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Preface

We wrote Understanding Chemistry specially for students taking chemistry for the
first time, either in high school or college. It is not a textbook in the conventional
sense because it does not have the encyclopedic coverage of topics that you will find
in a general chemistry text. We have carefully selected areas that we believe are essen-
tial for building a sound foundation for learning and understanding chemistry. Because
students are often intimidated by chemistry and by chemistry textbooks, we have used
a number of strategies to make this book readable, user friendly, and pedagogically
effective: familiar analogies to help explain abstract ideas; cartoons (created and drawn
by Chip Lovett) to help students visualize chemical processes at the molecular level
and to provide some comic relief in the learning process; and portraits of scientists
describing their important discoveries to add a personal touch and to serve as a use-
ful tool for remembering facts and concepts.

Because problem-solving is a major part in learning chemistry, we have provided
a number of worked examples in the text. To learn how to solve problems you must
practice, so we have created a website (www.understandingchemistry.com) with many
worked examples and problems, as well as further discussion of topics. You will also
find numerous colored molecular models and animations on the Web that will help
you visualize the three-dimensionality of molecules and chemical reactions.

We hope you will find that this book is just what you need to get the most out
of your introductory chemistry course, to help you understand concepts and do well
on tests, and finally, to appreciate what a fascinating subject chemistry really is.

Features

» Unique cartoons lend themselves to understanding the chemistry behind the
concept they are representing. They act as visual tools to help commit a
chemical concept into memory.

« Analogies are used freely throughout the text to help understand abstract
concepts.

* Worked examples take you through a step-by-step process to build problem-
solving skills.

« A summarizing problem at the end of most chapters will tie topics together.
The problem takes you through strategizing and solving an inclusive problem.

Media

An easy-to-use website has been created to complement Understanding Chemistry as
a companion to the text.



PREFACE

« Practicing problems is a necessary requirement for succeeding in and mastering
chemistry. A multitude of various problem types are provided on the site for

student practice.

« Answers to the questions posted in the text and on the website are provided.

« Molecular models and animations to enhance the understanding of chemical

concepts are presented.

e A periodic table with historical background is provided to understand the

naming conventions of the elements.

« A database of links to other sites is provided for further information.
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. nderstanding Chemistry is not a textbook in the conventional sense because it does not
have the encyclopedic coverage of topics that you will find in a general chemistry text.
Carefully selected areas are presented that are essential for building a sound foundation
for learning and understanding chemistry.

Unique (artoons

Cartoons lend themselves to understanding the chemistry
behind the concept they are representing. They act as visual
tools to help commit a chemical concept into memory.

Analogies

Used freely throughout the text, analogies are another source
of learning and retaining chemical knowledge.

[} CHAPTER 2

[

Answer  First we write

EXAMPLE

Write a balanced equation to represent the reaction between sodium metal (Nu/\
L and water 1o form sodium hydroxide (NaOH) and hydrogen gas (H-)

Na + H;O0 —— NaOH + H,

We see thar both the Na and O atoms are balanced, but the H atoms are not
Because the H atoms will always be even on the left of the arrow, we multiply
NaOH by 2 so that the H atoms are also even on the right of the arrow and
obtain

Na + H0 —— 2NaOH + H,

All that is left is to add a 2"
tion

to both Na and H>0 to arrive at the final equa-

2Na + 2H,0 —— 2NaOH + H,

The final tally shows that there are two Na atoms, four H atoms, and two O
atoms on both sides of the arrow.

\ Visit the website for more problems on balancing chemical equations. /

Worked Examples

Worked examples take you through
a step-by-step process to guide you
through similar problems.

Synopsis Problems

A synopsis problem at the end of most
chapters tie the chapter together. The
problem takes you through strategizing
and solving an inclusive problem.

o



Media Walk-Through

1 easy-to-use website has been created to complement Understanding Chemistry as a com-
panion to the text.

r® Example 3.96 Titanium is a strong, lightweight, corrosion-resistant metal that is used
/ in rockets, aircraft, jet engines, and bicycle frames. It is prepared by the reaction of
x titanium(IV) chloride with molten magnesium between 950°C and 1150°C:
Practice Problems

. . TiCla(g) + 2Mg(l) —— Ti(s) + 2MgCl,())
Practicing problems is a necessary

requirement for succeeding and
mastering chemistry. A multitude of
various problem types are provided on
the site for student practice. Reasoning and Solution We follow the procedure in Example 3.15 to find out

Answers to the qUGStiOHS posted in the which of the two reactants is the limiting agent. This knowledge will enable us to
calculate the theoretical yield. The percent yield can then be obtained by applying
Equation (3.4).

In a certain industrial operation 3.54 x 107 g of TiCl, are reacted with 1,13 » 107 g of
Mg. (a) Calculate the theoretical yield of Ti in grams. (b) Calculate the percent yield if
7.91 % 10° g of Ti are actually obtained.

text and on the website are provided.

(a) First we calculate the number of moles of TiCl, and Mg initially present:

1 mol TiCl
f1icl - 354 ToiRel i e < 10° i
moles of TiCl, = 3.54 x 107 g TiCl, x 189.7 g Ticl, 1.87 x 10° mol TiCl,
1 mol Mg 2
f =113 X 107 g Mg X ————=_ = 4,65 X 10°
moles of Mg 13 X107 g 9124.319Mg 4.65 x 10” mol Mg

Next, we must determine which of the two substances is the limiting reagent.
From the balanced equation we see that 1 mol TiCl, = 2 mol Mg; therefore, the
number of moles of Mg needed to react with 1.87 x 10° moles of TiCly is

Molecular Models/Animations /

Molecular models and animations to
enhance the understanding of chemical
concepts are presented.

H*

Hydrofluoric Acid
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In the Beginning
Read this first!

n the beginning there were atoms,' molecules, and ions. After years of
thinking about the world around them, people from every corner of Earth
began to explore and discover the properties of the stuff we call matter.
From these discoveries sprung chemistry—the science of matter. The first
chemical experiments (performed thousands of years ago) probably involved
testing the properties of different metals to make better weapons or testing the ability of plant
extracts to treat illness. Priorities haven’t changed much since then. With the eventual discov-
ery of atoms and compounds, it seemed that it would be possible to actually understand why
the material components of life and Earth behave the way they do. As scientists became intent
on understanding the properties of substances, chemical experiments became more focused on
testing hypotheses about the nature of matter. Scientists and students alike were excited about
the subject of chemistry. Along the way, an enormous amount of knowledge about the struc-
ture and properties of atoms, molecules, and ions was acquired. To communicate this new-
found knowledge, new words had to be invented to describe previously unknown substances
and their behavior. Using this new chemical language, scientists began describing in textbooks
the knowledge gleaned from countless experiments—and the textbooks kept growing in size.
Textbooks for introductory chemistry are now so full of information that it would be practi-
cally impossible for anyone to learn it all in a year. This situation presents a challenge for
chemistry teachers because students can’t discern what information is essential to understand-
ing chemistry and what information is not as important. To understand chemistry, a student
needs to learn only a handful of concepts and principles that form the foundation for the sci-
ence of matter—living and nonliving alike.

We designed this book for students taking chemistry for the first time, either in high
school or college. It’s also for students who have studied some chemistry but feel they really
don’t understand it. It’s especially for students who find chemistry formidable, intimidating,
scary, difficult, or just plain impenetrable. As chemistry teachers, we’'ve encountered too many
students who believe they really can’t understand chemistry—students who take the intro-
ductory course like a bitter pill, hoping to come out of it with a decent grade. Of course, many
students avoid the subject altogether. (This wasn’t possible 100 years ago when all college
students had to take chemistry!) We wrote this book because we honestly believe that every-
one can understand chemistry at the introductory level and because we want to help students

1. Words in boldface are defined in the glossary and described in later chapters.



CHAPTER 1 In the Beginning

appreciate a subject that provides the basis for understanding everything that deals
with matter.

The Three Objectives of This Book

This book was written with three objectives in mind: (1) to focus only on those top-
ics that are essential to really understand chemistry, (2) to help the readers through
the usual hurdles in a beginning chemistry course in ways that will make sense to
them, and (3) to present the subject in a way that the readers understand, remember,
and enjoy. We believe these are the most important objectives for helping everyone
who uses this book to master all of the material that we describe, to do well in his
or her chemistry course, and to be on solid ground for more advanced topics.

The Essentials

Chemistry is the study of atoms, molecules, and ions—that is, what they look like (or
their structure) and how they behave. Understanding chemistry means having a work-
ing knowledge of the structure of these elementary particles and how (and why) they
interact with one another. The good news is that both the structure and behavior of
atoms, molecules, and ions are logical and in most cases predictable, and we will do
our best to convince you of this fact. In this book, we have chosen to present only the
information that we think is absolutely essential for you to acquire this knowledge.

The Hurdles

Chemistry deals with a world so tiny that it’s invisible to the casual observer. Although
chemists have devised equipment and techniques to observe the atoms and molecules
that make up this tiny world, most people are still not comfortable thinking about
things that they can’t see. The first hurdle you must overcome in understanding chem-
istry is to learn to visualize these tiny particles—to think of them as objects with
shapes and sizes (all small, of course). This is particularly important because it will
help you deal with the assortment of abstract symbols, formulas, and equations—all
couched in a foreign language. Without imagining what molecules look like, chem-
istry students can only associate unfamiliar words with an unfamiliar collection of
symbols, formulas, and equations. Understanding chemistry on these terms would be
extremely difficult and definitely no fun. You have to associate the language of chem-
istry and the symbols, formulas, and equations with the images of atoms and mole-
cules themselves. Imagine trying to learn the word for “apple™ in a foreign language
if you have never seen (or eaten) an apple: the word would have little meaning because
you wouldn’t know what an apple is.

Another hurdle you must overcome is looking for and focusing on the common
conceptual themes that relate all of chemistry. There is so much information in gen-
eral chemistry textbooks that it’s really hard for the beginning student to sort out
what’s essential for understanding the subject and what are merely details, trivia, and
exceptional cases. Textbook authors are obliged to provide all of the information rel-
evant to an introduction to chemistry (and we're glad they do), but you don’t have to
know it all to understand chemistry. Despite the best efforts of textbook authors and
chemistry teachers, students often view all this information as an enormous collection
of unrelated facts. In fact, there are only a few underlying themes that form the basis
of chemistry, and once you understand them, the rest is relatively easy to add to the
foundation of this knowledge. You may even find the details, trivia, and exceptional
cases pretty intel‘esting (as we do).




What Will You Have to Do to Understand Chemistry?

The third hurdle you must overcome is solving quantitative problems. Chemistry
is an experimental science based in large part on drawing conclusions from mea-
surements. Although general chemistry courses require some relatively straightforward
calculations, students often see each problem as new and different. If this were the
case, one would have to learn hundreds of different approaches to solve homework
and exam problems. Again, chemistry would be an unreasonably difficult subject if
this were the case. On the contrary, there are only a few different types of problems
in general chemistry, but many variations of each type. So you need to learn only a
few procedures (or approaches), but you also must learn to recognize the method
needed to solve a particular problem.

Understanding, Remembering, and Enjoying Chemistry

The design of this book was inspired by our observation that students learn best when
they enjoy the process and when they can engage themselves with the subject in a
familiar and interesting context. We wanted it to be both an enjoyable read as well as
a clear and friendly guide. To accomplish this goal, we have included pictures, some
history, and many commonplace analogies to embellish the concepts.

Because chemistry deals mostly with things we can’t normally see, the use of
visual aids is especially important in understanding and remembering the subject. We
have included many figures and cartoons to elaborate the formulas, equations, and
text, and to add a human touch to the subject. These visual supplements will help you
understand the concepts, and we hope they will also help you remember them. Another
way to make chemistry memorable is to personalize it. Science is ultimately a very
personal enterprise because scientists are people with their own individual pleasures,
dreams, and biases. We have included information and pictures of some of the scien-
tists who have pioneered the study of chemistry in the hope that this, too, will help
you remember the concepts they helped develop.

There are many concepts in chemistry that are pretty abstract, and their develop-
ment by scientists has often involved insights based on everyday experiences. Because
it’s always easier to understand something unfamiliar by relating it to something famil-
iar, we have provided common analogies to illustrate the more abstract concepts. You
may be surprised to learn that even the most brilliant scientists try to understand their
work in the simplest terms. Many scientific discoveries might never have been made
if scientists didn’t try to reduce their results to the simplest possible explanation. The
l4th-century scholastic monk William of Ockam has been cited by many generations
of scientists for his insistence on economical explanations. He is often credited with
saying, “If two theories explain the facts equally well, then the simpler theory is to
be preferred.” This principle, known as Ockam’s razor, has inspired many scientists.
In this book we have reduced introductory chemistry to the simplest explanation of
the facts. We have also limited our focus on those facts that are essential to achiev-
ing a basic understanding of the structure and properties of atoms, molecules, and
ions. Most of what you will learn is just variations on a few basic themes.

What Will You Have to Do to Understand Chemistry?

If you want to understand general chemistry (and do well on your exams), you will
have to do the following:

e Learn to speak the language.

e Learn a handful of conceptual themes.

e Learn how to recognize and solve a few different types of quantitative problems.
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The Language

Speaking the chemical language involves learning the names of chemicals and learn-
ing the terms used to describe fundamental processes and concepts.

Learning the names for chemicals turns out to be much easier than learning the
names of your friends, acquaintances, and teachers. (Chemists use the term nomen-
clature for the naming system; it’s from the Latin word nomenclatura, meaning “a
list of names.”) Learning the names of people is pure memorization—you have to
memorize every individual’s name because there are no rules that tell you a particu-
lar face should have a particular name (and it doesn’t make it easier that some peo-
ple have the same first name).

In chemistry there are simple rules for naming chemicals from a chemical for-
mula (e.g.. CO,); without these rules, it would be impossible for anyone to learn the
name of every chemical. You will have to memorize the rules, but there aren’t very
many. You will also have to memorize the names of a relatively small number of atoms
and molecular species, and you may already know the names of some of these. The
rules are given in Chapter 2, along with some useful tricks for memorizing the names
of some molecular species. You can be sure that your first exam will have a question
or two on nomenclature, and there is no good reason to lose any points on them,
because it’s not that hard.

You probably already know the names for some fundamental processes like melt-
ing, freezing, and boiling, as well as the names of some concepts like temperature,
pressure, and heat. But you probably haven't thought about these concepts in terms
of atoms and molecules (from which they ultimately derive their effects). Throughout
this book, we will highlight all of the terms you should know and understand. These
are words that can be found in the glossary of this book. Test yourself at the end of
each chapter by trying to explain as much as you can about the highlighted words in
the chapter.

The Conceptual Themes

Chemists are interested in understanding three fundamental properties of chemicals—
their structure, their physical behavior, and their chemical behavior. Now that might
sound rather dry, but to appreciate the relevance of what chemists do, you only have
to realize that chemicals comprise everything—some chemists study water, some
study DNA, some study drugs, and some study molecules that may someday run our
computers. There are certain conceptual themes that underlie each of these three fun-
damental properties, and the structure and behavior of the millions of chemicals in
the world are simply variations on these themes. Your mastery of general chemistry
depends on learning these themes and how to recognize them in the chemical world.
An overarching theme is that for every substance the three fundamental prop-
erties are all interrelated. A good exercise to practice throughout your study of
chemistry is to ask how these properties are interrelated for specific substances. We
will remind you of this point throughout the book.

Structure

What do molecules look like? The study of chemical structure in an introductory
course mainly involves small molecules, but big molecules like antibiotics, proteins,
and DNA are built with precisely the same structural features as for small molecules.
Molecular structure is nothing more than simple geometry in which atoms are con-
nected to each other by chemical bonds. There are essentially only five basic geome-
tries that govern the construction of most molecules (and a majority of the molecules



What Will You Have to Do to Understand Chemistry?

in the world use only three of them). The key to understanding structure is learning
how atoms are connected to form a particular geometry. In general, we will be con-
cerned with only a handful of different atoms. Moreover, this process is further sim-
plified when you realize that atoms in the same vertical column in the periodic table
usually form similar geometric structures when they combine with other atoms.

Physical Behavior

The physical behavior of chemicals includes everything that happens to a substance
without changing its identity. As you will see later in this book, these are properties
that don’t involve breaking or making chemical bonds. For example, melting ice is
physical behavior (or a physical property) because you start with water molecules
in solid form and produce identical water molecules in the liquid state. Another phys-
ical property of water is its ability to dissolve sugar. A more elaborate example of a
physical property is the interaction of a protein hormone with a site on DNA to turn
on the expression of a particular gene. All of these examples, and many more, are
based on one conceptual theme: a positive charge attracts a negative charge—Ilike
the opposite poles on a magnet. This electrostatic attraction underlies the forces that
govern the physical behavior of matter, as well as the formation of the thousands of
different ionic compounds.

Chemical Behavior

The chemical behavior (or chemical property) of substances is usually described in
terms of chemical reactions, or what happens when one or more substances interact
to produce other substances. In a chemical reaction, the bonds that hold atoms together
in molecules are broken, and new bonds are formed. If you think of chemical reac-
tions as processes that are accompanied by flames or explosions, you are already
aware of a conceptual theme that is associated with every chemical reaction: Energy
is either produced or consumed in chemical reactions.

To understand chemical reactions, it is especially important for you to realize that
most chemical reactions involve either the transfer of protons or the transfer of
electrons—those elementary particles that you may already be familiar with as the
components of all atoms. (Chapters 2 and 6 describe these particles in the context of
atomic structure.) Thus, we have two types of processes, proton transfer and electron
transfer, that form the basis for nearly all chemical reactions.

An important concept inherent to both physical and chemical processes is chem-
ical equilibrium. It applies to every chemical reaction that is reversible (and most of
them are). A simple example of equilibrium is a closed container filled partially with
water. Because the water molecules are constantly moving around, some at the sur-
face will have enough energy to break away from the forces holding them in the bulk
liquid. These free molecules become part of water vapor above the liquid, but the
freed molecules can collide with the water and become part of the liquid again. Even-
tually, the number of water molecules in the vapor is sufficient to cause the rate of
molecules returning to the water to equal the rate of molecules leaving the water. At
this point, the number of water vapor molecules remains constant, and the system is
at equilibrium. The situation is similar for a chemical reaction in which two mole-
cules (the reactants) collide with one another to form two different molecules (the
products). If the reaction is reversible, products can also collide with one another to
form the same reactants. The difference between the evaporation and condensation of
water and the chemical reaction is that the latter involves changing the identity of the
molecule by breaking and making chemical bonds, while the former involves only
breaking the forces that hold molecules together in the liquid or solid state. Every
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equilibrium situation involves one or the other or both—just variations on the same
themes.

Thus, the conceptual themes that are important in general chemistry include the
following:

1. Structure, physical properties, and chemical properties are interrelated.

2. Structure is simply geometry in which atoms are connected by chemical bonds.

. A positive charge attracts a negative charge.

. Energy is either produced or consumed in chemical reactions.

Most chemical reactions involve either the transfer of protons or the transfer of

electrons.

6. Many chemical reactions reach equilibrium where the amounts of reactants and
products remain constant.

wm s W

The Problems

Chemistry is an experimental science that relies heavily on taking measurements at
the macroscopic level to determine what’s happening at the molecular level. Most of
the problems you will have to solve in general chemistry involve converting macro-
scopic measurements into information about molecular details. The good news is that
you will encounter only a few different types of problems, and we will show you how
to systematically solve them using straightforward approaches. You will then need to
learn to recognize only the particular type of problem.

There are three keys to problem solving: practice, practice, practice. You should
keep at it until you are confident that you can solve any problem of each type. Your
chemistry teacher will assign plenty of problems, and if you need more practice, we
have provided lots of them on the website. To master problem solving in chemistry,
you must realize and constantly remind yourself that these are all variations on a rel-
atively small number of different problem types.

Students have trouble with chemistry problems because they either don’t practice
and/or they treat every problem they encounter as something requiring a new and
totally different solution strategy.

Getting the Most Out of Your Chemistry Class

We assume that you are reading this book because you are taking a chemistry class.
Although the expectations and testing methods may differ somewhat among chem-
istry classes, the following suggestions should maximize both your understanding of
the course material and your performance on exams in any course.

Attend class. Get there for the start of the class when important announce-
ments are made or handouts are distributed. It’s also a good idea to sit in the
front row. You will be less distracted by others in the class, and if for some
reason your final grade ends up on the borderline between an A and a B, your
teacher is more likely to look at your case favorably.

Take careful notes and be sure you understand them. Your understanding of
the material introduced in class will be greatest if you take the time to read
through your class notes on the same day of class, when the lecture (including
any demonstrations) is still fresh in your mind. At that time you should note
points of confusion and get them cleared up (preferably, with your teacher)
before the next class period. The best way to be sure that you understand
the material is to try to explain it to someone else. The old adage that you
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never really learn something until you teach it is often true with chemistry. Not
only will explaining the material in your own words reinforce your under-
standing of it, you will easily identify the parts you don’t understand.

Read assigned sections from the textbook before the class in which the
topics will be discussed. Make notes in the margins of your text, especially for
topics that you don’t completely understand. Why do you think they put those
big margins in chemistry textbooks? Throw away your highlighters and write
extensively in your textbook. Making your own notes is a much more active
process and will prime you for getting the most out of the lecture. You might
find it helpful to refer to the text again after class to help clear up points
discussed in lecture.

Do the assigned homework problems systematically as the material is
covered in class. Promptly work on problems that relate to material just
covered in a lecture. You should also refer to the relevant examples in your text
when working on problems. It’s often helpful to work on problems with your
classmates, provided everyone is actively engaged in the process. This practice
also gives you an opportunity to try your hand at explaining the material to
someone else.

Don’t confuse quantity of studying with quality of studying. Going into
solitary confinement with your chemistry book for six hours or “pulling an all-
nighter” is an extremely poor way to study (and a waste of time). Most people
can’t concentrate effectively on the same subject for more than two to three
hours at one stretch. Studying chemistry for two hours on three successive days
will likely result in a much better retention than putting in six hours on a
single night (especially if the exam is the next day).

In reviewing homework problems prior to an exam, don’t simply read
through your answers to the problems. This method is very passive and
teaches you little. Read the problem, cover your answer, and think logically
through the steps you follow to answer the problem. In some cases, drawing a
simple picture can help you organize your thoughts and better understand what
is asked of you.

Review sessions with your classmates can be very helpful. While it is
probably best to do much of your studying alone in a quiet place, review
sessions with several students preparing for a quiz or an exam can be very
effective. Students are usually more willing to expose their confusion to one
another than to a teacher. And as we’ve said before, explaining a given point to
another student is an excellent way to test and reinforce your own understand-
ing of the subject.

Take advantage of your teacher’s office hours. Your teacher is an extremely
valuable resource. If you don’t understand something, ask your teacher as soon
as possible. The parts you don’t understand will likely provide background for
later material so don’t wait to get it cleared up. Again, if for some reason your
final grade ends up on the borderline between an A and a B, your teacher will
be more likely to push it upward if you show up at office hours and demon-
strate that you are serious about learning the material. Here’s a useful hint:
Before you appear in your teacher’s office, make a list of the things that are
unclear to you so you don’t waste his or her time by flipping through pages of
your textbook or notes, frantically trying to locate places that gave you trouble.
Remember that the first step toward understanding a concept is being able to



