. As scientific tools, particularly 
instrumentation, become more accurate, there is an increasing probability that some ex­
perimental observations will not be consistent with all aspects of a given scientific theory. 
A scientific theory7 inconsistent with new observations must either be modified to ac­
commodate the new results or lx? restated in such a way’ that scientists know where it is 
useful and where it is not. Most scientific theories in use have known limitations. These 
imperfect scientific theories are simply the best ideas anyone has found so far to describe, 
explain, and predict what happens in the world in which we live. Scientific theories with 
limitations are generally not abandoned until a better scientific theory7 is developed.

The term theory is often 
misused by nonscientists 
in everyday contexts. “I 
have a theory that such 
and such Is the case" Is 
a frequently heard com­
ment. In this case, theory 
means a “speculative 
guess," which is not what 
a theory is. The terminol­
ogy' unvalidated hypoth­
esis would be closer to 
what is meant.

FIGURE 1.3 A 
possible sequence of 
events experienced 
by scientists doing 
experimental research 
based on a newly 
discovered scientific 
law. (1) A number of 
alternative scientific 
hypotheses are 
proposed to explain the 
new scientific law; (2) 
experiments are carried 
out to eliminate invalid 
scientific hypotheses; 
(3) predictions are 
made based on the 
surviving scientific 
hypothesis, and 
further experiments 
are carried out to test 
these predictions; (4) 
confirmed predictions 
produce a validated 
scientific hypothesis; 
and (5) many more 
validating experiments 
give the scientific 
hypothesis the status of 
a scientific theory.
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General Steps in the Scientific MethodFIGURE 1.4 A 
diagram showing 
the central role that 
experimentation plays 
in the scientific method 
for obtaining new 
scientific information.

Scientific theories are 
tested conceptual 
models (mental pictures) 
that separate scientific 
thinking from specula­
tive ideas. They represent 
simplified—but not 
exact—models that 
describe various aspects 
of nature.

Scientific facts that have been verified by’ repeated experiments will never be changed, 
but the scientific theories that were invented to explain these scientific facts are subject 
to change. In this sense, scientific facts are more important than the scientific theories 
devised to explain them. It is a mistake to believe that, by’ knowing all the scientific laws 
and scientific theories that are derived from experimental observations, the experimental 
facts are not needed. New scientific theories can be developed only by people who have 
a wide knowledge of the scientific facts relating to a particular field, especially’ those sci­
entific facts that have not been satisfactorily accounted for by’ existing scientific theories.

Figure 1.4 highlights the central role that experimentation plays in the scientific 
method and also summarizes the general steps, procedures, and terminology associated 
with this most important pattern of action for acquiring scientific knowledge.

1.5 THE LIMITATIONS OF THE SCIENTIFIC METHOD

Student Learning Focus: Be familiar with the limitations inherent in the use of scientific-method 
procedures.

Scientists do not view scientific theories or their precursors—scientific hypotheses—as 
absolute truth. All scientific theories are considered provisional—subject to change in the 
light of new experimental observations. There is always the chance that some future, yet- 
unthought-of experiment using instrumentation that has not yet been invented will be de­
vised that disproves or places limitations on a currently well-established scientific theory’. 
If such were rhe case, the scientific theory’ would then lx? modified to take into account 
the new experimental developments. In many ways, science is like a living organism: It 
continues to grow and change.

Thus, inherent in the use of the scientific method is rhe not-often-stated concept 
that “no theory' can ever be proved correct by experiment.” Experiments can provide sup­
porting data for a theory’, but there is always a chance that new experiments will negate 
aspects of the theory’. It is important that experimental design focus just as much on 
disproving a theory' as on providing additional supporting evidence for rhe theory’.
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FIGURE 1.5 Possible 
results from attempting 
to disprove a scientific 
theory.

Theoretically, experimentation to “disprove” a theory7 is a never-to-be-completed 
process. However, in practice, after many, many’ failed attempts to disprove, experimenta­
tion attempts to become infrequent and the scientific theory7 becomes one of the founda­
tions of the scientific discipline.

Figure 1.5 summarizes diagrammatically the preceding line of reasoning relative to 
disproving a scientific theory’.

1.6 APPLICATION LIMITATIONS FOR METHODS OF SCIENCE

Student Learning Focus: Be able to explain the application limitations for the methods of 
science.

The testability requirement associated with scientific theories and scientific hypotheses 
also has the effect of limiting the application of these theories and hypotheses to rhe 
realm of the natural world. The methods of science are not applicable to supernatural 
phenomenon. The dictionary definition for supernatural is “not of rhe natural world,” 
that is, something that cannot be explained using scientific laws. Thus, science is not 
equipped to deal with philosophical or religious questions such as "What is rhe purpose 
of life?” or “Does the human body’ contain a spirit that gives it life?” Questions such as 
these fall outside rhe realm of science because of their lack of testability’ using scientific 
methods. This does not mean that such questions are not valid questions nor that they 
are not important questions. It simply’ means that answers to such questions cannot be 
obtained using the methodology’ of science.

Concepts to Remember
The following concise summaries of chapter content by section restate the major ideas (concepts) considered in 
the chapter. They are a helpful study aid for students as they’ prepare for an upcoming examination or are review­
ing for a final comprehensive examination.

1. Science and Scientific Disciplines Science 
is the study in which humans attempt to or­
ganize and explain, in a systematic man­
ner. knowledge about themselves and their 

surroundings. Scientific disciplines, of which 
chemistry is one, are branches of science lim­
ited in size and scope to make them more 
manageable.


