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Preface

To the Instructor

Chemistry in Focus is a text designed for a one-semester college chemistry course

The two main goals of this for students not majoring in the sciences. This book has two main goals: the first is
book are for students to to develop in students an appreciation for the molecular world and the fundamental
understand the molecular role it plays in daily life; the second is to develop in students an understanding of

world and to understand
the scientific issues that
face society.

the major scientific and technological issues affecting our society.

A MOLECULAR FOCUS

The first goal is essential. Students should leave this course understanding that
the world is composed of atoms and molecules and that everyday processes—water
boiling, pencils writing, soap cleaning—are caused by atoms and molecules. After
taking this course, a student should look at water droplets, salt crystals, and even
the paper and ink of their texts in a different way. They should know, for example,
that beneath the surface of a water droplet or a grain of salt lie profound reasons
for each of their properties. From the opening example to the
closing chapter, this text maintains this theme through a con-
sistent focus on explaining the macroscopic world in terms of
the molecular world.

The art program, a unique component of this text, empha-
sizes the connection between what we see—the macroscopic
world—and what we cannot see—the molecular world. Through-
out the text, photographs of everyday objects or processes are
maghnified to show the molecules and atoms responsible for them.
The molecules within these magnifications are depicted using
space-filling models to help students develop the most accurate
picture of the molecular world. Similarly, many molecular
formulas are portrayed not only with structural formulas but
with space-filling drawings as well. Students are not meant to
understand every detail of these formulas—because they are
not scientists, they do not need to. Rather, they should begin to
appreciate the beauty and form of the molecular world. Such an
appreciation will enrich their lives as it has enriched the lives of
those of us who have chosen science and science education as
our career paths.

eyedear/Shutterstock.com

CHEMISTRY IN A SOCIETAL
AND ENVIRONMENTAL CONTEXT

The other primary goal of this text is to develop in students an understanding
of the scientific, technological, and environmental issues facing them as citizens
and consumers. They should leave this course with an understanding of the im-
pact of chemistry on society and on humankind’s view of itself. Topics such as
global warming, ozone depletion, acid rain, drugs, medical technology, and con-
sumer products are covered in detail. In the early chapters, which focus primarily
on chemical and molecular concepts, many of the box features introduce these

XVi
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Preface XVii

applications and environmental concerns. The later chapters focus on these top-
ics directly and in more detail.

MAKING CONNECTIONS

Throughout the text, I have made
extensive efforts to help students
make connections, both between the
molecular and macroscopic world and
between principles and applications.
The chapter summaries are designed to
reinforce those connections, particu-
larly between chemical concepts and
societal impact. The chapter summaries
consist of two columns, one summariz-
ing the major molecular concepts of
the chapter and the other, the impacts ;
of those concepts on society. By put-
ting these summaries side by side, the o
student can clearly see the connections.

SUMMARY

Molecular Concept

Societal Impact

NOAA

KEY TERMS

oo Han
halite

A Tour of the Text
GENERAL CHAPTER STRUCTURE

Each chapter opens with a brief paragraph introducing the chapter’s main topics
and explaining to students why these topics are relevant to their lives. These open-
ers pose questions to help students understand the importance of the topics. For
example, the opening paragraphs to Chapter 1 state, “As you read these pages, think
about the scientific method—its inception just a few hundred years ago has changed
human civilization. What are some of those changes? How has the scientific method
directly impacted the way you and I live?”

Each chapter introduces
the material with
Questions for Thought.

O Forp-to-date URLs, it s ext'sCompanion e, 21 Adlakenthegen 51

[
‘whichis accessbie fom wwwcengagebrain.com.

Atoms and Elements

—Democritus

' this chapter, you will see how everything—the

air you breathe, the liquids you drink, the chair

you sit on, and even your own body—is ulti-
mately composed of atoms. One substance is differ-
ent from another because the atoms that compose
each substance are different (or arranged differ-
ently). How are atoms different? Some substances
share similar properties. For example, helium, neon,
and argon are all inert (nonreactive) gases. Are their
atoms similar? If so, how?

Keep in mind the scientific method and espe-
cally the nature of scientific theories as you learn
about atoms. You will learn two thearies in this

QUESTIONS for THOUGHT

chapter-—the Bohr theory and the quantum mechani-
cal theory—that model atoms. These models of real-
ity help us to understand the differences among the
atoms of various elements, and the properties of
the elements themselves. The connection between
the microscopic atom and the macroscopic clement is
the key to understanding the chemical world. Once
we understand—based on their atoms—why lements
differ from one another, we can begin to understand
our world and even ourselves on a different level
For example, we can begin (o understand why some
atoms are dangerous 1o the environment or to human
life, whereas others are not.

o What composes all matter?

o What makes one element diffeent from another?
How do the atoms of different elements iffer
from one another?

‘o What are atoms composed of?
o How dowe specify a given atom?

o Dosimilarities between atoms make the elements
they compose similar? What are those similarities?

m AWalk on the Beach

‘o How do we create a model or the atom that
explains simiarities and diferences among
elements? How do we use that model?

o How do we know numbers o atoms in an object?
For example, can we calculate the number of
atomsina penny?
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Xviii Preface

The opening paragraphs of each chapter are followed by Questions for
Thought directly related to chapter content. These questions are answered in the
main body of each chapter; presenting them early provides a context for the
chapter material.

Most chapters, as appropriate, follow with a description or thought experi-
ment about an everyday experience. The observations of the thought experiment
are then explained in molecular terms. For example, a familiar experience may
be washing a greasy dish with soapy water. Why does plain water not dissolve
the grease? The molecular reason is then given, enhanced by artwork that shows
a picture of a soapy dish and a magnification showing what happens with the
molecules.

Continuing this theme, the main body of each chapter introduces chemical
principles in the context of discovering the molecular causes behind everyday
observations. What is it about helium atoms that makes it possible to breathe
small amounts of helium gas—as in a helium balloon—without adverse side ef-
fects? What is it about chlorine atoms that makes breathing chlorine gas dan-
gerous? What happens to water molecules when water boils? These questions
have molecular answers that teach and illustrate chemical principles. The text
develops the chemical principles and concepts involved in a molecular under-
standing of the macroscopic observations.

Once the student is introduced to basic concepts, consumer applications and
environmental problems follow. The text, however, does not separate principles
and applications. Early chapters involving basic principles also contain appli-
cations, and later chapters with more emphasis on applications build on and
expand basic principles.

Helium nucleus
2 protons
z=2

iStock.com/Menno Hartemink

EXAMPLES AND YOURTURN -
EXERCISES

Example problems are included through-
out the text, followed by related Your
Turn exercises for student practice. In
designing the text, I made allowances for
different instructor preferences on quan-
titative material. Although a course for

Using the Molar Mass to Find the Number of Molecules
ina Sample of a Compound

soLuTION

asked to find.
Given

0100gH,0

Find

Number of water molecules

the number of water molecules.

01004 %

T fE | 6022 107 molecules
8022 X 107 mOICCUIES _ 334 x 107 molecules
=3

Teoig "

nonmajors is not usually highly quan-

titative, some instructors prefer more
quantitative material than others. To ac-
commodate individual preferences, many
quantitative sections, including some
Examples and Your Turn exercises, can
be easily omitted. These are often placed
toward the end of chapters for easy omis-
sion. Similarly, exercises in the back of
each chapter that rely on quantitative
material can also be easily omitted. In-
structors desiring a more quantitative course should include these sections, whereas
those wanting a more qualitative course can skip them. The answers to the Your
Turn exercises can be found in Appendix 3.

Using the Molar Mass to Find the Number of Molecules
ina Sample of a Compound

Calculatethe number of carbon tetrachioride (CCl; molecules in 382, of arbon
tetrach

m Composition of Compounds: Chemical
Formulas as Conversion Factors
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BOXED FEATURES
Molecular Thinking

Molecular Thinking boxes describe an
everyday observation related to the
chapter material. The student is then
asked to explain the observation based
on what the molecules are doing. For
example, in Chapter 4, when chemi-
cal equations and combustion are dis-
cussed, the Molecular Thinking box
describes how a fire will burn hotter
in the presence of wind. The student is
then asked to give a molecular reason—
based on what was just learned about
chemical equations and combustion—
to explain this observation.

Molecular Focus -

Calcium Carbonate

stone caves. These formations develop "7
overtime because rinvater,containing

Naming lonic Compounds
Give the name forthe compound M
soLuTioN

The cortect name is magnesium fluoride.

Naming lonic Compounds
Givethe name or the compound kbt
Naming lonic Compounds That Contain
aPolyatomic lon
Give the name or the compound NaOH.
(continued)

The Molecular Revolution

The Molecular Revolution boxes high-
light topics of modern research and re-
cent technology related to the chapter’s
material. Examples include measuring
global temperatures, imaging atoms
with scanning tunneling microscopy,
and the development of fuel cell and
hybrid electric vehicles.

618 Alookatatsbel 169

. - 3
Molecular Thinking " Q _/ ﬂM

What Happens When We Smell Something

" ongen
Pl o s it oo ok 0% of . i o tin it sl . s

other and everything else. The colleciv efect o these col-
tsions
e

lecular ie
outof the 100 millon nirogen and oxygen molecules (Fg-
e

Figure 611 Geranolnd 2 phenyetranol

o e which i sl hough he o,

cn, oy

Geraniol  CH1,C =CHCH,CH,C =CHCH.OH

Towhat family does the molecule CH,COOCH, belong?
a. carboxylcacid b. alcohol
< ether d ester

m AlLook at a Label

Although we have invested only  small amount of time in our study of organic
chemistry, we can now identify several important kinds of organic compounds. For
example, the shaving cream Edge Gel lst as is contents deionized water, palmitic
acid, tricthanolaminc, pentanc, fatty acid esters, sorbitol, and isobutan.

Molecular Focus

Molecular Focus boxes highlight a
“celebrity” compound related to the
chapter’s material. The physical proper-
ties and structure of the compound are
given and its use(s) described. Featured
compounds include calcium carbonate,
hydrogen peroxide, ammonia, AZT, ret-
inal, sulfur dioxide, ammonium nitrate,
and others.

and induces skin cancer and cataacts in humans, Most i

thinning ofthe ozone ayer Consequently, many counties

January 1, 1996,
of atmosphericozone n Chapter 1

e 201, Surce "
Nitoznewatchgsicnas gov S

J

the Bohr model is not uscful. n fact, the Bohr model is suffcient to predict much of
the chemical behavior we encounter n this book. However, the quantum mechanical
‘model gives us a belter picture of atoms.

(oo 0000

model?

the Sun.
b

specfed.
. The electron i atracted to the nuceus of the atom.

m Families of Elements

Elements such as He, Ne, and Ar that have similar outer electron configurations (in

his case, full oute orbits) have similar properties and form a family or group of
clements. These groups fall in vertical columns on the periodic table. Each column
in the periodic able i asigned a group number, which i shown dirccly above the
colum (Figure 3.16). Some groups are also given a name.

Preface Xix

Boxed features show
relevance and ask
students to interact with
the material.

Celebrity compounds are
highlighted.

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

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



XX

Preface

Chapter summaries

review main molecular

concepts and their
societal impacts.

What If...

What If . . . boxes discuss topics with
societal, political, or ethical implica-
tions. At the end of the discussion
there are one or more open-ended
questions for group discussion. Topics
include the Manhattan Project, gov-
ernment subsidies for the development
of alternative fuels, stem cell research,
and others.

What If...

phy, Determinism, and Quantum

. sening and velociy. The outfelder
medicines and MP3 players for cample However science.  predics the future path of the baseball based on Its

The dis. the

xampie, had aprofound effecton our fundamental under- I other small particles such as protons and

dersto <
threatening, To others, he idea that the future was not
leastfor subatomic
il

s the cas
fsm seemed strong. Newtons laws of motion
the future path of

directon it was going). We all have a sense of ues. However, the indeterminate nature of the subatomic
Taws

billard balls behave according to them. For example, an

the universe is determined by the event before .

quantum mechanical model. According 10 quantum mechanics, the paths of elec-
troms are ot like the paths of baschals flying through the air or of plancts orbiting
the Sun, both of which are predictable. For example, we can predict where Earth
will be n its orbit around the Sun in 2 years, 20 years, or even 200 years. This is not
So for an electron, We cannot predict exactly where an electron will be a any given
time—we can only predict the probabilty of finding it in a certain region of space.
So, which model is correet? Is it the Bohr model or the quantum mechanical
‘model? Remember that in science we build models (or theorics) and then perform
experiments in an attemp o validate them. The Bohr model has been shown 1o be
invalid by experiments. The quantum mechanical model is consistent with all exper-
iments {0 date. OF course, this doesn' make the quantum mechanical theory “true.”
Scientific theories are never proven true, only valid. This also does not mean that

coes

2p orital S arbial

Figure3.13 Figure3.14
oy Source: Progesse PUblshiog Rematves)

36 Momchs 59

Subatomic Particles

Mass(amu)_Charge

10073 [
0087 o
Blecron 0000911 X 10 0000549 1

|

Whatis the diffeence between an isotope and an on?

whereas an ion i defined by the number of protons and neutrons
b. An ionis defined by the elative number of protons and electrons,
s an sotope s defined by the number of protons an

€ Two different jons must always correspond to two different ele-
ments, but two different sotopes could correspond to the same
clement.

m Atomic Mass

A characteisic o an element i the mass of it atoms. Hydrogen, containing only
one proton in its nucleus, i the lightest clement, whercas uranium, containing
92 proons and over 140 neuttons,is among the heaviest. The difficulty in asign-
i a mass (0 a particular clement s that each clement may exist as & mixture of
w0 or more isotopes with different masscs. Consequently, we assign an average
mass to cach clement, called atomic mass. Atomic masses are lsted in the periodic
able (Figure 3.9) and represent a weighted average of the masses of each natually
occurring sotope for that clement.

Calculating Atomic Mass.
‘The atomic mass of any clement i calculated according to the following formula:

atomic mass = (fraction isotope 1) X (mass isotope 1)
“+ Ufraction isotope 2) X (mass isotope 2) +
For example, we saw that naturally occurring chlarine has two isotopes: 75.77%
of chl ms are chlorine-35 (mass 34.97 amu) and 24.23% are chlorine-37
ic mass by summing the atomic masses of
dance:

Clatomic mass = 0.7577 (34.97 amu) + 02423 (3697 amu) = 35.45 amu

Notice that the percent abundances must be converted to fractional abundances by
dividing them by 100, The atomic mass of chlorine is closer to 35 than 37 because
naturally occurring chlorine contains more chlorine-35 atoms than chlorine-37
atoms.

CHAPTER SUMMARIES

Chapters end with a two-column sum-
mary of the ideas presented in the main
body of the chapter. In this summary,
students get a side-by-side review of
the chapter, with molecular concepts
in one column and the coinciding
societal impact in the other. The chap-
ter summary allows the student to get
an overall picture of the chapter and
strengthens the connection between
principles and applications.

Self-Check

The Self-Check boxes consist of ques-
tions that allow students to periodi-
cally check their comprehension. The
questions reinforce the key concepts
in the text, develop students’ critical
thinking skills, and help them relate
the material to the world around them.

74 s AomsandBements

=~ 1mol
ofatoms

= 1.5 % 10" atoms.

1l 6022 X 10° atoms
R e B

‘The Mole Concept I

Calculae the number o atoms ina pure god ring weighing 173

SUMMARY

Molecular Concept Societal Impact

We have seen that all things, including ourseives, are s Because all mater is made of atoms, we can beter
ultimately composed of atoms and that the macro-  understand matter if we understand atoms. The pro-
scopic properties of substances ultimately depend on  cesses that occur around us at any time are caused
the microscopic propertis of the atoms that compose by changes in the atoms that compose matter (3.1).

them (3.1). We completely specify an atom by indicat-  Except in special cases—specificaly, nuclear reactions—
ing cach of the following (3.2-3.5):
© it atomic number (2), which is the number of 1o i, then, is simply misplaced atoms-—atoms that,
because of human activty, have found their way into
. places that they do not belong. However, because at-
b oms don't change, pollution is not an easy problem o
+ its charge (O, which depends on the relaive num-  solve. The atoms tht cause pollution must somehov
ber of protons and electrons. be brought back to their orginal place, or a least 0 a
place where they won't do any harm.

tons in s nucleus

“The mass number and charge can vary for a given ele-
ment, but the atomic number defines the clement and
is, therefore, always the same for a given clement. At-
oms that have the same atomic number but different
mass numbers are called isofopes, and atoms that have
lost or gained electrons to acquire a charge are called
ions. A positive ion is called a carion, and a negative
one s called an anion.

A characteristic of an clement is its atomic mass. 3w Molar masses help us to caleulate the number of atoms
weighied average of the masses of th isotopes that " in a given object simply by weghing it (3.11),
naturally compose that clement (3.6). The atomic

mass is numerically cquivalent to molar mass, the

mass of ane male of that clement n grams. The molar

mass provides a conversion factor between grams and

moles.
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Preface XXi

KEY TERMS

Each chapter has a set of key terms from within that chapter for review and study.
Each of the key terms is defined in the Glossary at the end of the text.

STUDENT EXERCISES

All chapters contain exercises of four types: Questions, Problems, Points to Ponder,
and Feature Problems and Projects. The Questions ask students to recall many of the
key concepts from the chapter. The Problems ask students to apply what they have
learned to solve problems similar to those in the chapter Examples and Your Turn
boxes. The Points to Ponder consist primarily of open-ended short-essay questions
in which students are asked about the ethical, societal, and political implications of
scientific issues. The Feature Problems and Projects contain problems with graphics
and short projects, often involving Web-based inquiry.

NEW TO THIS EDITION

The art program has been updated including every chapter opening image to better
communicate the excitement and relevance of chemistry to our daily lives.

Since CHEMISTRY IN FOCUS emphasizes relevance and connection to current
environmental and technological issues, all of the data relevant to these issues
have been updated and made current. For example, data such as Earth’s tempera-
ture, atmospheric carbon dioxide concentrations, rain acidity, and pollution levels
have been thoroughly researched and made as current as possible.

Interest boxes (Molecular Thinking, Molecular Focus, Molecular Revolution, and
What If) have been updated to reflect the progress and current issues.

The self-check questions have been revised extensively to enhance student
learning and make them adaptable to a digital environment that automatically tells
the student whether or not they answered correctly.

A new set of instructional and interactive videos entitled, BIG PICTURE VID-
EOS, have been created for the new edition. These videos are designed to be as-
signed to students outside of class to introduce important topics in each chapter.
The videos encourage active learning because each video stops in about the middle
and asks the student to answer a question. The video continues after the student
answers the question, forcing them to participate in the learning process.
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Supporting Materials

Please visit http://www.cengage.com/chemistry/tro/cheminfocus6e for information
about student and instructor resources for this text.
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Science, like art, is fun, a playing with truths. . . .
—W. H. Auden
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n this book, you will learn about chemistry,

the science that investigates the small to un-

derstand the large. You will, in my opinion,
be a deeper and better-educated person if you un-
derstand one simple fact: All that is happening
around you has a molecular cause. When you un-
derstand the molecular realm that lies behind eve-
ryday processes, the world becomes a larger and
richer place.

In this chapter, you will learn about the scientific
method—the method that chemists use to learn about
the molecular realm. Contrary to popular thought,
the scientific method is creative, and the work of the
scientist is not unlike the work of the artist. As you
read these pages, think about the modern scientific

1.1 Firesticks 3

method—its inception just a few hundred years ago
has changed human civilization. What are some of
those changes? How has the scientific method di-
rectly impacted the way you and I live?

We will then move on to some fundamental
chemical principles that help us make sense of the
vast variety of substances that exist in the world.
As you learn the details of atoms, elements, com-
pounds, and mixtures, keep in mind the central
role that science plays in our society today. Also
remember that you don’t need to go into the lab-
oratory or look to technology to see chemistry
because—even as you sit reading this book—all
that is happening around you has a molecular
cause.

QUESTIONS for THOUGHT

e What is chemistry?

e What is matter and how do we classify it?

@ How do scientists learn about the world? e What is matter composed of?

e How did science and chemistry develop? e What is the structure of an atom?

m Firesticks

Flames are fascinating. From the small flicker of a burning candle to the heat and
roar of a large campfire, flames captivate us. Children and adults alike will stare at a
flame for hours—its beauty and its danger demand attention. My children have a be-
loved campfire ritual they call “firesticks.” They find dry tree branches, two to three
feet long, and ignite the tips in the campfire. They then pull the flaming branches
out of the fire and wave them in the air, producing a trail of light and smoke. My
reprimands about the danger of this practice work for only several minutes, and
then waving wands of fire find their way back into their curious little hands.

As fascinating as flames are, an unseen world—even more fantastic—lies be-
neath the flame. This unseen world is the world of molecules, the world I hope you
see in the pages of this book. We will define molecules more carefully later; for
now think of them as tiny particles that make up matter—so tiny that a single flake
of ash from a fire contains one million trillion of them. The flame on my children’s
firesticks and in the campfire is composed of molecules, billions of billions of them
rising upward and emitting light (Figure 1.1).

The molecules in the flame come from an extraordinary transformation—called
a chemical reaction—in which the molecules within the wood combine with certain
molecules in air to form new molecules. The new molecules have excess energy that
they shed as heat and light as they escape in the flame. Some of them, hopefully after
cooling down, might find their way into your nose, producing the smell of the fire.
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4 Chapter 1 Molecular Reasons

A flame is composed of energetic molecules
that give off light and heat.

Carbon
dioxide
molecule

Water
Figure 1.1 The energetic mol- molecule
ecules that compose a flame form
from the reaction between the
molecules within the log and the
molecules in the air. They move
upward, away from the log, giving
off heat and light as they travel.

Yuriy Kulik/Shutterstock.com

Let’s suppose for a moment that we could see the molecules within the burning
wood—we would witness a frenzy of activity. A bustling city during rush hour would
appear calm by comparison. The molecules in the wood, all vibrating and jostling tril-
lions of times every second, rapidly react with molecules in the air. The reaction of a
single molecule with another occurs within a split second, and the newly produced mol-
ecules fly off in a trail of heat and light, only to reveal the next molecule in the wood—
ready to react. This process repeats itself trillions of times every second as the wood
burns. Yet on the macroscopic scale—the scale that we see—the process looks calm. The
wood disappears slowly, and the flame from a few good logs lasts several hours.

O Big Picture Video: m Molecular Reasons

Molecular Reasons

All that is happening around you has a molecular cause. When you write, eat, think,
move, or breathe, molecules are in action, undergoing changes that make these things
happen. The world that you can see—that of everyday objects—is determined by the
world you cannot see—that of atoms, molecules, and their interactions. Chemistry is
the science that investigates the molecular reasons for the processes occurring in our
macroscopic world. Why are leaves green? Why do colored fabrics fade on repeated
exposure to sunlight? What happens when water boils? Why does a pencil leave a
mark when dragged across a sheet of paper? These basic questions can be answered
by considering atoms and molecules and their interactions with each other.

For example, over time you might see a red shirt fade as it is exposed to sun-
light. The molecular cause is energy from the sun, which decomposes the molecules
that gave the shirt its red color. You may notice that nail polish remover accidentally

4 spilled on your hand makes your skin feel cold as it evaporates. The molecular cause
& - is molecules in your skin colliding with the evaporating molecules in the nail polish
i‘- i\z remover, losing energy to them, and producing the cold sensation. You may see that
5§ sugar stirred into coffee readily dissolves (Figure 1.2). The sugar seems to disappear

i £ in the coffee. However, when you drink the coffee, you know the sugar is still there

Chemists investigate the molecular because you can taste its sweetness. The molecular cause is that a sugar molecule
reasons for physical phenomena. has a strong attraction for water molecules and prefers to leave its neighboring
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1.3 The Scientist and the Artist 5

Sugar molecule

Figure 1.2 When sugar dissolves
into coffee, the sugar molecules mix
with the water molecules.

© Cengage

k

sugar molecules and mingle with the water. You see this as the apparent disappear-
ing of the solid sugar, but it is not disappearing at all, just mixing on the molecular
level. Chemists, by using the scientific method, investigate the molecular world;
they examine the molecular reasons for our macroscopic observations.

m The Scientist and the Artist

Science and art are often perceived as different disciplines, attracting different
types of people. Artists are often perceived to be highly creative and uninterested
in facts and numbers. Scientists, in contrast, are perceived to be uncreative and
interested only in facts and numbers. Both images are false, however, and the two
professions have more in common than is generally imagined.

We can begin to understand the nature of scientific work by studying the sci-
entific method, outlined in Figure 1.3. The first step in the scientific method is

Observation

— ) (e ) —
N/

Theory

{ Experiment -
. J Figure 1.3 The scientific method.
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Chapter 1 Molecular Reasons

What If...

Why Should Nonscience Majors Study Science?

You may be reading this book because it is required
reading in a required course. You are probably not a sci-
ence major and might be wondering why you should study
science. | propose three reasons why you should study
science, specifically because you are not a science major.
First, modern science influences culture and society in pro-
found ways and raises ethical questions that only society as a
whole can answer. For example, in the early part of this cen-
tury, scientists at a biotechnology company in Massachusetts
succeeded for the first time in cloning (making a biological
copy of) a human embryo. Their reason for cloning the em-
bryo was not human reproduction (they were not trying to
make a race of superhumans or clones of themselves) but
rather to cure and treat diseases. This kind of cloning, called
therapeutic cloning (as opposed to reproductive cloning),
holds as its goal the creation of specialized cells (called stem
cells) to be used, for example, to cure diabetes or to mend
damaged spinal cords. The potential benefits of this research
are significant, but it also carries some moral risk. Does the
benefit of curing serious disease outweigh the risk of creat-
ing human embryos? Only society as a whole can answer that
question. If our society is to make intelligent decisions on is-
sues such as this, we, as citizens of that society, should have a
basic understanding of the scientific principles at work.
Second, decisions involving scientific principles are often
made by nonscientists. Politicians are generally not trained
in science, nor are the people electing the politicians.
Yet politicians make decisions concerning science policy,
science funding, and environmental regulation. A clever
politician could impose unsound scientific policy on an
uninformed electorate. For example, Adolf Hitler proposed
his own versions of Nazi genetics on the German people.

He wrongly proposed that the Aryan race could make it-
self better by isolating itself from other races. According to
Hitler, Aryans should only reproduce with other Aryans to
produce superior human beings. However, any person with
a general knowledge of genetics would know that Hitler
was wrong. Excessive inbreeding actually causes genetic
weaknesses in a population. For this reason, purebred dogs
have many genetic problems, and societal taboos exist for
intrafamily marriages. History demonstrates other exam-
ples of this sort of abuse. Agriculture in the former Soviet
Union still suffers from years of misdirected policies based
on communistic ideas of growing crops, and South America
has seen failures in land use policies that were scientifically
ill informed. If you are at all interested in the sustainabil-
ity of our planet, you need to have a basic understanding
of science so that you can help make intelligent decisions
about its future.

Third, science is a fundamental way to understand the
world around us and therefore reveals knowledge not
attainable by other means. Such knowledge will deepen
and enrich your life. For example, an uninformed observer
of the night sky may marvel at its beauty but will probably
not experience the awe that comes from knowing that even
the closest star is trillions of miles away or that stars produce
light in a process that could only start at temperatures ex-
ceeding millions of degrees. For the uninformed, the world
is a two-dimensional, shallow place. For the informed, the
world becomes a deeper, richer, and more complex place. In
chemistry, we learn about the world that exists behind the
world we see, a world present all around us and even inside
of us. Through its study we are better able to understand our
world and better able to understand ourselves.

J

the observation or measurement of some aspect of nature. This may involve only
one person making visual observations, or it may require a large team of scientists
working together with complex and expensive instrumentation. A series of related
observations or measurements may be combined to formulate a broadly applicable
generalization called a scientific law. As an example, consider the work of Antoine
Lavoisier (1763-1794), a French chemist who studied combustion, a type of chemical
reaction. Lavoisier carefully measured the weights of objects before and after burn-
ing them in closed containers. He noticed that the initial weight of the substance
being burned and the final weight of the substances that were formed during burn-
ing were always equal. As a result of these observations, he formulated the law of
conservation of mass, which states the following:

In a chemical reaction matter is neither created nor destroyed.

Unfortunately, Lavoisier was part of the establishment at a time when the est-
ablishment was extremely unpopular. He was guillotined in 1794 by French
revolutionists. His controlled observations, however, led to a general law of nature
that applies not only to combustion but also to every known chemical reaction.
The burning log discussed in the opening section of this book, for example, does
not disappear into nothing; it is transformed into ash and gas. The weight lost by

NYPL/Science Source

Antoine Lavoisier, also known as the
father of modern chemistry.
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1.3 The Scientist and the Artist

the log while burning and the weight of the oxygen that it reacted with exactly
equal the weight of the ash and gas formed. Laws like these do not automatically
fall out of a series of measurements. The measurements must be carefully controlled.
But then the scientist must be creative in seeing a pattern that others have missed
and formulating a scientific law from that pattern.

Scientific laws summarize and predict behavior, but they do not explain the
underlying cause. A hypothesis is an initial attempt to explain the underlying
causes of observations and laws. A hypothesis is a tentative model (educated by
observation) that is then tested by an experiment, a controlled observation specifi-
cally designed to test a hypothesis. One or more confirmed hypotheses (possibly
with the additional support of observations and laws) may evolve into an over-
arching model of reality called a theory. A good theory often predicts behavior
far beyond the observations and laws from which it was formulated. For example,
John Dalton, an English chemist, used the law of conservation of mass along with
other laws and observations to formulate his atomic theory, which asserts that all
matter is composed of small particles called atoms. Dalton took a creative leap

from the law of conservation of mass to a theory about atoms. p- His ingenuity led The atomic theory is
to a theory that explained the law of conservation of mass by predicting the exis- described in more detail
tence of microscopic particles, the building blocks of all matter. in Section 1.9.
v Self-Check 1.1
You can find the answers to
A chemist observes the behavior of a gas by filling a balloon and measuring its Self-Check questions at the
volume at different temperatures. After making many measurements, he con- end of the chapter.

cludes that the volume of a gas always increases with increasing temperature. The
chemist's conclusion is best classified as an:

a. observation b. law
c. theory

The Scientific Method

Suppose you are an astronomer mapping the galaxies in the sky for the very first
time. You discover that all galaxies are moving away from Earth at high speeds. As
part of your studies, you measure the speed and distance from Earth of a number
of galaxies. Your results are shown here.

Distance from Earth Speed Relative to Earth
5.0 million light-years 600 miles/second (mi/s)
8.4 million light-years 1000 mi/s

12.3 million light-years 1500 mi/s

20.8 million light-years 2500 mi/s

Formulate a law based on your observations.
Because laws summarize a number of related observations, you can formulate
the following law from the tabulated observations:

The farther away a galaxy is from Earth, the faster its speed.

Devise a hypothesis or theory that might explain the law.

You may devise any number of hypotheses or theories consistent with the pre-
ceding law. Your hypotheses must, however, give the underlying reasons behind
the law. One possible hypothesis:

(continued)
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Chapter 1 Molecular Reasons

Earth has a slowing effect on all galaxies. Those galaxies close to Earth expe-
rience this effect more strongly than those that are farther away and there-
fore travel more slowly.

Another possible hypothesis:

Galaxies were formed in an expansion that began sometime in the past and
are therefore moving away from each other at speeds that depend on their
separation.

What kinds of experiments would help validate or disprove these hypotheses?
For the first hypothesis, you might devise experiments that try to measure the
nature of the slowing effect that Earth exerts on galaxies. For example, the
force responsible for the slowing may also affect the Moon’s movement,
which might be measured by experiment. For the second hypothesis, experi-
ments that look for other evidence of an expansion would work. For example,
you might try to look for remnants of the heat or light given off by the
expansion. Experimental confirmation of your hypothesis could result in the
evolution of the hypothesis into a theory for how the universe came to exist
in its present form.

Finally, like a hypothesis, a theory is subject to experiments. A theory is valid
if it is consistent with, or predicts the outcome of, experiments. If an experiment is
inconsistent with a particular theory, that theory must be revised, and a new set of
experiments must be performed to test the revision. A theory is never proved, only
validated by experimentation. The constant interplay between theory and experi-
ment gives science its excitement and power.

The process by which a set of observations leads to a model of reality is
the scientific method. It is similar, in some ways, to the process by which a
series of observations of the world leads to a magnificent painting. Like the
artist, the scientist must be creative. Like the artist, the scientist must see order
where others have seen only chaos. Like the artist, the scientist must create a
finished work that imitates the world. The difference between the scientist and
the artist lies in the stringency of the imitation. The scientist must constantly
turn to experiment to determine whether his or her ideas about the world
are valid.

The First People to Wonder About
Molecular Reasons

The Greek philosophers are the first people on record to have thought deeply
about the nature of matter. As early as 600 B.c., these scholars wanted to know
the why of things. However, they were immersed in the philosophical thought
of their day that held that physical reality is an imperfect representation of
a more perfect reality. As a result, they did not emphasize experiments on
the imperfect physical world as a way to understand it. According to Plato
(428-348 B.C.), reason alone was the superior way to unravel the mysteries
of nature. Remarkably, Greek ideas about nature led to some ideas similar to
modern ones.

Democritus (460-370 B.C.), for example, theorized that matter was ultimately
composed of small, indivisible particles he called atomos, or atoms, meaning “not
to cut.” Democritus believed that if you divided matter into smaller and smaller
pieces, you would eventually end up with tiny particles (atoms) that could not
be divided any further. He is quoted as saying, “Nothing exists except atoms
and empty space; everything else is opinion.” Although Democritus was right by
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1.6 The Beginning of Modern Science 9

modern standards, most Greek thinkers, especially Aristotle and Plato, rejected his
atomistic viewpoint.

Thales (624-546 B.c.) reasoned that any substance could be converted into any
other substance, so that all substances were in reality one basic material. Thales
believed that the one basic material was water. He said, “Water is the principle,
or the element of things. All things are water.” Empedocles (490-430 B.C.), on
the other hand, suggested that all matter was composed of four basic materials
or elements: air, water, fire, and earth. This idea was accepted by Aristotle (384~
321 B.C.), who added a fifth element—the heavenly ether—perfect, eternal, and in-
corruptible. In Aristotle’s mind, the five basic elements composed all matter, and
this idea reigned for 2000 years.

m Immortality and Endless Riches

The predecessor of chemistry, called alchemy, flourished in Europe during the Mid-

dle Ages. Alchemy was a partly empirical, partly magical, and entirely secretive

pursuit with two main goals: the transmutation of ordinary materials into gold and

the discovery of the “elixir of life,” a substance that would grant immortality to

any who consumed it. In spite of what might today appear as misdirected goals, al-

chemists made some progress in our understanding of the chemical world. Through

their obsession with turning metals into gold, they learned much about metals.

They were able to form alloys—mixtures of metals—with unique properties. They Alchemists sought to turn ordinary

also contributed to the development of laboratory separation and purification tech- materials into gold and to make ‘the
elixir of life," a substance that would

niques that are still used today. In addition, alchemists made advances in the area grant immortality.

of pharmacology by isolating natural substances and using them to treat ailments.

Because of the mystical nature of alchemy and the preoccupation with secrecy, how-

ever, knowledge was not efficiently propagated, and up to the sixteenth century,

progress was slow.

The Granger Collection, NYC

m The Beginning of Modern Science

The publication of two books in 1543 marks the beginning of what is now called
the scientific revolution. The first book was written by Nicholas Copernicus
(1473-1543), a Polish astronomer who claimed that the Sun was the center of
the universe. In contrast, the Greeks had reasoned that Earth was the center of the
universe, with all heavenly bodies, including the Sun, revolving around Earth.
Although complex orbits were required to explain the movement of the stars
and planets, the Earth-centered universe put humans in the logical center of the
created order. Copernicus, by using elegant mathematical arguments and a
growing body of astronomical data, suggested exactly the opposite—the Sun
stood still and Earth revolved around it. The second book, written by Andreas
Vesalius (1514-1564), a Flemish anatomist, portrayed human anatomy with
unprecedented accuracy.

The uniqueness of these books was their overarching emphasis on observa- Galileo Galilei expanded on Copernicus's
tion and experiment as the way to learn about the natural world. The books were ideas of a Sun-centered rather than an
revolutionary, and Copernicus and Vesalius laid the foundation for a new way to Earth-centered universe.
understand the world. Nonetheless, progress was slow. Copernicus’s ideas were not
popular among the religious establishment. Galileo Galilei (1564-1642), who con-
firmed and expanded on Copernicus’s ideas, was chastised by the Roman Catholic
Church for his views. Galileo’s Sun-centered universe put man outside of the geo-
metric middle of God’s created order and seemed to contradict the teachings of
Aristotle and the Church. As a result, the Roman Catholic Inquisition forced Galileo
to recant his views. Galileo was never tortured, but he was subject to house arrest
until he died.

The Granger Collection, NYC
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Chapter 1 Molecular Reasons

What If...

Observation and Reason

hroughout this text, | will pose a number of open-ended

questions that you can ponder and discuss. Some will
have better-defined answers than others, but none
will have a single correct answer. The first one follows.

The field of science is relatively young compared with
other fields such as philosophy, history, or art. It has,
however, progressed quickly. In the four and one-half
centuries since the scientific revolution, science and its
applications have dramatically changed our lives. In con-
trast, the tens of centuries before 1543 proceeded with
comparatively few scientific advances. A major factor in

the scarcity of scientific discoveries before 1543 was the
Greek emphasis on reason over observation as the key
to knowledge. Although some Greek philosophers, such
as Aristotle, spent a great deal of time observing and
describing the natural world, they did not emphasize
experimentation and the modification of ideas based
on the outcomes of experiments. What if the Greeks had
placed a greater emphasis on experimentation? What if
Democritus had set out to prove his atomistic view of mat-
ter by performing experiments? Where do you think sci-
ence might be today?

The scientific method progressed nonetheless, and alchemy was transformed
into chemistry. Chemists began to perform experiments to answer fundamental
questions such as these: What are the basic elements? Which substances are pure
and which are not? In 1661, Robert Boyle (1627-1691) published The Skeptical
Chymist, in which he criticized Greek ideas concerning a four-element explanation
of matter. He proposed that an element must be tested to determine whether it was
really simple. If a substance could be broken down into simpler substances, it was
not an element.

Il The Classification of Matter

Matter can be classified by its composition (what it’s composed of) or by its state
(solid, liquid, or gas). We examine each of these in turn.

Classifying Matter by Its Composition

Boyle’s approach led to a scheme, shown in Figure 1.4, that we use to classify mat-
ter today. In this scheme, all matter is first classifiable as either a pure substance
or a mixture.

Pure Substances

A pure substance may be either an element or a compound. An element is a
substance that cannot be decomposed into simpler substances. The graphite
in pencils (Figure 1.5) is an example of an element—carbon. No amount of
chemical transformation can decompose graphite into simpler substances; it is
pure carbon. Other examples of elements include oxygen, a component of air;
helium, the gas in helium balloons; and copper, used in plumbing and as a
coating on pennies. The smallest identifiable unit of an element is an atom.
There are about 90 different elements in nature and therefore about 90 different
kinds of atoms.

A compound is a substance composed of two or more elements in fixed, defi-
nite proportions. Compounds are more common in nature than elements because
most elements tend to combine with other elements to form compounds. Water
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Figure 1.4 Classification scheme for matter. Matter may be either a pure substance or a mixture. If it is a pure substance, it may be either an element
or a compound. If it is a mixture, it may be either a homogeneous mixture or a heterogeneous mixture.

Element

A carbon
atom

David Buffington/Getty Images

Figure 1.5 The graphite in pencils is composed of carbon, an element.

lonic compounds, as you
will learn in Chapter 4,
are not composed of

(Figure 1.6), table salt, and sugar are examples of compounds; they can all be de-
composed into simpler substances. Water and table salt are difficult to decompose,

but sugar is easy to decompose. You may have decomposed sugar yourself while molecules but rather
cooking. The black substance left on your pan after burning sugar contains carbon, consist of their constituent
one of sugar’s constituent elements. The smallest identifiable unit of many com- elements in a repeating
pounds is a molecule, two or more atoms bonded together. p- three-dimensional array.
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12 Chapter 1 Molecular Reasons

A water molecule is composed
of two hydrogen atoms and
one oxygen atom

Figure 1.6 Water is a compound
whose molecules are composed of
two hydrogen atoms (white) and
one oxygen atom (red).

Nick Rowe/Photodisc/Getty Images

Mixtures

Nitrogen
molecule

Oxygen
molecule

Water molecule

Sodium ion
(from salt)

Chloride ion
(from salt)

Figure 1.7 Airis a mixture whose
major components are nitrogen
(blue) and oxygen (red). Seawater
is a mixture whose primary compo-
nents are water and salt.

EpicStockMedia/Shutterstock.com

Mixtures

A mixture is a combination of two or more pure substances in variable proportions.
The substances in a mixture may themselves be either elements or compounds. The
flame from a burning log is a good example of a mixture. It contains various gases
whose proportions vary considerably from one flame to another. A cup of coffee,
a can of soda, and ordinary soil are also examples of mixtures. In fact, most of the
matter we encounter is in the form of mixtures. The air we breathe is a mixture;
seawater is a mixture (Figure 1.7); food is a mixture; we can even think of our-
selves as a very complex mixture.

Mixtures may be composed of two or more elements, two or more compounds,
or a combination of both. Mixtures can be classified according to how uniformly
the substances that compose them mix. A heterogeneous mixture, such as oil and
water, is separated into two or more regions with different compositions. A homo-
geneous mixture, such as salt water, has the same composition throughout.

Classifying Matter

Determine whether each of the following is an element, a compound, or a
mixture. If it is a mixture, classify it as homogeneous or heterogeneous.

. copper wire

. water

. salt water

. Italian salad dressing

O Nn T o
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SOLUTION

Every element is listed in alphabetical order in the table on the inside back cover
of this text. Use this table to determine whether the substance is an element. If
the substance is not listed in the table but is a pure substance, then it must be a
compound. If the substance is not a pure substance, then it is a mixture.

a. Copper is listed in the table of elements. It is an element.

b. Water is not listed in the table of elements, but it is a pure substance;
therefore, it is a compound.

c¢. Salt water is composed of two different substances, salt and water; it is a
mixture. Different samples of salt water may have different proportions of
salt and water, a property of mixtures. Its composition is uniform through-
out; thus, it is a homogeneous mixture.

d. Italian salad dressing contains a number of substances and is, therefore, a
mixture. It usually separates into at least two distinct regions—each with
a different composition—and is therefore a heterogeneous mixture.

Classifying Matter Answers to YOUR TURN
exercises can be found in

Determine whether each of the following is a pure element, a compound, or a Appendix 3.

mixture. If it is a mixture, classify it as homogeneous or heterogeneous:

. pure salt

. helium gas

. chicken noodle soup
. coffee

O n T o

Classifying Matter by Its State

Another way to classify matter is according to its state. Matter can exist as either
a solid, a liquid, or a gas (Figure 1.8). In solid matter, atoms or molecules are in
close contact and in fixed locations. Consequently, solid matter is rigid, has a fixed
shape, and is incompressible. Good examples of solid matter include ice, copper

( Matter )

( Solid ) ( Liquid ) Gas
£

Charles D. Winters
Charles D. Winters

Figure 1.8 The states of matter.
Matter can either be a solid, a liquid,
oragas.
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14 Chapter 1 Molecular Reasons

The States of Matter

Solid Incompressible Fixed volume Fixed shape
Liquid Incompressible Fixed volume Variable shape
Gas Compressible Variable volume Variable shape

metal, and diamond. In liquid matter, atoms or molecules are also in close contact,
but not in fixed locations—they are free to move around each other. As a result,
liquids have a fixed volume and are incompressible, but they don’t have a rigid
shape. Instead, they flow to assume the shape of their container. Good examples of
liquid matter include water, rubbing alcohol, and vegetable oil.

In gaseous matter, atoms or molecules are not in close contact but are sepa-
rated by large distances. The atoms or molecules are in constant motion and often
collide with each other and with the walls of their container. Consequently, gas-
eous matter does not have a fixed shape or a fixed volume but rather assumes the
shape and volume of its container. In addition, gaseous matter is compressible.
Good examples of gaseous matter include steam, helium, and air. Table 1.1 sum-
marizes the states of matter and the properties of each state.

v Self-Check 1.2

A cup of coffee is an example of:

a. aliquid pure substance b. a gaseous mixture
c. asolid pure substance d. aliquid mixture
e. asolid mixture

m The Properties of Matter

Every day, we tell one substance from another based on its properties. For example,
we distinguish between gasoline and water because they smell different, or between
sugar and salt because they taste different. The characteristics that distinguish a sub-
stance and make it unique are its properties. In chemistry, we distinguish between
physical properties, those properties that a substance displays without changing its
composition, and chemical properties, those properties that a substance displays only
when changing its composition. For example, the smell of alcohol is a physical prop-
erty. When we smell alcohol, it does not change its composition. However, the flam-
mability of alcohol—its tendency to burn—is a chemical property. When alcohol burns,
it combines with oxygen in the air to form other substances.

We can also distinguish between two different kinds of changes that occur in
matter—physical change and chemical change. When matter undergoes a physical
change, it changes its appearance, but not its composition. For example, in order
to smell alcohol, some of the alcohol has to vaporize into the air—this is a physical

Aphysical change results change. When alcohol vaporizes, alcohol molecules change from the liquid state

in a different form of the

same substance: a chemical to the gas state, but they remain alcohol molecules (Figure 1.9). When matter un-
change results in a com- dergoes a chemical change, on the other hand, it changes its composition. When
pletely new substance. alcohol burns, for example, it undergoes a chemical change. «

v’ Self-Check 1.3

Water is put on the stove and heated with a natural gas burner. After some time, the
water begins to bubble, and steam is given off. What kind of change has occurred?

a. physical b. chemical
c. no change has occurred
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Physical Change

Isopropyl
alcohol
molecule in
the gas state

Isopropyl
alcohol
molecule in
the liquid
state

Charles D. Winters

Figure 1.9 The evaporation of alcohol from its container is a physical change. The alcohol does not change
its composition upon vaporization.

It is not always easy to tell whether a change is physical or chemical. In gen-
eral, changes in the state of a substance, such as melting or boiling, or changes that
are only in appearance, such as cutting or bending, are always physical changes.
Chemical changes, on the other hand, often emit or absorb heat or light or result in
a color change of the substance.

m The Development of the Atomic Theory The mass of something is

a measure of the quantity

As we have seen, Democritus was the first person to suggest that matter was of matter within it. The
ultimately composed of atoms. However, this idea was not accepted until the early difference between mass
1800s. The laws of conservation of mass and constant composition both led to the and weight is described in
development of the modern atomic theory. p- Section 2.4.

The Conservation of Mass

In 1789 Antoine Lavoisier, who is known as the father of modern chemistry, pub-
lished a chemical textbook titled Elementary Treatise on Chemistry. As we saw
previously, Lavoisier studied combustion, and by burning substances in closed
containers, he was able to establish the law of conservation of mass, which states
that matter is neither created nor destroyed in a chemical reaction.

A second French chemist, Joseph Proust (1754-1826), established the law of
constant composition, which states the following:

All samples of a given compound have the same proportions of their con-
stituent elements.

The Conservation of Mass

A chemist combines sodium and chlorine, and they react to form sodium
chloride. The initial masses of the sodium and chlorine were 11.5 and 17.7 grams (g),

(continued)
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respectively. The mass of the sodium chloride was 29.2 g. Show that these results
are consistent with the law of conservation of mass.

SOLUTION
Determine the sum of the masses of sodium and chlorine:

1159+1779g=292g¢g
mass mass total

sodium chlorine mass

The masses of sodium and chlorine add up to the mass of the sodium chloride;
therefore, matter was neither created nor destroyed, so the results are consistent
with the law of conservation of mass.

The Conservation of Mass

Answers to YOUR TURN
exercises can be found in A match is weighed and then burned. The ashes are found to weigh much less.
Appendix 3. How can this be consistent with the conservation of mass?

For example, if we decompose an 18.0-g sample of water into its constituent
elements, we would obtain 16.0 g of oxygen and 2.0 g of hydrogen, a ratio of oxy-
gen to hydrogen of

oxygen 1608

hydrogen 20 g B

This ratio would be the same regardless of the size of the water sample or

where the water sample was obtained. Similarly, all samples of ammonia contain

14.0 g of nitrogen to every 3.0 g of hydrogen, a ratio of nitrogen to hydrogen of
4.67. The composition of each compound is constant.

Example 1.4

Constant Composition of Compounds

8.0

Two samples of water are obtained from two different sources. When the water is
decomposed into its constituent elements, one sample of water produces 24.0 g
of oxygen and 3.0 g of hydrogen, whereas the other sample produces 4.0 g of
oxygen and 0.50 g of hydrogen. Show that these results are consistent with the
law of constant composition.

For the first sample:
oxygen 2409

= 8.0
hydrogen 309
For the second sample:
oxygen 4.0
_oxygen 409 _ o
hydrogen 0.5g
The two samples have the same proportions of their constituent elements and
therefore are consistent with the law of constant composition.

Constant Composition of Compounds

Two samples of sugar are decomposed into their constituent elements. One
sample of sugar produces 18.0 g carbon, 3.0 g hydrogen, and 24.0 g oxygen; the
other sample produces 24.0 g carbon, 4.0 g hydrogen, and 32.0 g oxygen. Find
the ratio of carbon to hydrogen and the ratio of oxygen to hydrogen for each of
the samples, and show they are consistent with the law of constant composition.
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The Atomic Theory

In 1808 John Dalton (1766-1844), a British scientist, used the laws of Lavoisier and
Proust, as well as data from his own experiments, to formulate a fundamental theory
of matter. Dalton had an unusual ability to synthesize a theory from a variety of
different pieces of information. His atomic theory had three parts:

1. All matter is composed of indivisible particles called atoms that cannot be cre-
ated or destroyed.

2. All atoms of a given element are alike in mass and other properties. These prop-
erties are unique to each element, and they differ from one element to another.

3. Atoms of different elements combine to form compounds in simple whole-
number ratios. For example, the compound water is formed from 2 hydrogen
atoms and 1 oxygen atom. The numbers, 2 and 1, are simple whole numbers.

m The Nuclear Atom

By the late 1800s, most scientists were convinced that matter was composed of at-
oms. However, they did not know the basic structure of the atom. In 1909 the inter-
nal structure of the atom was studied by Ernest Rutherford (1871-1937). He tested
the Plum Pudding model of the atom, which postulated that the atom consisted of
a sphere of positive charge filled with tiny negatively charged particles called elec-
trons. Rutherford tested this idea by directing alpha particles—which had recently
been discovered and were 7000 times more massive than electrons—at a thin sheet
of gold foil (Figure 1.10). If the atoms in the foil were structured in the way that

Incoming
o particles

deflection

Lead shield Sharply
rebounded

alpha particles

Slightly deflected

B f
eam o alpha particles

alpha particles

Gold foil
Alpha particle emitter

Most alpha particles
pass through the
foil undeflected.

1.10 The Nuclear Atom 17

Public Domain

John Dalton, the British
scientist who postulated the
atomic theory.

Figure 1.10 Rutherford’s gold

foil experiment. A beam of alpha
particles is directed at a thin sheet of
gold foil. Some of the particles pass
through the foil undeflected. Others
are deflected a small amount. A tiny
fraction bounce back in the direction
they came from. (Source: Adapted
from General, Organic, and Biological
Chemistry, by David G. Lygre. Copy-
right © 1995 Brooks/Cole.)
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the Plum Pudding model described, the massive alpha particles should blast right
through the jumble of electrons and pass through the foil relatively undeflected.

Rutherford’s experiment produced results that were different from what he ex-
pected. The majority of the particles did pass directly through the foil, but some parti-
cles experienced a slight deflection as they passed through the foil, and a small fraction
bounced right back. These results puzzled Rutherford, who said, “[this is] about as
credible as if you had fired a 15-inch shell at a piece of tissue paper and it came back
and hit you.” What must the structure of the atom be to explain this odd behavior?

Rutherford devised a theory that explained his experimental results. He con-
cluded that matter must not be as uniform as it appears; it must contain large
regions of empty space accompanied by small regions of very dense material.
Rutherford knew that atoms contained some particles with positive charges and
others with negative charges. By using these ideas and the results of his experiment,
he proposed the nuclear theory of the atom (Figure 1.11), with three basic parts:

1. Most of the mass and all the positive charge of the atom are contained in a small
space called the nucleus.

2. Most of the volume of the atom is empty space occupied by tiny negatively
charged electrons.

3. There are as many negatively charged electrons outside the nucleus as units of
positive charge inside the nucleus, so that the atom is electrically neutral.

(a) Graphite structure

Steve Cole/PhotoDisc/Getty Images

(b) Carbon atom

. (c) Carbon nucleus

Figure 1.11 (a) The graphite in a pencil is made of carbon atoms. (b) Each carbon atom consists of a tiny nucleus surrounded by a
diffuse cloud of electrons. In this drawing, the size of the nucleus is exaggerated. If it were drawn to scale, the nucleus would not be
visible. (c) The nucleus is composed of positively charged protons and neutral neutrons.
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The Molecular Revolution

Seeing Atoms

1.10 The Nuclear Atom

little over 200 years ago, the atomic theory was broadly

accepted for the first time in history (in part because
of John Dalton). Today we can “take pictures” of them. In
1986, Gerd Binnig of Germany and Heinrich Rohrer of Swit-
zerland shared the Nobel Prize for their discovery of the
scanning tunneling microscope (STM), a microscope that
can image and move individual atoms and molecules.
Figure 1.12 shows “NANO USA” written with 112 indi-
vidual molecules. The ability to see and move individual
atoms has created fantastic possibilities. It may be possible

Drs. Ali Yazdani & Daniel J. Hornbaker/Science Source

IBM Almaden Labs

some day to construct microscopic machines one atom
at a time, machines so tiny that they are invisible to the
naked eye. Yet these machines could perform amazing tasks
such as moving through the bloodstream to destroy viruses
or bacteria. We will learn more about this technology, still in
its infancy, in Chapter 19. It is an understatement to say that
Dalton’s atomic theory provides the foundation for our un-
derstanding of the chemical world. Two centuries ago it was
a theory with little evidence; today the evidence for the exis-
tence of atoms is overwhelming.

An STM image of a manganese
atom (yellow) on a gallium arsenide
surface (blue). (Image from

Dr. Yazdani, Princeton Nanoscale
Laboratory)

Figure 1.12 “NANO USA" written with 112 individual carbon
monoxide molecules and imaged using an STM at IBM
Corporation.

19
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20 Chapter 1 Molecular Reasons

Rutherford’s nuclear theory was extremely successful and is still valid today. To
get an idea of the structure of the atom, imagine that this dot ¢ is the nucleus of an
atom—the average distance to an electron would be 6 feet.

Later work by Rutherford and others demonstrated that the nucleus of the
atom consists of two kinds of particles: positively charged particles called protons
and neutral particles called neutrons. The number of protons in the nucleus of a

Protons, neutrons, and neutral atom is always equal to the number of electrons outside the nucleus. «
' electrons' are discussed Although the number of neutrons in the nucleus is often close to the number of
in more detail in Chapter 3. protons, no simple rule predicts the relative number of neutrons and protons. The

dense nucleus contains over 99% of the mass of the atom. Like water droplets that
make up the volume of a cloud, tiny electrons make up most of the volume of the
atom. However, the electrons have almost no mass in comparison with the protons
and neutrons that compose the nucleus.

Although everyday experience suggests that matter is solid and uniform,
experiments since Rutherford’s time validate that it is not. If atoms were solid
nuclear material and not primarily empty space, a single grain of sand would
weigh 10 million pounds. Astronomers believe there are some places in the uni-
verse where the structure of the atom has broken down to form “solid” matter.
Black holes and neutron stars are two such examples of these very dense forms
of matter. The large mass and small size associated with black holes cause in-
tense gravitational fields that attract all things in their general vicinity, includ-
ing light.

v Self-Check 1.4

In order for an atom to be charge neutral, it must have:

a. an equal number of protons and neutrons
b. an equal number of neutrons and electrons
c. an equal number of protons and electrons

SUMMARY

Molecular Concept Societal Impact

Chemistry is the science that examines the molecular map Understanding chemistry deepens our understanding
reasons for macroscopic phenomena (1.2). It uses the of the world and our understanding of ourselves, be-
scientific method, which emphasizes observation and cause all matter, even our own brains and bodies, is
experiment, to explore the link between our everyday made of atoms and molecules (1.2).

world and the world of molecules and atoms (1.3).

As early as 600 B.C., people wondered about the un- msp The Greek philosophers produced ideas about the na-

derlying reasons for the world and its behavior. Sev- ture of the world that are still valid. However, the
eral Greek philosophers believed that reason was the Greeks did not emphasize observation and experi-
primary way to unravel the mysteries of nature. They mentation to the extent that we do today (1.4). Con-
made some progress in understanding the natural sequently, the development of modern science is a
world and introduced fundamental ideas such as atoms relatively recent phenomena. Our society has changed
and elements (1.4). Alchemy, the predecessor of chem- profoundly after only 450 years of scientific progress.

istry, flourished in the Middle Ages and contributed
to chemical knowledge, but because of its secretive
nature, knowledge was not efficiently propagated, and
progress came slowly (1.5).
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Exercises 21

In the sixteenth century, scientists began to focus on msp Major societal changes resulted from this shift in view-

observation and experiment as the key to understanding
the natural world (1.6). Books written by Copernicus
and Vesalius exemplify this change of perspective and
mark the beginning of the scientific revolution. These
books were followed by relatively rapid developments
in our understanding of the chemical world. In the
seventeenth century, Boyle initiated a scheme that can
be used to classify matter according to its composition
(1.7, 1.8). Lavoisier formulated the law of conservation
of mass, and Proust, the law of constant composition.
In the early-nineteenth century, John Dalton built on
these laws to develop the atomic theory (1.9). In the
early-twentieth century, about 100 years ago, Ruther-
ford examined the internal structure of the atom and
found it to be mostly empty space with a very dense
nucleus in the center and negatively charged electrons
moving around it (1.10). The foundations of modern
chemistry were laid.

KEY TERMS

point (1.7-1.10). Science began to flourish as we learned
how to understand and control the physical world.
Technology grew as we applied the knowledge acquired
through the scientific method to improve human lives.
Think about your own life—how would it be differ-
ent without technology? With these changes, however,
came the responsibility to use knowledge and technol-
ogy wisely—only society as a whole can do that. The
power that science bestowed upon us has been used to
improve society—think about advances in medicine—but
it has also been used to destroy—think about the atomic
bomb or pollution. How do we, as a society, harness the
power that science has given for good, while avoiding
the negative effects?

alchemy Democritus
Aristotle element
atom Empedocles

atomic theory
Robert Boyle
chemical change
chemical properties
chemical reaction
chemistry
compound

Nicholas Copernicus

John Dalton

EXERCISES

Questions

experiment

Galilei, Galileo

gas

heterogeneous mixture
homogeneous mixture
hypothesis

Lavoisier, Antoine

law of conservation of mass

law of constant composition

1. What is meant by the statement “Macroscopic
observations have molecular causes”? Give two

examples.

2. Why should nonscience majors study science?

3. Explain the following observations on a molecular

level:

a. A brightly colored carpet appears faded in an
area near a large window.
b. A teaspoon of salt dissolves when stirred into

water.

liquid pure substance
mixture Ernest Rutherford
molecule scientific law
neutrons scientific method

nuclear theory
observation
physical change
physical properties
Plato

properties

protons

Joseph Proust

4. Define chemistry.

scientific revolution
solid

Thales

theory

Vesalius, Andreas

5. Describe the scientific method.

6. What is the difference between a law and a

theory?

7. How are science and art similar? How are they

different?

8. What is different about the Greek philosophers’
approach to scientific knowledge and the approach

taken today?
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9.

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.

20.

Chapter 1 Molecular Reasons

Match each of the people in column A with their
contribution to scientific knowledge in column B.

A B

Galileo conservation of mass
Democritus all things are water
John Dalton inquisition
Andreas Vesalius the nuclear atom
Empedocles Sun-centered universe
Joseph Proust human anatomy
Copernicus the atomic theory
Ernest Rutherford constant composition
Thales atomos
Antoine Lavoisier four basic elements
Robert Boyle criticized idea of four Greek
elements

What were the two main pursuits of alchemy?
What were the contributions of alchemy to
modern chemistry?

When did the scientific revolution begin? What
events signaled its beginning?

What is the difference between an element and a
compound? Give two examples of each.

What is the difference between a pure substance
and a mixture? Give two examples of each.

What is the difference between a homogeneous
mixture and a heterogeneous mixture? Give one
example of each.

Explain the differences among a solid, a liquid,
and a gas, based on the atoms or molecules that
compose them.

Match each term in the left column with three
terms from the right column. You may use terms
in the right column more than once.

solid incompressible

liquid compressible

gas fixed volume
fixed shape
variable shape
variable volume

What is the atomic theory?

Describe Rutherford’s gold foil experiment.

Describe the structure of the atom as explained by
Rutherford. How was this picture consistent with
the outcome of his gold foil experiment?

What are black holes, and how does their existence
relate to the internal structure of atoms?

Problems
The Scientific Method

21.

Classify each of the following as an observation or

a law:

a. When water boils, small bubbles form in the
liquid and rise rapidly to the surface.

b. Two grams of hydrogen combine with 16 grams
of oxygen to form 18 grams of water.

c. Chlorine and sodium readily combine in a
chemical reaction that emits much heat and
light.

d. The properties of elements vary periodically
with the mass of their atoms.

22. Classify each of the following as a law or a theory:

a. In a chemical reaction, energy is neither created
nor destroyed.

b. All matter is composed of atoms.

c. When the temperature of a gas is increased, the
volume of the gas increases.

d. Gases are composed of particles in constant
motion.

The Classification of Matter

23. To the best of your knowledge, classify each of the
following as an element, a compound, or a mixture.
If it is a mixture, classify it as homogeneous or
heterogeneous.
a. silver coin
b. air
c. coffee
d. soil

24. To the best of your knowledge, classify each of the
following as an element, a compound, or a mixture.
If it is a mixture, classify it as homogeneous or
heterogeneous.
a. pure water
b. copper wire
c. graphite in a pencil
d. oil and water
25. Which substance is a liquid mixture?
a. lemonade
b. brass
C. air
d. wood

26. Which substance is a solid?
a. the helium in a balloon
b. dry ice
c. vegetable oil
d. shampoo

The Properties of Matter

27. Classify each of the following properties as

chemical or physical:

a. the tendency of dry ice to vaporize directly
from a solid to a gas

b. the flammability of LP gas (the kind you put in
your outdoor grill)

c. the boiling point of water

d. the smell of cologne

28. Classify each of the following properties as
chemical or physical:
a. the tendency of silver to tarnish
b. the flammability of alcohol
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c. the volatility (ease of vaporization) of alcohol
d. the malleability (ability to be pounded into
sheets) of metal

29. Classify each of the following changes as physical
or chemical:
a. the crushing of salt
b. the rusting of iron
c. the burning of natural gas in a stove
d. the vaporization of gasoline

30. Classify each of the following changes as physical
or chemical:
a. the burning of butane in a lighter
b. the freezing of water
c. the bending of a copper rod
d. the fading of a brightly colored cloth upon
excessive exposure to sunlight

The Development of the Atomic Theory

31. The burning of gasoline in automobile engines
is a chemical reaction. In light of the law of
conservation of mass, explain what happens to the
gasoline in your car’s tank as you drive.

32. A campfire is a chemical reaction involving wood
and oxygen from the air. In light of the law of
conservation of mass, explain what happens to the
mass of the wood during the reaction. How is mass
conserved if the wood disappears?

33. Determine whether any of the following data sets
on chemical reactions are inconsistent with the law
of conservation of mass and therefore erroneous.

a. 6 grams of hydrogen react with 48 grams of
oxygen to form 54 grams of water.

b. 10 grams of gasoline react with 4 grams of
oxygen to form 9 grams of carbon dioxide and
5 grams of water.

34. Determine whether any of the following data sets
on chemical reactions are inconsistent with the law
of conservation of mass and therefore erroneous.

a. 8 grams of natural gas react with 38 grams of
oxygen gas to form 17 grams of carbon dioxide
and 19 grams of water.

b. 5.7 grams of sodium react with 8.9 grams of
chlorine to produce 14.6 grams of sodium chloride.

35. A chemist combines 22 grams of sodium with 28
grams of chlorine. A spectacular reaction occurs
and produces sodium chloride. After the reaction,
the chemist finds that all the chlorine was used up
by the reaction, but 4 grams of sodium remained.
How many grams of sodium chloride were formed?

36. A chemist combines 6 grams of hydrogen with
52 grams of oxygen in an explosive reaction
that forms water as its sole product. All of the
hydrogen reacts, but 4 grams of oxygen remain.

Exercises 23

masses of the carbon and oxygen are then
weighed, and the results are tabulated as shown
here. One of these results does not follow the law
of constant composition and is therefore wrong.
Which one?

a. 12 grams of carbon and 32 grams of oxygen

b. 4.0 grams of carbon and 16 grams of oxygen

c. 1.5 grams of carbon and 4.0 grams of oxygen
d. 22.3 grams of carbon and 59.4 grams of oxygen

38. Several samples of methane gas, the primary
component of natural gas, are decomposed
into carbon and hydrogen. The masses of the
carbon and hydrogen are then weighed, and
the results are tabulated as shown here. Which
of these does not follow the law of constant
composition?

a. 4.0 grams hydrogen and 12.0 grams carbon
b. 1.5 grams hydrogen and 4.5 grams carbon
c. 7.0 grams hydrogen and 17.0 grams carbon
d. 10 grams hydrogen and 30 grams carbon

The Nuclear Theory of the Atom

39. According to Rutherford’s model of the atom, how
many electrons would be found in each of the
following atoms?

a. sodium, which has 11 protons in its nucleus
b. calcium, which has 20 protons in its nucleus

40. According to Rutherford’s model of the atom, how
many electrons would be found in each of the
following atoms?

a. fluorine, which has 9 protons in its nucleus
b. sulfur, which has 16 protons in its nucleus

Points to Ponder

41. When water boils, small bubbles form in the
liquid. Come up with a hypothesis to explain what
is happening during the process. How might you
test this hypothesis?

42. Why was the early Greek idea of only four or five
basic elements unsatisfactory?

43. Albert Einstein said, “Imagination is more
important than knowledge.” What do you think he
meant by this?

44, In Section 1.3, I suggested that science and art
are equally creative enterprises. Do you agree or
disagree? Why?

45. If matter is mostly empty space, what are you
touching when your finger touches this book?

46. The nuclei of a limited number of atoms are
investigated to determine the number of protons
and neutrons in each. The following table
summarizes the results:

How many grams of water are formed? helium 2 protons, 2 neutrons

37. Several samples of carbon dioxide are obtained carbon 6 protons, 6 neutrons

and decomposed into carbon and oxygen. The nitrogen 7 protons, 7 neutrons
Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. WCN 02-200-203

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



24 Chapter 1 Molecular Reasons

a. Form a scientific law based on these limited 47. In Section 1.5, I mentioned that the goals of
measurements. alchemy—turning substances into gold and
b. What other measurements could be carried out producing immortality—appear misdirected by
to further confirm this law? today’s standards. In what ways have we as a
c. Devise a theory that would explain your law. society abandoned these goals today? In what
d. How would the following results affect your ways have we not?
theory and your law?
uranium 92 protons, 143 neutrons
chromium 24 protons, 28 neutrons

FEATURE PROBLEMS AND PROJECTS

48. Based on the molecular views shown for each
of the following substances, classify them as an
element, a compound, a homogeneous mixture, or
a heterogeneous mixture:

Mustafa Ozdag/Shutterstock.com

iStock.com/mevans

Inga Ivanova/Shutterstock.com

iStock.com/Cheryl Alford
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Self-Check Answers 25

49. Read the box in Section 1.3 entitled “Why Should explained in the box a confirmation of the atomic
Nonscience Majors Study Science?” Do you agree theory? Does the technology “prove” the atomic
or disagree? Your institution probably has a theory?
science requirement as part of its general education 51. Pick an element in the periodic table from the

requirements. Suppose your institution were
reevaluating this requirement. Write a brief letter
to the chief academic officer of your institution
either in favor of the current science requirement
or against it. Be persuasive in your reasons.

inside front cover of this book. Use a search

engine such as Google to find any one of a

number of Internet sites featuring interactive

periodic tables (see, for example, http://www

.chemicalelements.com). Find out as much as you

50. Read “The Molecular Revolution” box in this can about your element, and write a paragraph
chapter on seeing atoms. How is the technology summarizing the information.

SELF-CHECK ANSWERS

m Answer: b. This is an example of a law. It m Answer: a. Physical change. The water
summarizes a large number of observations, but— changes from liquid to gas, but its composition does
unlike a hypothesis or theory—it does not give the not change.

underlying cause.
m Answer: c. Since protons have a 1+ charge

m Answer: d. A cup of coffee contains a and electrons have a 1— charge, an atom with an
mixture of different compounds dissolved in water. equal number of protons and electrons will be charge
neutral.
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The language of mathematics reveals itself [to be] unreasonably effective in the natural
sciences ... a wonderful gift which we neither understand nor deserve.

—Eugene Paul Wigner
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D For up-to-date URLSs, visit this text’s Companion Site,
which is accessible from www.cengagebrain.com.

n this chapter, you will learn how to use some
chemists’ tools—the hammers, wrenches, and
screwdrivers of chemistry. Just as a carpenter
learns to use a hammer and a screwdriver to build
a cabinet, so you must learn to use the tools of
measurement and problem solving to build chemi-
cal knowledge. The ability to be precise and to as-
sign numbers to measurements gives science much
of its power. How much you know about a physical

2.1 Curious About Oranges 27

or chemical process is often related to how well
you can measure some aspect of it. Mathematics is
often called the language of modern physical sci-
ence because so much of what we know about the
world can be expressed mathematically. Although
this book does not focus on the mathematical as-
pects of chemistry, you can’t completely under-
stand chemistry without at least being exposed to
its quantitative nature.

QUESTIONS for THOUGHT

e Why is measurement important? e How do we convert between different units?
e How do we write big and small numbers e How do we read and interpret graphs?
compactly?

e How do we solve problems in chemistry?
@ What units should we use in reporting

ts? e What is density?
measurements?

m Curious About Oranges

As children, we probably asked why more times than our parents cared to answer.
Why is the sky blue? Why do objects fall down and not up? Why are oranges
sweet? As we get older, we begin to accept things as they are—unfortunately, we
often stop asking such questions. Most good scientists, however, have an insatiable
curiosity—they always want to know why. The importance of curiosity in science
cannot be overstated. If early scientists had not cared about why matter is as it is,
science would not exist. Therefore, as a student of science, the first tool you must
develop is your curiosity. You must relearn what you knew well as a child—how to
ask the question why.

As an example of scientific thinking and the tools involved in science, consider
an orange tree that produces oranges with different levels of sweetness. Suppose
you become curious about why some oranges are sweeter than others. To study
the problem using the scientific method (Section 1.3), you begin with observation.
You must observe or measure the sweetness of oranges as well as other properties
that may be related to sweetness. For example, you might begin by measuring
the sweetness, size, and color of oranges. How would you measure an orange’s
size? Level of sweetness? Color? The measurements must be accurate. They must
also use a standard unit of measurement. You cannot merely classify the oranges
as large or small, sweet or sour, orange or green. You must differentiate between
small differences in these quantities.

After completing your measurements, you might have to perform some calcu-
lations, perhaps converting your measurements from one set of units to another.
Then, you might tabulate your results in a table or graph, which allows you to
see trends and correlations between properties. For example, the graph shown in
Figure 2.1 shows a hypothetical correlation between the level of sweetness and
the size of the orange. You might summarize this trend with a general statement

© Cengage

Why are oranges sweet?
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28 Chapter 2 The Chemist’s Toolbox
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such as, “In oranges, sweetness increases with increasing size.” If this statement
had no exceptions, it would be a scientific law.

The next step in the scientific method is to devise a hypothesis explaining
why the bigger oranges are sweeter. For example, you might propose that or-
anges grow in response to a particular substance secreted by the tree. This sub-
stance might determine both sweetness and size. You could then embark on an
entirely new set of experiments to test your hypothesis. You might try to isolate
the responsible substance, for example, and measure its levels in the tree and in
the fruit. Positive results would validate your hypothesis. This hypothetical pro-
cess illustrates the scientific method and its tools. In this chapter, we will focus
on these tools, especially measurement, unit conversions, graphing, and problem
solving.

m Measurement

Everybody measures. When was the last time you measured the length of a table?
Or the temperature of pool water? Or your weight? The ability to give a quantity a
number allows us to go beyond merely saying that this object is hot and that one is
cold or that this one is large and that one is small—it allows us to quantify the dif-
ference. < For example, two samples of water may feel equally hot to our hands,
but when we measure their temperatures, one sample has a temperature of 78°F,
and the other, 82°F. By assigning a number to the water temperatures, we can dif-
ferentiate between small differences.

To quantify means to
make a quantity explicit or
to assign a number to it.

Expressing Uncertainty in Measured Quantities

All measuring devices have limitations; therefore, measurements always involve
some uncertainty. For example, consider measuring the diameter of a coin with
two different rulers (Figure 2.2). One ruler has marks every 1 millimeter, and the
other ruler has marks every 1 centimeter. Which ruler can make more precise
measurements? Obviously, the ruler with the finer marks can make more precise
measurements.

Scientists report measured quantities in a way that reflects the precision
associated with the measuring device. The general rule for reporting measured
quantities is this:

Each digit in a reported quantity is taken to be certain, except the last,
which is estimated.
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2.2 Measurement 29

Molecular Thinking

Feynman'’s Ants

Richard Feynman, a Nobel prize-winning physicist,
relates an interesting story about ants in his book
“Surely You're Joking, Mr. Feynman!”*

In my [dorm] room at Princeton | had a bay win-
dow with a U-shaped windowsill. One day some
ants came out on the windowsill and wandered
around a little bit. | got curious as to how they
found things. | wondered, how do they know
where to go? Can they tell each other where
food is, like bees can? Do they have any sense
of geometry? This is all amateurish; everybody
knows the answer, but | didnt know the answer,
so the first thing | did was to stretch some string
across the U of the bay window and hang a piece
of folded cardboard with sugar on it from the
string. . ..

Next, | made a lot of little strips of paper and puta
fold in them, so | could pick up ants and ferry them
from one place to another. | put the folded strips of
paper in two places: Some were by the sugar (hang-
ing from the string), and the others were near the

. ure out the short way.
ants. ... | sat there all afternoon, reading and watch- y

Richard Feynman (1918-1988),
Nobel Prize-winning physicist.

| could demonstrate that the ants had no sense of
geometry; they couldn’t figure out where some-
thing was. If they went to the sugar one way, and
there was a shorter way back, they would never fig-

AP Images

ing, until an ant happened to walk onto one of
my little paper ferries. Then | took him over to the
sugar. After a few ants had been ferried over to the
sugar, one of the ants [at the sugar] accidentally
walked onto one of the ferries nearby, and | carried
him back.

| wanted to see how long it would take the other
ants to get the message to go to the “ferry termi-
nal.” It started slowly, but rapidly increased until |
was going mad ferrying the ants back and forth.

Here is a grown man playing with ants like a child. Such
childlike curiosity, however, can result in a great sci-
entist. Feynman wanted to know why ants traveled as

It was also pretty clear . .. that the ants left
some sort of trail. ... | also found that the trail
wasn't directional. If I'd pick up an ant on a piece
of paper, turn him around and around, and then
put him back onto the trail, he wouldn’t know
that he was going the wrong way until he met
another ant.

Richard Feynman died in 1988 after a long and produc-
tive career as a scientist. Without his curiosity, he would
not have become one of the most noted scientists of this
century.

*Source: Excerpts from Richard Feynman, “Surely You're
Joking, Mr. Feynman!” (Bantam, New York, 1986).

they did. After several other ant experiments Feynman
concludes:

For example, the result of measuring the coin with the ruler marked at every
one millimeter (Figure 2.2a) should be reported as 2.33 centimeters. Note that
the last digit is estimated. Another person may have reported the measurement
as 2.32 or 2.34 centimeters. Each digit is certain except the last. A measure-
ment with the other ruler (Figure 2.2b) should be reported as 2.3 centimeters.
Again, the last digit is estimated. The different number of digits used to report
the diameter of the coin reflects the difference in precision associated with the
two rulers.

When using measured quantities in calculations, we must be careful to pre-
serve the certainty associated with the measured quantities. For a full treatment of
this concept, called significant figures, see Appendix 1. p

Appendix 1 describes how
to determine the number
of significant figures in a
number as well as how to
maintain the correct num-
ber of significant figures in
calculations.

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

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



30 Chapter 2 The Chemist’s Toolbox

The Molecular Revolution

he ability to measure quantities carefully and

accurately while eliminating systematic error is cen-
tral to science. Today, careful measurement allows us
to track many of Earth'’s vital signs with unprecedented
accuracy. For example, the average temperature of
Earth is critical to most forms of agriculture, to deter-
mining ocean levels, and to predicting the severity of
weather; however, it is difficult to measure. In response
to concerns about global warming, scientists have ana-
lyzed historical temperature measurements and care-
fully track current temperature measurements. The

Courtesy of NASA Goddard Space Flight Center

Global temperatures are critical to agriculture, weather, and ocean
levels.

Measuring Average Global Temperatures

task is not simple. The records left behind by previous
temperature-measuring stations were often incomplete
and inconsistent. For example, a particular temperature-
recording station may have changed location, or a
town or city may have grown in the vicinity of a mea-
suring station. These changes could lead to an appar-
ent change in temperature that was attributable not
to changes in global climate, but to the changes in lo-
cation or the surroundings of the measuring station.
In addition, some techniques of measuring temperature
inherently give different results than others.

The most recent conclusions about global tempera-
tures indicate that the average temperature of the planet
has increased by 0.8°C in the last century. Note the num-
ber of digits in this result and remember that the uncer-
tainty is in the last reported digit. The temperature rise
could be as much as 0.9°C or as little as 0.7°C, but by
reporting the result as 0.8°C, we can conclude that the
temperature rise is not 1.5°C. Although this temperature
increase is small, it is significant. Ocean levels are measur-
ably higher, and severe weather—such as tornadoes and
hurricanes—seems to be on the rise. In Chapter 9, we ex-
amine a theory that could explain the increase in global
temperatures.

2.33 cm

/
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Figure 2.2 The number of digits

reported in a measured quantity b
reflects the uncertainty associated ’
with the measuring device. (Source:

PhotoDisc Green/Getty Images)
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v Self-Check 2.1

The volume of a liquid can be measured with a piece of laboratory glassware
called a graduated cylinder. If a particular volume measurement using a graduated
cylinder is reported as 23.4 mL, what is the degree of uncertainty associated with
the measurement?

a. =1mL b. £0.1mL c. £0.01 mL d. =0.001 mL

m Scientific Notation

Have you ever had to write a very large or very small number? For example, the
radius of Earth, the distance from its center to its outer edge, is 6,400,000 meters.
The radius of a hydrogen atom, on the other hand, is 0.00000000012 meters. These
numbers can be written more compactly by using scientific notation:

6,400,000 = 6.4 X 10°
0.00000000012 = 1.2 X 1071

A number written in scientific notation has two parts: a decimal part, a num-
ber between 1 and 10; and an exponential part, 10 raised to an exponent, 7.
1.2 X 10710(—exponenl (n)
decimal part exponential part
The meaning of » in the exponential part is this:

positive n: multiply by 10 n times
negative n: divide by 10 n times

Positive n:
10°=1
10'=1X10
102=1X 10 X 10 = 100
10° =1 X 10 X 10 X 10 = 1000
10*=1X 10 X 10 X 10 X 10 = 10,000
Negative n:
L1
107'=—=0.1
10
o 1
1072=——=10.01
10 X 10
4 1
10 =————=10.001
10 X 10 X 10
4 1
1074 = = 0.0001

10 X 10 X 10 X 10

To express a number in scientific notation, follow these steps:

1. Move the decimal point in the number to obtain a number between 1 and
10 (the decimal part).

2. Write the decimal part multiplied by 10 raised to the number of places you
moved the decimal.

3. The exponent is positive if you moved the decimal point to the left and nega-
tive if you moved it to the right.

2.3 Scientific Notation 31

You can find the answers to
Self-Check questions at the end
of the chapter.
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Chapter 2 The Chemist’s Toolbox

Entering Numbers Written in Scientific Notation
into a Scientific Calculator

On some calculators, the “+/—"key may be
labeled “CHS” or simply “- On many calcula-
tors“EE”is accessed through the “2"" function
key. Some calculators may differ. See your
owner’s manual for the instructions on your
specific calculator.

Most scientific calculators can accommodate
numbers in scientific notation. For example, to
enter the number 8.9 X 108, use the following keys:

&@LU BEE

On some calculators the “EE” key is labeled “exp” or
“EEX”The display will read

89 E 8

The number on the left is the decimal part, and the
number on the right is the exponent. To enter the
number 8.9 X 1078, use the following keys:

D @ A scientific calculator

accepts numbers in scientific
notation.

El
=
%]
=
@
£
k7
=
@
=}
=
7
@
£
I}
-

For example, suppose we want to convert 37,225 to scientific notation. We move
the decimal point to the left four places to obtain a number between 1 and 10. Be-
cause we moved the decimal point to the left four places, the exponent is positive 4.

37225 = 3.7225 X 10*
Adding, subtracting, o

multiplying, and dividing To convert 0.0038 to scientific notation, we move the decimal point to the right
numbers written in three places to obtain a number between 1 and 10. The exponent is then —3. «
scientific notation are 0.0038 = 3.8 X 1073

covered in Appendix 2.

Writing Numbers in Scientific Notation

Light travels through space at a speed of 186,000 miles/second. Express this
number in scientific notation.

SOLUTION

To obtain a number between 1 and 10, we move the decimal point to the left five
decimal places; therefore, the exponent is positive 5.

186,000 mi/s = 1.86 X 10° mi/s

Scientific Notation

Express the number 0.0000023 in scientific notation.

v Self-Check 2.2

A number written in scientific notation has a negative exponent. In which direction
should you move the decimal point to obtain a number written in decimal notation?

a. left b. right c. down
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2.4  Units in Measurement 33

m Units in Measurement

Most measurements require a unit, a fixed, agreed-upon quantity by which other
quantities are measured. For example, you measure the length of a table in centi-
meters or inches, and you measure your weight in pounds. Inches, centimeters, and
pounds are all examples of units. In The Hitchhiker’s Guide to the Galaxy, a novel
by Douglas Adams, a supercomputer was asked to find the answer to life, the
universe, and everything. After many years of computation, the computer replied,
“42.” Aside from being amused, we are left asking the question, “42 what?” The
units were missing from the answer, and therefore much of the meaning was miss-
ing as well. When making measurements, we must decide on what units to use.
There are several systems of units in common use. To minimize confusion, scien-
tists around the world agree to use the International System of Units, or SI units,
based on the metric system (Table 2.1).

Length

The SI unit of length is the meter (m). The meter was originally defined as
1/10,000,000 of the distance from the North Pole to the equator along a merid-
ian passing through Paris. In 1983, it was redefined as the distance light travels
in a certain period of time, 1/299,792,458 s. When length is expressed in meters,
a human has a height of about 2 m, while the diameter of a dust particle is about
0.0001 m. One meter is slightly longer than a yard (1 meter = 39.4 inches).

Prefix Multipliers

The International System of Units is commonly used with prefix multipliers that
combine with the basic SI units. For example, the unit kilometer (km) has the prefix
“kilo” meaning 1000 or 10°.

1km = 1000 m = 10° m
Similarly, the unit centimeter (cm) has the prefix “centi” meaning 0.01 or 10~2.
lcm =0.0lm = 10"m

Table 2.2 summarizes the most commonly used prefix multipliers along with the
symbols used to denote them.

Mass

The mass of an object is a measure of the quantity of matter within it. The stan-
dard SI unit of mass, the kilogram (kg), is the mass of a particular block of plati-
num and iridium kept at the International Bureau of Weights and Measures, at
Sevres, France (Figure 2.3). Mass is different from weight. Weight is a measure of
the gravitational pull on an object. Our weight on other planets, for example, is

Important Sl Standard Units

Quantity Unit Symbol
Length meter m
Mass kilogram kg
Time second S
Temperature* kelvin K

*Temperature and its units are discussed in Section 9.6.
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34 Chapter 2 The Chemist’s Toolbox

Sl Prefix Multipliers

§ Prefix Symbol Multiplier
5 giga G 1,000,000,000 (109
% mega M 1,000,000 (109
é kilo k 1,000 (109
£, ded d 0.1 (107
é % centi c 0.01 (1072
£T mill m 0.001 (1073
2 icro " 0.000001 (1079
Figure 2.3 A duplicate of the inter- nano n 0.000000001 (1079

national standard kilogram, called

kilogram 20, is kept at the National

Institute of Standards and Technology

near Washington, DC. different as a result of different gravitational forces. For example, on large planets

like Jupiter or Saturn, we would weigh more than on Earth, because the pull of
gravity on these planets is greater. However, our mass, the quantity of matter in
our bodies, remains the same. If we express mass in kilograms, an average female
adult has a mass of approximately 60 kg, this book has a mass of about 1 kg, and
a mosquito has a mass of 0.00001 kg. One kilogram equals 2.20 pounds (Ib). A sec-
ond common unit of mass is the gram (g), defined as 1/1000 of a kilogram. A dime
has a mass of about 2 g, and a nickel, about 5 g.

Time

The standard SI unit of time is the second (s). The second was originally defined as
1/60 of a minute (min), which in turn was defined as 1/60 of an hour (h), which was
defined as 1/24 of a day. However, the length of a day varies slightly because the speed
of Earth’s rotation is not perfectly constant. As a result, a new definition was required.
Today, a second is defined by an atomic standard using a cesium clock (Figure 2.4).
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Volume
Figure 2.4 The standard of time, The volume of an object is a measure of the amount of space it occupies (Figure 2.5).
the second(s), is defined using a Volume is a derived unit—it is composed of other units multiplied together. The units

cesium clock.

1 cm
_|—| 1 cm?
I em [ :I/(l milliliter)
100 cubes per layer

= =100 cm? per layer

10 layers total

10cm = 1000 cm?

Figure 2.5 The units of volume are
the units of length cubed. This cube
measures 10 cm by 10 cm by 10 cm.
Its volume is 1000 cm?, which is
equivalentto 1L.
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2.5 Converting Between Units 35

of volume are the units of length raised to the third power. We express volume in
units such as cubic meters (m?) or cubic centimeters (cm?). A typical bedroom has a
volume of 72 m?, and a can of soda has a volume of 350 cm’. In chemistry, we also
use the units of liter (L) and milliliter (mL). A gallon of milk contains 3.78 L, and a can
of soda contains 350 mL. The cubic centimeter and milliliter are equal (1 cm® = 1 mL).

m Converting Between Units

When using measured quantities, you often have to convert a quantity expressed
in one unit into another unit. You probably make simple conversions between
commonly used units every day. For example, you might have converted 2 feet to
24 inches, or 1.5 hours to 90 minutes. To perform these calculations, you need
to know the numerical relationships between units. For example, to convert feet
to inches, you must know that 12 inches = 1 foot. To convert hours to minutes,
you must know that 60 minutes = 1 hour. Table 2.3 shows some common units A can of soda holds about 350 mL
and their equivalents in other units. of liquid.

When converting a quantity from one unit to another, the units themselves
help to determine the correctness of the calculation. Units are multiplied, divided,
and canceled like any other algebraic quantity. Consider the following conversion
from yards (yd) to inches (in.):

Charles D. Winters

36 in.

1yd

conversion factor

4.00 yd X

= 144 in.

36 in.

1yd
converting fo on the top and the units you are converting from on the bottom.
Notice that the unit you are converting from, yd, cancels and you are left with the
unit you are converting to, in.

Conversion factors can be constructed from any two quantities known to be

equal. In our example, 36 in. = 1 yd, so we constructed the conversion factor by
dividing both sides of this equivalence by 1 yd:

The quantity is a conversion factor, a fraction with the units you are

36in.  1yd
1yd 1yd
36 in.

=1
1yd

36 in.
The quantity .

4 is equal to 1 and will convert a quantity from yards to inches.

Some Common Units and Their Equivalents

Length
1 meter (m) = 39.37 inches (in.)
1inch (in.) = 2.54 centimeters (cm)
1 kilometer (km) = 0.6214 miles (mi)

Mass
1 kilogram (kg) = 2.20 pounds (Ib)
1 pound (Ib) = 453.59 grams (g)

1 ounce (0z) = 28.35 grams (g)

Volume
1 liter (L) = 1000 mL = 1000 cm?
1L =1.057quarts (q)
1 gallon (gal) = 3.785L
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Chapter 2 The Chemist’s Toolbox

Suppose we want to convert the other way, from inches to yards. If we use the
same conversion factor, our units do not cancel correctly:

36 in. 5184 in.?

144.0 in. X
1yd yd

The units in the answer are nonsense. We should also realize that the value of
the answer is wrong. We know that 144.0 in. cannot be equivalent to 5184 in.?/yd.
To perform this conversion correctly, we must invert the conversion factor:

1yd
144.0 i, X = 4.000 yd
it 36 i’ y

Conversion factors can be inverted because they are always equal to 1 and 1/1 is
equal to 1.

For conversions between units, we are usually given a quantity in some unit
and asked to find the quantity in a different unit. These calculations often take the
following form:

(quantity given) X (conversion factor(s)) = (quantity sought)

Always start by writing the quantity that is given and its unit. Then multiply by
one or more conversion factors, canceling units, to arrive at the quantity that is
sought in the desired units.

v Self-Check 2.3

What is the correct conversion factor to use in converting a distance in kilometers
to a distance in miles? (1 km = 0.621 mi)
1 km
a. ————
0.621 mi
0.621 mi
1 km
1 mi
C. —————
0.621 km

Converting Between Units
Convert 22 cm to inches.

SOLUTION

From Table 2.3, you can find that 1 in. = 2.54 cm. Start with the given quantity
(22 cm) and multiply by the conversion factor (written so that centimeter, the
unit you are converting from, is on the bottom and inch, the unit you are convert-
ing to, is on the top) to arrive at inches:

22¢m X ——— =8.7in.

1in
2.54 ¢

Converting Between Units

Convert 34.0 cm to inches.
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2.6 Reading Graphs 37

Converting Between Units When Multiple Steps
Are Required

A German recipe for making pastry dough calls for 1.2 L of milk. Your measuring
cup only measures in cups. How many cups of milk should you use? 4 cups (cp) =
1 quart (q). (Note: Conversion factors like this, where 4 cp is defined as 1 g, are ex-
act. Therefore, they do not limit the number of significant figures in the answer.)

SOLUTION

For this calculation, you must make two conversions, one from liters to quarts
and a second from quarts to cups:

10574 4cp

12¥ X v XW_

5.1c¢

Converting Between Units When Multiple Steps
Are Required

Suppose the recipe in the preceding example called for 1.5 L of milk, and your
measuring cup only measured in ounces. How many ounces of milk should you
use? 1 cup (cp) = 8 ounces (0z).

m Reading Graphs

To see trends in numerical data, scientists often display data in graphs. For example,
Figure 2.1 is a graph showing the sweetness of oranges as a function of their diam-
eter. We can clearly see from the graph that orange sweetness increases with increas-
ing orange diameter. Graphs are often used in newspapers and magazines to display
scientific, economic, and other types of numerical data. Understanding graphs is an
important tool, not just for the science student but for any educated reader.

A set of data points can be graphed to emphasize or draw attention to particu-
lar changes. For example, suppose [ want to convince my son that his allowance
increases over the last 11 years have been generous. He started out with a $9.00
allowance in 2007 and has received a $0.25 increase every year. [ prepared two
graphs of his weekly allowance as a function of time, shown in Figure 2.6. Which
graph should I use to convince my son of my generosity? Both graphs show ex-
actly the same data, yet the increase appears larger in the second graph. Why? The
y-axis in the first graph begins at $0.00, whereas the y-axis in the second graph
begins at $8.00. Consequently the change—from $9.00 in 2007 to $11.50 in 2017—
appears larger in the second graph than in the first, and I appear more generous.

In this case, | wanted to exaggerate my allowance increases in a slightly mis-
leading way. However, data are often graphed in this way, not to be misleading but
to better show small changes in a quantity. The range of the axes in any graph can
be chosen to accentuate changes, and the first thing to do when reading a graph
is to look at the axes and examine the range of each. Do the axes begin at zero? If
not, what is the effect on how the data appear?

Extracting Information from Graphical Data
Global warming and its con-

We can extract important information from a graph. For example, consider the graph nection to carbon dioxide
in Figure 2.7 showing atmospheric carbon dioxide levels from 1960 to 2015. p- In- levels are discussed in detail
creases in atmospheric carbon dioxide are thought to be at least partially responsible in Chapter 9.
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38 Chapter 2 The Chemist’s Toolbox

Weekly allowance

a.
$12.00
3 $11.00 a = =
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<
z
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B$9.00--77777777777
Figure 2.6 Graphs of weekly allow- $
i .Th i hed 8.00
o the x-axs and the amount of 2007 2009 2011 2013 2015 2017
allowance is on the y-axis. b. Year

for increases in global temperatures (global warming), so a number of stations
throughout the world monitor the levels of this gas in the atmosphere. The graph
shows the measurements from one of these stations. First, look at the axes of the
graph. The x-axis is the year, easy enough to understand. The y-axis is concentration

The abbreviation ppm stands or amount of carbon dioxide in the atmosphere. The scale of the y-axis begins at

for parts per million, a unit of 310 parts per million (ppm) and ranges to just past 400 ppm. <« If this scale began at
concentration discussed in zero, the changes in carbon dioxide concentration would appear smaller. In order to
detail in Section 12.6. see the increase better, the y-axis begins at 310 ppm, a level near the first data point.

Atmospheric CO; at Mauna Loa Observatory

%!

Cripps Institution of O ceanography
400 NOAA Earth System Research Laboratory

el

c 380 /
EE
5 360
o
# s
& P
340 l
Figure 2.7 Atmospheric carbon /“
dioxide levels as measured at the
Mauna Loa Observatory in Hawaii. 320 o
(Source: US National Oceanic and
Atmospheric Administration, http://
www.esrl.noaa.gov/gmd/ccgg 1960 1970 1980 1990 2000 2010
/trends/full.html) Year
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2.6 Reading Graphs

We can extract several pieces of important information from this graph. One
is the total increase in carbon dioxide over the time period. To determine the total
increase, subtract the highest carbon dioxide level—401 ppm in 2015—from the
lowest level—315 ppm in 1958:

401 ppm — 315 ppm = 86 ppm

Over how many years did this increase occur? To determine the total number of
years over which the increase occurred, subtract the year of the highest data point,
2015, from the year (yr) of the lowest data point, 1958:

2015 — 1958 = 57 years
What is the average yearly increase in carbon dioxide over this period? To determine
the average yearly increase, divide the total increase by the total number of years:

S6ppm _ 1.5 ppm/yr
57 yr

What is the total percentage increase in carbon dioxide over this period? The percent-
age increase is the total increase since 1958 divided by the level in 1958 times 100%:

86 ppm

315 ppm
What is the average yearly percentage increase in carbon dioxide over this period?
The average yearly increase is the total percentage increase divided by the total
number of years.

X 100% = 27%

27%
57 yr

= 0.47%/yr

Summarizing:

1. Determine total changes by subtracting the highest points from the lowest.

2. Determine yearly changes by dividing the total changes by the total number
of years.

3. Determine total percentage changes by dividing the total changes by the initial
levels and multiplying by 100%.

4. Determine yearly percentage changes by dividing the total percentage change
by the number of years.

(Note: The preceding analysis assumes that the graphical data are linear. If the data
are not quite linear, then this analysis is only approximate. Data that are highly
nonlinear require more sophisticated analysis.)

Example 2.4

Extracting Information from Graphical Data

The following graph shows the concentration of an atmospheric pollutant, sulfur
dioxide, for the period 1990-2008. Sulfur dioxide, a product of fossil-fuel com-
bustion, is a main precursor to acid rain. In recent years, because of mandatory
reductions legislated by the Clean Air Act, atmospheric sulfur dioxide levels have
decreased in the atmosphere, as shown by this graph.

a. Whatis the total decrease in sulfur dioxide concentration over this period?
b. What is the average yearly decrease in sulfur dioxide over this period?

c. What is the total percentage decrease in sulfur dioxide over this period?

d. What is the average yearly percentage decrease over this period?

SOLUTION
a. The total decrease is the difference between the highest sulfur dioxide
level on the graph, 123 parts per billion (ppb), and the lowest, 25 ppb.

123 ppb — 25 ppb = 98 ppb
(continued)
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Sulfur dioxide concentration (ppb) (Source: US EPA: https.//www.epa.gov/air-trends/sulfur-dioxide-trends)

b. The average yearly decrease is the total decrease, 98 ppb, divided by the
total number of years, 25.
98 ppb
25yr
¢. The total percentage decrease is the total decrease, 98 ppb, divided by
the initial level, 123 ppb, and multiplied by 100%.
98 ppb
123 ppb

d. The yearly percentage decrease is the total percentage decrease, 80%,
divided by the total number of years, 25.

= 3.9 ppb/yr

X 100% = 80%

80%
25yr

= 3.2%/yr

Extracting Information from Graphical Data

The following graph shows the average SAT score for incoming students at up-
and-coming University.
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2.7 Problem Solving

a. What is the total increase in SAT score over this period?

b. What is the average yearly increase in SAT score over this period?
c. What is the total percentage increase in SAT score over this period?
d. What is the average yearly percentage increase over this period?

Problem Solving

Solving problems requires practice. You can solve many of the problems in this ¢ Big Picture Video:
book by paying close attention to units and their conversions (as outlined in Sec- Problem Solving
tion 2.6). However, sometimes getting started is difficult. How do you interpret a

written problem and get started solving it? Many (but not all) problems can be

solved with the following strategy:

. Write all given quantities including their units under the heading “Given.”

. Write the quantity that is sought including its units under the heading “Find.”

. Write all known conversion factors.

. Start with what is given, and multiply by the appropriate conversion factors,
canceling units, to obtain the desired units in the result.

5. Round off the answer so that the number of digits in the answer is approxi-

mately the same as the number of digits in the given quantities. (For a more

accurate treatment of significant figures, see Appendix 1.)

DWW N =

Many problems besides strict unit conversions can be thought of as conversion
problems and can, therefore, be solved with the preceding procedure.

Solving Word Problems

A 5.0-km run is being planned through a city. If 8.0 city blocks make up 1.0 mi,
how many blocks need to be set apart for the run?

SOLUTION
Begin by setting up the problem as outlined in steps 1 through 3 above.

Given
5.0 km

Find
blocks

Conversion Factors

8.0 blocks = 1.0 mi

Then, following step 4, begin with the given quantity (5.0 km) and multiply by the
appropriate conversion factors, canceling units, to obtain the desired units:

0.62 i « 8.0 blocks
1.0 krft 1.0 prii

Your calculator will read 24.8 as the answer; however, round to 25, two digits, be-
cause the given quantity, 5.0 km, is expressed to two digits.

Solving Word Problems

5.0 kit X = 25 blocks

A swimmer wants to swim 1.50 mi each day in a pool that is 60.0 feet (ft) long.
How many pool lengths must she swim? (1.00 miles = 5280 feet)
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Example 2.6

Solving Word Problems Involving Units Raised
to a Power

How many cubic feet are there in a room measuring 80.0 m*?

Given
80.0m?
Find
Volume in cubic feet (ft3)
Most tables of conversion factors do not include a conversion between m? and
ft, but they do have a conversion between m and ft (3.28 ft = 1 m). To obtain the
correct conversion factor, cube both sides of this equivalence:
(3.28ft)> = (1 m)3
353fP=1m?
Now you can solve the problem:
353 ft3
1ne?

Your calculator will read 2824 ft; express your answer to three digits because the
original quantity was expressed to three digits.

Solving Word Problems Involving Units Raised
to a Power

80.0 mi® X =282 X 10°ft?

How many cubic inches are there in 1.00 yd*?

m Density: A Measure of Compactness

An old riddle asks, “Which weighs more, a ton of bricks or a ton of feathers?” The
correct answer is neither—they both weigh the same, 1 ton. If you answered bricks,
you confused weight with density. The density (d) of a substance is a measure of
how much of its mass is in a given amount of space and is defined as the ratio of
its mass (m) to its volume (V).

density (d) mass (m)
ensi =———
ty volume (V)
The units of density are those of mass divided by those of volume and are most
Remember that cm? and mL commonly expressed in grams per cubic centimeters (g/cm’) or grams per milliliter
are equivalent units. (g/mL). « The densities of some common substances are shown in Table 2.4. If a

substance is less dense than water, it will float. If it is denser than water, it will sink
(Figure 2.8). Which of the substances listed in Table 2.4 will float on water?

Figure 2.8 Pumice is a type of
volcanic rock that is less dense than ——
water and therefore floats. — -
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2.8 Density: A Measure of Compactness 43

Density of Some Common Substances

Substance Density (g/cm?)
Water 1.0

Ice 0.92
Lead 1.4
Gold 19.3
Silver 10.5
Copper 8.96
Aluminum 2.7
Charcoal, oak 0.57
Glass 26
Wood, oak 0.60-0.90
Wood, white pine 0.35-0.50

Calculating Density

You find a gold-colored stone in the bottom of a riverbed. To determine whether
the stone is real gold, you measure its volume (by displacement of water) to be
3.8 cm?® and its mass to be 29.5 grams. Is the stone real gold?

SOLUTION

Given

V=38cm’m=295g

Find

density (to determine whether the stone is real gold)

To find the density, divide the stone’s mass by its volume.

m 295¢ g
d=—=—""—=>=17.
Vv 38cm? cm?

Because the density of gold is 19.3 g/cm?, the stone is not gold.

Calculating Density

A sample of an unknown liquid has a mass of 5.8 grams and a volume of 6.9 mL.
Calculate its density in g/mL.

Density as a Conversion Factor

You can use density as a conversion factor between volume and mass. For example,
given that water has a density of 1.00 g/cm?, what is the mass of 350 cm® of water?

1.00 g
1 cnm®
Notice that density converts cm?, a unit of volume, into grams, a unit of mass.
Density can also be inverted and used to convert mass to volume.

350 ent® X =350¢g
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Example 2.8

its volume in liters?

Given
50.0 kg

Find
volumein L

Conversion Factors

50.0 kg X

Density

1000 g

Using Density as a Conversion Factor

A sample of alcohol has a mass of 50.0 kg and its density is 0.789 g/cm>. What is

d = 0.789 g/cm?

1000g = 1 kg
TmL=1cm?
1000mL=1L

In this case, you must convert the mass to grams before we use the density to
convert to cm®. Then convert to mL and finally to L.

1cat 1l 1L

X X
1k§ ~ 07894

X =633L
1ca® 1000 pal

A sample of iron pellets weighs 23.0 g and has a density of 7.86 g/cm?. How
much volume do the pellets occupy in cubic millimeters?

v Self-Check 2.4

Without doing any calculations, determine whether substance A with a den-
sity of 1.0 g/cm? is more or less dense than substance B with a density of

1.0 kg/m?.

a. substance A

b. substance B

SUMMARY

Molecular Concept

Societal Impact

Scientists must be curious people who naturally ask = The ability to measure quantities in nature gives sci-

the question “why?” (2.1). They must then make ob-
servations on some aspect of nature, devise laws from
those observations, and finally create a theory to give
insight into reality. The tools needed for this procedure
revolve around measurement (2.2).

When making measurements, we must be consistent
in our use of units. Numbers should always be writ-
ten with their corresponding units, and units guide
our way through calculations. The standard SI unit of
length is the meter (m); of mass, the kilogram (kg); and
of time, the second (s) (2.4).

ence much of its power. Without this ability, we would
probably not have cars, computers, or cable TV today.
Neither science nor technology could advance very far
without measurement (2.2).

m) The decision over which units to use is societal.

Americans have consistently differed from the rest
of the world in using English units over metric units.
We are slowly changing, however, and with time,
we should be consistent with other nations. For sci-
entific measurements, always use metric units (2.4).
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Scientists often present their measurements in graphs, s When reading newspapers or magazines, be care-

which reveal trends in data but which must be inter-
preted correctly (2.6). Many problems in chemistry can
be thought of as conversions from one set of units to
another (2.5). Density is the mass-to-volume ratio of
an object and provides a conversion factor between
mass and volume (2.8).

KEY TERMS

conversion factor kilogram (kg)

density mass

EXERCISES
Questions

1. Why is curiosity an important part of the scientific
enterprise?
2. Explain the importance of measurement in science.

3. How is uncertainty reflected in the way that
measured quantities are written and reported?

4. What is the difference between reporting the
quantity nine inches as 9 inches and 9.00 inches?

5. What is a unit? Why are units important when
expressing a measured quantity?

6. List three units for length and give one example
for each (i.e., list an object and its length
expressed in that unit).

7. List three units for mass (or weight) and give one
example for each (i.e., list an object and its mass,
or weight, expressed in that unit).

8. List three units for time and give one example for
each.

9. List three units for volume and give one example
for each.

10. What is a conversion factor? Give two examples
of conversion factors and explain what units they
convert from and what units they convert to.

11. Why are graphs useful in analyzing and
evaluating numerical data? Why is it important to
notice the range of the y-axis on a graph?

12. Identify the decimal part, the exponential part, and
the exponent of the number 9.66 X 107°.

13. What is density? Give two examples of possible

ful to pay attention to units and to the axes shown
in graphs. Clever writers can distort statistical or
graphical data, amplifying the changes they want
you to see and diminishing the ones they want to
hide (2.6).

meter (m) unit
second (s) volume
Problems

Scientific Notation

15. Express each of the following in scientific notation:
a. 0.000851 g
b. 38,041,430 (population of California)
c. 299,790,000 m/s (speed of light)
d. 313,914,040 (U.S. population)

16. Express each of the following numbers in scientific
notation:
a. 19,570,261 (population of New York state)
b. 7,190,900,000 (world population)
¢. 0.00000000007461 m (length of a hydrogen-
hydrogen chemical bond)
d. 0.000015 m (diameter of a human hair)

17. Express each of the following in decimal notation:
a. 149 X 10° km (average distance between Earth
and the Sun)
b. 7.9 X 10~" m (radius of a hydrogen atom)
. 4.54 X 10°yr (age of Earth)
d. 6.4 X 10°m (radius of Earth)

18. Express each of the following in decimal notation:
a. 6.022 X 10% (number of carbon atoms in 12.01
grams of carbon)
b. 3.00 X 10° m/s (speed of light)
c. 450 X 107° m (wavelength of blue light)
d. 13.7 X 10° yr (approximate age of the universe)

Unit Conversions

19. The circumference of Earth at the equator is
40,075 km. Convert this distance into each of the
following units:

. . a. meters
units for density. b. miles
14. Since oil floats on water, what can you say about c. feet
the relative densities of oil and water?
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20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Chapter 2 The Chemist’s Toolbox

The distance from New York to Los Angeles is
2777 miles. Convert this distance into each of the
following units:

a. kilometers

b. meters

c. feet

A can of soda contains 12 fluid ounces. What is
this volume in mL? (128 fluid ounces = 3.785 L)

A laboratory beaker can hold 150 mL. How many
fluid ounces can it hold? (128 fluid ounces =
3.785 L)

A car has a fuel efficiency of 27 miles per gallon.
What is its efficiency in kilometers per gallon?

A European rental car can travel 17 km on a liter of
fuel. How many miles can it travel on a liter of fuel?

Perform each of the following conversions within
the metric system:

a. 4332 mm to m

b. .76 kgto g

c. 4619 mg to kg

d. 0.0117 L to mL

Perform each of the following conversions within
the metric system:

a. 2319 cm to m

b. 4912.5 g to kg

c. 23.1 cm to mm

d. 561 mL to L

Perform the following conversions between the
English and metric systems:

a. 358 m to ft

b. 10.0 km to mi

c. 1.55 m to in.

d. 23 cm to in.

Perform the following conversions between the
metric and English systems:

a. 4.92 in. to mm

b. 8779 yd to km

c. 87 fttom

d. 3.8 in to cm

A pond has a surface area of 1552 m?. Convert this
quantity into each of the following units:

a. ft’

b. km?

c. dm?

An orange has a volume of 54 cm®. Convert this
quantity into each of the following units:

a. mm’

b. in.?

c. dm?

Determine the number of

a. square meters (m? in 1 square kilometer (km?)
b. cubic centimeters (cm?) in 1 cubic foot (ft})

c. square feet (ft?) in 1 square yard (yd?

32.

33.

34.

35.

36

Determine the number of

a. square centimeters (cm? in 1 square meter (m?
b. cubic inches (in.?) in 1 cubic yard (yd®)

c. square centimeters (cm?) in 1 square foot (ft?)

A runner runs at a pace of 8.5 minutes per mile.
She wants to run 10.0 km. For how long should
she run?

A driver drives an average speed of 58 miles per
hour. How long will it take the driver to reach a
destination that is 155 km away?

A sports utility vehicle gets 12 miles per gallon of
gas. Calculate this quantity in miles per liter and
kilometers per liter.

. A hybrid electric vehicle (HEV) is a car with

both a gasoline-powered engine and an electric
motor. Some HEVs achieve mileage ratings as
high as 75 miles per gallon of gas. Calculate
this quantity in miles per liter and kilometers
per liter.

Reading Graphs

37.

Carbon monoxide concentration (ppm)

The following graph shows the concentration of an
atmospheric pollutant, carbon monoxide, for the
period 1990-2015. As shown by this graph, carbon
monoxide levels have decreased in the atmosphere
because of mandatory reductions legislated by the
Clean Air Act.
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(Source: US EPA: http://www.epa.gov/airtrends/index.htm)

38.

a. What is the total decrease in carbon monoxide
over this period?

b. What is the average yearly decrease in carbon
monoxide over this period?

c. What is the total percentage decrease in carbon
monoxide over this period?

d. What is the average yearly percentage decrease
in carbon monoxide over this period?

The following graph shows the historical
concentration of atmospheric carbon dioxide in
the atmosphere. Carbon dioxide concentrations
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began increasing in the 1800s as humans

started to rely on combustion for energy

(carbon dioxide is a product of combustion). The
increase in atmospheric carbon dioxide is linked
to the increases in global temperatures known as
global warming.
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260
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Year

Atmospheric carbon dioxide derived from Siple Station ice core measurements
and from levels measured at the South Pole, Antarctica (Source: ORNL/CDIAC65)

a. What is the total increase in carbon dioxide
between 1950 and 20077

b. What is the average yearly increase in carbon
dioxide over this period?

c. What is the total percentage increase in carbon
dioxide over this period?

d. What is the average yearly percentage increase
in carbon dioxide over this period?

Density

39. A 28.4-cm’® sample of titanium has a mass of 127.8 g.
Calculate the density of titanium in g/cm’.

40. A 1.5-cm’ sample of silicon has a mass of 3.5 g.
Calculate the density of silicon in g/cm®.

41. A 5.00-L sample of pure glycerol has a mass of
6.30 X 10° g. What is the density of glycerol in
glem?®?

44.

45.

46.

Exercises 47

A thief plans to steal a bar of gold from a

woman’s purse and replace it with a bag of sand.

Assume that the volumes of the gold and the sand

are 350 mL each and that the density of sand is

3.00 g/cm’,

a. Calculate the mass of each object.

b. Would the woman notice a difference in the
weight of her purse?

A metal cylinder has a radius of 0.55 cm and a

length of 2.85 cm. Its mass is 24.3 grams.

a. What is the density of the metal? For a cylinder,
V = 7rr* X h, where r is the radius of the
cylinder and # is the height of the cylinder.

T = 3.14.

b. Compare the density of the metal to the densities
of various substances listed in Table 2.4. Can
you identify the metal?

A proton has a radius of approximately 1 X 10™ " cm

and a mass of 1.7 X 107** g,

a. Determine the density of a proton. For a sphere,
V=(43)mr’; 1em’ = 1 mL; 7 = 3.14.

b. By assuming that black holes have the same
density as protons, determine the mass (in
kilograms) of a black hole and the size of a sand
particle. A typical sand particle has a radius of
1 X 107" m.

Points to Ponder

47.

48.

49.

50.

What did Einstein mean when he said, “The most
incomprehensible thing about the world is that it
is comprehensible”?

Which do you think is more valuable in the
scientific enterprise, creativity or mathematical
ability? Why?

Think of something from your everyday life about
which you are curious. Design an experiment or
set of measurements that might help satisfy your
curiosity. What are the possible results? What
would they show?

Luis Alvarez said, “There is no democracy in
[science]. We can’t say that some second-guy
has as much right to an opinion as Fermi.”
Fermi was a world-famous scientist who
received the 1938 Nobel Prize in physics. What
do you think Alvarez meant by this statement?
Do you agree?

51. As we saw in this chapter (Section 2.6), numerical
42. A 3.80-mL sample of mercury has a mass of 51.4 g. dat b ted i that call attenti
What is the density of mercury in g/em’? ata can be presented in ways that call attention
’ to certain changes that the presenter might want
43. Ethylene %IYCOI (antifreeze) has a density of emphasized. Can you think of any instances
111 g/em’. where a politician or other public figure presented
a. What is the mass in g of 38.5 mL of this liquid? data in a way that favored his or her particular
b. What is the volume in L of 3.5 kg of this liquid? viewpoint?
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FEATURE PROBLEMS AND PROJECTS

52. Consider each of the following balances. Which one
is the most precise? Which one is the least? How
much uncertainty is associated with each balance?
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53. Each of the following coins is photographed to
scale. Measure each using a metric ruler (in cm) and
record the diameter to the precision reflected in the
ruler. Make a simple graph of the value of the coin
(r-axis) and the diameter of the coin (y-axis). Is
there any correlation between these two quantities?
Which coin does not fit the general trend?

Joel Gordon Photography

3
3
8
& 54. Obtain an outdoor thermometer and record
g the temperature every day for one month.
w
E Be sure to record the temperature at the

same time every day. Make a graph of your
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temperature beginning with day 1 and ending at
day 30. Are there any trends in the temperature?
If there is a trend, calculate the average daily
change.

55. Explore the topic of climate change on the
web, paying special attention to the content
of the EPA website (www.epa.gov) and the

Self-Check Answers 49

NOAA climate website (www.climate.gov). Write
a short essay explaining the change in global
temperatures and the risks associated with that
change. Pay special attention to any numerical
values given on the websites. How many digits
are reported in these values? What does this say
about the certainty in the measurements?

SELF-CHECK ANSWERS

m Answer: b. The uncertainty is in the last
reported digit, which is in the tenths place.

m Answer: a. Move the decimal point to the left.

m Answer: b. The quantity you are converting
to should be in the numerator and the quantity you
are converting from should be in the denominator.

m Answer: a. Substance A is denser than
substance B. The numerator of the density of
substance B is 1000 times greater than the numerator
of the density of substance A. However, the
denominator is a million times greater (1 m* = 106 cm’).
Therefore, substance B is less dense.
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Nothing exists except atoms and empty space; everything else is opinion.

—Democritus
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D For up-to-date URLSs, visit this text’s Companion Site,
which is accessible from www.cengagebrain.com.

n this chapter, you will see how everything—the

air you breathe, the liquids you drink, the chair

you sit on, and even your own body—is ulti-
mately composed of atoms. One substance is differ-
ent from another because the atoms that compose
each substance are different (or arranged differ-
ently). How are atoms different? Some substances
share similar properties. For example, helium, neon,
and argon are all inert (nonreactive) gases. Are their
atoms similar? If so, how?

Keep in mind the scientific method and espe-
cially the nature of scientific theories as you learn
about atoms. You will learn two theories in this

3.1 AWalkon the Beach 51

chapter—the Bohr theory and the quantum mechani-
cal theory—that model atoms. These models of real-
ity help us to understand the differences among the
atoms of various elements, and the properties of
the elements themselves. The connection between
the microscopic atom and the macroscopic element is
the key to understanding the chemical world. Once
we understand—based on their atoms—why elements
differ from one another, we can begin to understand
our world and even ourselves on a different level.
For example, we can begin to understand why some
atoms are dangerous to the environment or to human
life, whereas others are not.

QUESTIONS for THOUGHT

e What composes all matter? @ How do we create a model for the atom that
explains similarities and differences among
elements? How do we use that model?

o What makes one element different from another?
How do the atoms of different elements differ
from one another? e How do we know numbers of atoms in an object?

For example, can we calculate the number of

e What are atoms composed of? .
atoms in a penny?

e How do we specify a given atom?

@ Do similarities between atoms make the elements
they compose similar? What are those similarities?

m A Walk on the Beach

A walk along the beach on a breezy day provides us with ample opportunity to
begin thinking about atoms (Figure 3.1). As we walk, we feel the wind on our skin
and the sand under our feet. We hear the waves crashing, and we smell the salt
air. What is the ultimate cause of these sensations? The answer is simple—atoms. p-
When we feel the breeze on our face, we are feeling atoms. When we hear the crash
of the waves, we are hearing atoms. When we pick up a handful of sand, we are
picking up atoms; and when we smell the air, we are smelling atoms. We eat atoms,
we breathe atoms, and we excrete atoms. Atoms are the building blocks of the
physical world; they are the Tinkertoys of nature. They are all around us, and they
compose all matter, including our own bodies.

Atoms are unfathomably small. A single sand grain, barely visible to our eye,
contains more atoms than we could ever count or imagine. In fact, the number
of atoms in a sand grain far exceeds the number of sand grains on the largest of
beaches.

If we are to understand the connection between the microscopic world and the
macroscopic world, we must begin by understanding the atom. As we learned in

As we will see in the next
chapter, most atoms exist,
not as free particles, but as
groups of atoms bound
together to form molecules.
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52 Chapter 3 Atoms and Elements

Photodisc/Getty; Right: Mediscan/Alamy Stock Photo

A single grain of sand contains approximately 1 X 1020 atoms.

The exact number of natu- Chapter 1, an atom is the smallest identifiable unit of an element. There are 91 dif-
rally occurring elements is ferent elements in nature and consequently 91 different kinds of atoms. As far as
controversial because some we know, these 91 elements are the same ones that make up the entire universe. «

elements that were first
discovered when they were
synthesized were later found
in minute amounts in nature.
The periodic table shows

Figure 3.2 shows the relative abundances of the most common elements on Earth
and in the human body.

Some of the elements in nature, such as helium and neon, are inert; they do not
combine with other elements to form compounds. What do their simplest units—

more than 91 elements. The their atoms—have in common that might explain their inertness? Other elements
additional elements do not in nature, such as fluorine and chlorine, are reactive; they will form compounds
occur naturally (at least not with almost anything and are not found in nature as pure elements. What do their
in any substantial quantities) atoms have in common that might explain their reactivity?
but have been sgn;hesized In this chapter, we examine the elements and the atoms that compose them.
y humans.

We want to understand the macroscopic properties of elements in terms of the

éa |
1

eyedear/Shutterstock.com

Figure 3.1 Everything around us,
including our own bodies, is ulti-
mately composed of atoms. Most

of the atoms are bound together to
form molecules, but before we try to
understand molecules, we will exam-
ine the atoms that compose them.
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Elemental composition of Earth

4.1% calcium
2.4% sodium
2.3% magnesium
2.1% potassium
0.6% other elements

Courtesy of NASA Johnson Space Center

Elemental composition of humans

1.5% other elements
1.0% phosphorus
1.5% calcium

3.0% nitrogen

10% hydrogen

- S

18% carbon

65% oxygen

Figure 3.2 The elemental composi-

Tom Grill/Corbis

(b) tion by mass of (a) Earth's crust and
(b) the human body.
microscopic properties of their atoms. We will focus on how the atoms that con-
stitute different elements are similar and how they are different. We will see how
these similarities and differences on the atomic scale correlate with similarities
and differences on the macroscopic scale.
m Protons Determine the Element
We learned in Chapter 1 that atoms are composed of protons, neutrons, and elec-
trons. The number of protons in the nucleus of an atom defines what element it is.
For example, an atom with one proton in its nucleus is a hydrogen atom. An atom
with two protons in its nucleus is a helium atom, and an atom with six protons is
a carbon atom (Figure 3.3).
The number of protons in the nucleus of an atom is called the atomic number, Z = atomic number, the
abbreviated with the letter Z. p- Because the atoms that compose an element have number of protons in the
a unique number of protons in their nuclei, each element has a unique atomic nucleus of an atom. Chang-
number. For example, helium has an atomic number of 2, and carbon has an atomic ing the number of protons
number of 6. changes the element.
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Carbon (in the form of

raphite
Helium gas graphite)

Carbon atoms

6 electrons

3

Helium atoms

Helium nucleus Carbon nucleus
2 protons 6 protons
zZ=2 Z=6

iStock.com/Menno Hartemink
iStock.com/Nick Schlax

Figure 3.3 Helium, which is lighter than air, is often used to cause balloons to float. A helium atom contains
two protons in its nucleus (Z = 2). Graphite, a form of carbon, is the “lead” in pencils. A carbon atom contains
six protons in its nucleus (Z = 6).

Recall from Chapter 1 that protons are particles with a positive electrical
charge. Electrical charge is a fundamental property of both protons and electrons
that causes them to exert forces on one another. Particles with like charges repel
each other, and particles with opposite charges attract each other. The charge of
a proton is assigned a numerical value of 1+. The atomic number of an atom, Z,
determines the total number of protons in the nucleus of the atom and, therefore,
determines the nucleus’s charge. A helium nucleus (Z = 2) has a charge of 2+, and
a carbon nucleus (Z = 6) has a charge of 6+. Protons constitute a large part of the
mass of an atom. The mass of a proton is 1.0 atomic mass units (amu). An amu is
a unit of mass defined as 1/12 the mass of a carbon-12 nucleus and is equivalent
to 1.67 X 10~ g,

We denote each element by its chemical symbol, a one- or two-letter abbrevi-

The first letter in a chemical ation for the element. « For example, we denote hydrogen by the chemical symbol
symbol is always capitalized. H, helium by He, and carbon by C. Most chemical symbols are based on the English
name of the element:
H hydrogen Cr chromium Si  silicon
C carbon N nitrogen U  uranium

Some elements, however, have symbols based on their Greek or Latin names:

Fe ferrum (iron) Cu cuprum (copper)

Pb plumbum (lead) Na natrium (sodium)
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In the past, the scientist or small group of scientists who discovered an element
earned the privilege of naming it. Often, they named the element based on its
properties. For example, hydrogen originates from the Greek roots hydro, meaning
“water,” and gen, meaning “maker.” Together, hydro-gen means “water maker,”
which describes hydrogen’s tendency to react with oxygen to form water. Chlorine
comes from the root khloros, meaning “greenish yellow,” which describes chlorine’s
color. Other elements were named after their place of discovery:

Eu europium (Europe) Am americium (America)
Ga gallium (Gallia, France) Ge germanium (Germany)
Bk berkelium (Berkeley, CA) Cf  californium (California)

Some elements were named after famous scientists:

Cm curium (Marie Curie)
Es einsteinium (Albert Einstein)
No nobelium (Alfred Nobel)

Today, all naturally occurring elements have probably been discovered. In
addition, new elements—that don’t exist naturally—have been created by accel-
erating protons or neutrons into the nuclei of naturally occurring elements. The
protons and neutrons are incorporated into the nucleus, and elements of higher
atomic number form. All known elements are listed in the periodic table (see
Figure 3.4) in order of increasing atomic number. There is also a periodic table on
the inside front cover of this book and an alphabetical listing of the elements on

the inside back cover. We will explore the periodic table more fully later in this Curium was named after Marie Curie,
chapter. a co-discoverer of radioactivity.

Hulton Deutsch/Corbis Historical/Getty Images

Periodic table of the elements
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Figure 3.4 The periodic table lists all known elements in order of increasing atomic number. Some elements from the bottom rows of the table
are shown separately to make the table more compact.
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56 Chapter 3 Atoms and Elements

You can find the answers to
Self-Check questions at the end v Self-Check 3.1

of the chapter.

Your friend tells you about an article that he read in a tabloid that reported the
discovery of a new form of carbon containing eight protons in the nucleus of its
atoms. He claims that scientists are eager to explore the properties of this new
form of carbon. What is wrong with the tabloid's claim?

a. Nothing. The claim is believable.

b. The claim must be false because an atom with eight protons would
be oxygen, which is already known.

c. The claim must be false because all forms of carbon are already known.

m Electrons

A neutral atom has as many electrons outside of its nucleus as protons inside
of its nucleus. Therefore, a hydrogen atom has one electron, a helium atom has
two electrons, and a carbon atom has six electrons. Electrons have a very small
mass compared with protons (0.00055 amu) and are negatively charged. Electrons,
therefore, experience a strong attraction to the positively charged nucleus. This
attraction holds the electrons within a spherical region surrounding the nucleus.
The charge of an electron is assigned a numerical value of 1— and exactly cancels
the positive charge of a proton, so that atoms containing equal numbers of protons
and electrons are charge neutral.

An atom can, however, lose or gain one or more of its electrons. When this hap-
pens, the charges of the electrons no longer exactly cancel the charges of the protons,
and the atom becomes a charged particle called an ion. For example, sodium (Na),
which in its neutral form contains 11 protons and 11 electrons, often loses one elec-
tron to form the ion Na* (Figure 3.5). The sodium ion contains 11 protons and only 10

The charges of ions are electrons, resulting in a 1+ charge. « Positively charged ions such as Na™ are called
usually written with the cations and are written with a superscript indicating the positive charge next to the
magnitude of the charge element’s symbol. Fluorine (F), which in its neutral form contains nine protons and
followed by the sign of nine electrons, will often acquire an extra electron to form the ion F~ (Figure 3.6). The

the charge. extra electron results in nine protons and ten electrons for a net charge of 1—. Nega-
tively charged ions such as F~ are called anions and are written with a superscript
indicating the negative charge next to the element’s symbol. In nature, cations and
anions always occur together, so that, again, matter is charge neutral.
Determining the Number of Protons
and Electrons in an lon
How many protons and electrons are in the 0>~ ion?
SOLUTION
We can look up oxygen on the periodic table and find that it has atomic
number 8, meaning it has eight protons in its nucleus. Neutral oxygen, therefore,
Protons
Neutrons
Nat
11 protons 11+ F~
10 electrons 10— 9 protons 9+
charge 1+ 10 electrons 10—
Electrons charge 1—
Figure 3.5 The sodium ion, Na*, contains 11 protons, but Figure 3.6 The fluorine ion, F~, contains 9 protons in its
only 10 electrons. It has a net charge of 1+. nucleus and 10 electrons. It has a net charge of 1—.
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has eight electrons, but the 02~ ion has a charge of 2—; therefore, it must have
ten electrons. We compute the total charge as follows:

8 protons X (1+) = 8+
10 electrons X (1—) = 10—
total charge = 2—

Determining the Number of Protons
and Electrons in an lon

How many protons and electrons are in the Mg** ion?

m Neutrons

Atoms also contain neutral particles called neutrons within their nuclei. Neutrons
have almost the same mass as protons but carry no electrical charge. Unlike pro-
tons, whose number is constant for a given element, the number of neutrons in the
atoms of an element can vary. For example, carbon atoms have six protons in their
nuclei, but may have six or seven neutrons (Figure 3.7). Both kinds of carbon atoms
exist. Atoms with the same atomic number but different numbers of neutrons are
called isotopes. Some elements, such as fluorine (F) and sodium (Na), have only one
naturally occurring isotope—all naturally occurring fluorine atoms contain 10 neu-
trons and 9 protons in their nuclei, and all naturally occurring sodium atoms con-
tain 12 neutrons and 11 protons. Other elements, such as carbon and chlorine, have
two or more naturally occurring isotopes. Naturally occurring chlorine (Figure 3.8),
for example, is composed of atoms with 18 neutrons in their nuclei (75.77% of all
chlorine atoms) and 20 neutrons in their nuclei (24.23% of all chlorine atoms).

Scientists can synthesize some isotopes that are not normally found in nature.
For example, almost all naturally occurring hydrogen atoms contain either no neu-
trons (99.985%) or one neutron (0.015%)—the isotope with one neutron is called
deuterium. However, scientists have also made tritium, hydrogen with two neu-
trons. Tritium is still hydrogen—it contains one proton in its nucleus—but its mass
is higher because it has extra neutrons.

The neutrons and protons in an atom account for nearly the entire mass of the
atom. Consequently, the sum of the number of neutrons and protons in the nucleus
of a given atom is called its mass number and has the symbol A. Naturally occurring
sodium atoms, for example, with 11 protons and 12 neutrons in their nuclei, have a
mass number of 23. The two different isotopes of chlorine have two different mass
numbers: The chlorine isotope with 17 protons and 18 neutrons has a mass number
of 35; the isotope with 17 protons and 20 neutrons has a mass number of 37.

Atomic Numbers and Mass Numbers

What is the atomic number (Z) and mass number (A) of the neon isotope that
contains 12 neutrons in its nucleus?

SOLUTION

From the periodic table, we find that neon has atomic number 10, meaning that
it contains 10 protons in its nucleus. Its mass number is the sum of the number of
protons (10) and the number of neutrons (12) for a total of 22. Therefore,

Z=10,A=22 (continued)

3.4 Neutrons 57

Carbon isotopes

2>

6 neutrons

7 neutrons

Figure 3.7 Although all carbon
atoms have six protons in their nu-
clei, the number of neutrons can be
six or seven. Both types of carbon
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Figure 3.8 Out of 100 naturally
occurring chlorine atoms, approxi-
mately 76 of them have 18 neutrons,
and 24 of them have 20 neutrons.
They all have 17 protons.
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58 Chapter 3 Atoms and Elements

Atomic Numbers and Mass Numbers

What is the atomic number (Z) and mass number (A) of the silicon isotope that
contains 14 neutrons in its nucleus?

m Specifying an Atom

Table 3.1 summarizes the properties of the three subatomic particles that compose
the atom. We can specify any atom, isotope, or ion by specifying the number of each
of these particles within it. This is usually done by listing its atomic number (Z), its
mass number (A), and its charge (C). We combine these with the atomic symbol of the
element (X) in the following manner:

e
The charge (C) is left out for charge neutral atoms. Because every element has a unique
atomic number, the chemical symbol, X, and the atomic number, Z, are redundant. For
example, if the element is carbon, then the symbol is C and the atomic number is 6.
If the atomic number were 7, the symbol would have to be that of nitrogen, N.

A briefer notation, often used when referring to neutral atoms, has the chemi-
cal symbol or name followed by a dash and its mass number:

X-A

Here, X is the symbol or name of the element and A is the mass number. For example,
U-235 refers to the uranium isotope with mass number 235, and C-12 to the carbon
isotope with mass number 12.

v’ Self-Check 3.2

The isotope Be-9 has how many neutrons in its nucleus?

a. 3 b. 4
c 5 d. 9

Determining Protons, Neutrons, and Electrons
How many protons, neutrons, and electrons are in the following ion?
2T

SOLUTION

protons =27 =22

neutrons =A—Z7 =50—22=28
electrons=Z—-C=22— 2=20

Determining Protons, Neutrons, and Electrons

How many protons, neutrons, and electrons are in the following ion?

35
1,Cl
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3.6 Atomic Mass 59

Subatomic Particles

Mass (g) Mass (amu) Charge
Proton 1.6726 X 10~ 1.0073 1+
Neutron  1.6749 X 107 1.0087 0
Electron 0.000911 X 1072*  0.000549 1—

v Self-Check 3.3

What is the difference between an isotope and an ion?

a. Anisotope is defined by the relative number of protons and electrons,
whereas an jon is defined by the number of protons and neutrons.

b. Anion is defined by the relative number of protons and electrons,
whereas an isotope is defined by the number of protons and
neutrons.

c. Two different ions must always correspond to two different ele-
ments, but two different isotopes could correspond to the same
element.

m Atomic Mass

A characteristic of an element is the mass of its atoms. Hydrogen, containing only
one proton in its nucleus, is the lightest element, whereas uranium, containing
92 protons and over 140 neutrons, is among the heaviest. The difficulty in assign-
ing a mass to a particular element is that each element may exist as a mixture of
two or more isotopes with different masses. Consequently, we assign an average
mass to each element, called atomic mass. Atomic masses are listed in the periodic
table (Figure 3.9) and represent a weighted average of the masses of each naturally
occurring isotope for that element.

Calculating Atomic Mass

The atomic mass of any element is calculated according to the following formula:

atomic mass = (fraction isotope 1) X (mass isotope 1)
+ (fraction isotope 2) X (mass isotope 2) + - - -

For example, we saw that naturally occurring chlorine has two isotopes: 75.77%
of chlorine atoms are chlorine-35 (mass 34.97 amu) and 24.23% are chlorine-37
(mass 36.97 amu). We calculate the atomic mass by summing the atomic masses of
each isotope multiplied by its fractional abundance:

Cl atomic mass = 0.7577 (34.97 amu) + 0.2423 (36.97 amu) = 35.45 amu

Notice that the percent abundances must be converted to fractional abundances by
dividing them by 100. The atomic mass of chlorine is closer to 35 than 37 because
naturally occurring chlorine contains more chlorine-35 atoms than chlorine-37
atoms.
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60 Chapter 3 Atoms and Elements

Periodic table of the elements

1A TA  8A
Hydrogen Helium

1 2

Ly T H [T T T T T T T T H
(5}

2A 1.008 3A 4A SA 6A 4.003

Lithium | Beryllium Boron Carbon | Nitrogen | Oxygen | Fluorine Neon

3 4 5 6 7 8 9 10

2| Li | Be B | C | N| O/ F | Ne
6.941 9.012 10.81 12.01 14.01 16.00 19.00 20.18
Sodium |M: i Alumi Silicon | Phosph Sulfur | Chlorine [ Argon

11 12 13 14 15 16 17 18

3 Na | M ALl si | P | s | c | Ar

&B
22.99 24.3% 3B 4B 5B 6B B I_ _I 1B 2B 26.98 28.09 30.97 32.06 3545 39.95

Potassium| Calcium [Scandium | Titanium | Vanadium|Chromium|Manganese|  Iron Cobalt Nickel Copper Zinc Gallium |Germanium§l Arsenic | Selenium | Bromine | Krypton
4 19 20 21 22 23 24 25 26 27 28 30 31 32 33 34 35 3

K Ca Sc Ti v Cr Mn Ee Co Ni Cu Zn Ga Ge As Se Br Kr
39.10 40.08 44.96 47.90 50.94 52.00 54.94 55.85 58.93 58.71 63.55 65.38 69.72 72.59 74.92 78.96 79.90 83.80

Rubidium | Strontium | Yttrium |Zirconium| Niobium |Molybd; Technetium| Rutheni Rhodium | F Silver | Cadmium | Indium Tin Antimony f Tellurium |  Iodine Xenon
5 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
85.47 87.62 88.91 91.22 9291 95.94 (98) 101.07 102.91 106.42 107.87 112.40 114.82 118.69 121.75 127.60 126.90 131.30
Cesium | Barium |Lanthanum| Hafnium | Tantalum | Tungsten | Rhenium | Osmium | Iridium | Platinum Gold Mercury | Thallium Lead Bismuth [Polonium | Astatine [ Radon
6 55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba La Hf Ta \ Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
132.91 137.34 | 13891 178.49 | 180.95 | 183.85 [ 186.21 190.20 192.22 195.09 196.97 | 200.59 | 20437 | 207.20 | 208.96 (209) (210) (222)

Francium | Radium | Actinil Rutherfordium| Dubnium i Bhorium | Hassium | Meitnerium ‘opernicium| Nihonium | Flerovium | Moscovium |Livermorium| Tennessine | Oganesson
7 87 88 89 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118

Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
223) | 22603 | @27 | @6 | @62 | @66) | @64 | @65 | @68 | @) | @72 | @85 | @84 [ 289 | @89 | @2 [ @4 | @9

Cerium [P i dymium| P ium | Samarium | Europium | Gadolini Terbium |D; ium| Holmium | Erbium | Thulium |Ytterbium| Lutetium
58 59 60 61 62 63 64 65 66 67 68 69 70 71

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
140.12 | 14091 | 14424 | (145 | 15040 | 151.96 | 157.25 | 15893 | 16250 | 164.93 | 167.26 | 168.93 | 173.04 | 17497

. .. Thorium [P ini Uranium [N ium|P ium|Americium| Curium |Berkelium|Californil ini Fermium I\ L i
Figure 3.9 The periodic table. The 9 91 92 93 94 95 9% 97 98 99 100 101 102 103

number listed below each element is Th Pa U Np Pu Am | Cm Bk Cf Es Fm Md No Lr
itS atomi C mass 232.04 231.04 238.03 237.05 (244) (243) (247) (247) (251) (254) (257) (258) (259) (260)

Example 3.4

Calculating Atomic Mass

Carbon has two naturally occurring isotopes with masses 12.00 and 13.00 amu
and abundances 98.90 and 1.10%, respectively. Calculate the atomic mass
of carbon.

SOLUTION
C atomic mass = 0.9890 (12.00 amu) + 0.0110 (13.00 amu) = 12.01 amu

Calculating Atomic Mass

Magnesium has three naturally occurring isotopes with masses 23.99, 24.99,
and 25.98 amu and natural abundances 78.99, 10.00, and 11.01%. Calculate the
atomic mass of magnesium.

v’ Self-Check 3.4

Copper is composed of two naturally occurring isotopes: Cu-63 with a mass of
62.94 amu and Cu-65 with a mass of 64.93 amu. Look up the atomic mass of cop-
per and determine which of the two isotopes is more abundant.

a. Cu-63is more abundant.
b. Cu-65 is more abundant.
c. Both isotopes are equally abundant.
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What If...

Complexity Out of Simplicity

ike a composer who builds an entire symphony on one

basic theme by presenting it over and over in slightly
different ways, so nature builds tremendous complexity
from relatively simple particles by combining them over
and over again in slightly different ways. Beethoven’s fa-
mous Fifth Symphony is built on the simplest of themes:
three short notes followed by a long one—da da da
daaaaaa. Beethoven’s brilliance is in how he plays on this
theme, repeating it, sometimes slowly, sometimes quickly,
sometimes with other notes thrown in. In the end, his sim-
ple theme is woven into a masterpiece of beauty and com-
plexity. So it is with nature.

In nature, the simplest theme is the fundamental par-
ticle that composes all ordinary matter—the quark. Quarks
have a number of odd properties that need not concern us
here. What is important about them is that they compose
the protons and neutrons, which in turn compose atoms.
Quarks come in six types, but ordinary matter is composed
of only two, called up and down. An up quark has a %/3+
charge, and a down quark has a '/3— charge.

By combining these quarks in slightly different ways,
we get protons and neutrons, the main building blocks
of atoms. A proton is composed of three quarks: two up
and one down. The charges of these quarks sum to give
the net charge of the proton (1+). A neutron is also com-
posed of three quarks: one up and two down, which
results in a particle with no net charge.

Protons and neutrons combine with electrons—which,
as far as we know, are fundamental particles that are not
composed of any others—to form 91 different naturally
occurring elements, each with its own properties and
its own chemistry, each different from the other. For ex-
ample, combine one proton and one electron and you

3.7 The Periodic Law

get hydrogen—the explosive, buoyant gas that filled the
Hindenburg airship and resulted in its unfortunate demise
in 1937. Combine two protons, two neutrons, and two
electrons and you get helium—the inert gas that fills bal-
loons and makes your voice sound funny when inhaled.
Combine six protons, six neutrons, and six electrons and
you get carbon—the solid substance that composes
both graphite (pencil lead) and diamond, depending
on how the carbon atoms join together. Diversity out of
simplicity—this is nature’s way.

This pattern continues beyond elements and into com-
pounds. Combine a handful of elements—carbon, hydro-
gen, nitrogen, and oxygen—with each other and you get
millions of different organic compounds (the compounds
that compose living organisms), each one with its own
properties, each one with its own chemistry, and each
one unique. From a few basic particles, we get millions
of compounds—so much diversity from so simple a be-
ginning. And yet, it is exactly this kind of diversity that
makes life possible. Life could not exist if elements did
not combine to form compounds; it takes molecules in
all their different sizes, shapes, and properties to cre-
ate the complexity necessary for life. Even within living
things, the variation of a simple theme to create com-
plexity continues. We will examine this variation more
fully in Chapter 16 when we consider the chemistry of
life—biochemistry.

QUESTIONS: What if quarks didn’t combine to form pro-
tons and neutrons? What if protons and neutrons didn’t
combine to form atoms? What if atoms didn’t combine
to form molecules? Can you think of anything else where
complexity emerges from simplicity?

61

LA The Periodic Law

In the 1860s, a popular Russian professor named Dmitri Mendeleev (1834-1907)
at the Technological Institute of St. Petersburg wrote a chemistry textbook. Draw-
ing on the growing knowledge of the properties of elements, he noticed that some
elements had similar properties, and he grouped these together. For example,
helium, neon, and argon are all chemically inert gases and could be put into one
group. Sodium and potassium are reactive metals and could be put into another
group.

Mendeleev found that if he listed the elements in order of increasing atomic
mass, these similar properties would recur in a periodic fashion. Mendeleev sum-
marized these observations in the periodic law:

When the elements are arranged in order of increasing atomic mass, certain
sets of properties recur periodically.

Heritage Image Partnership Ltd/Alamy Stock Photo

Mendeleev then organized all the known elements in a table (a precursor to to-
day’s periodic table) so that atomic mass increased from left to right and elements

Russian Professor Dmitri Mendeleev,
who arranged the first periodic table.
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62 Chapter 3 Atoms and Elements

with similar properties aligned in the same vertical columns. For this to work,
Mendeleev had to leave some gaps in his table. He predicted that elements would
be discovered to fill those gaps, and he even predicted some of their properties.
He also proposed that some measured atomic masses were wrong. In both cases,
Mendeleev was correct. Within 20 years of Mendeleev’s proposal, three gaps were
filled with the discoveries of gallium (Ga), scandium (Sc), and germanium (Ge).
Today’s periodic table (Figure 3.9) shows all the known elements and is founda-
tional to modern chemistry.

Mendeleev did not know why the periodic law existed. His law, like all scientific
laws, summarized a large number of observations but did not give the underlying
reasons for the observed behavior. The next step, following the scientific method,
was to devise a theory that explained the law and provided a model for atoms. In
Mendeleev’s time, there was no theory to explain the periodic law. Before looking
more closely at the periodic table, we briefly explore two theories that explain why
the properties of elements recur in a periodic fashion. The first theory is called the
Bohr model for the atom, after Niels Bohr (1885-1962), and it links the macro-
scopic observation—that certain elements have similar properties that recur—to the
microscopic reason—that the atoms comprising the elements have similarities that
Niels Bohr (1885-1962). also recur.

Keystone/Getty Images

A Theory That Explains the Periodic Law:
The Bohr Model

As we learned in Chapter 1, science gives insight into nature through models
or theories that explain laws and predict behavior. Here we look at the Bohr
model, a theory for the way electrons behave in atoms that explains the peri-
odic law and links the macroscopic properties of elements to the microscopic
properties of their atoms. We must keep in mind that this is a model for the
atom and not the real thing. In fact, a more successful and complete model for
the atom, called the quantum mechanical model, is significantly different, as
we shall see in the next section. Nonetheless, the simple model developed here
helps us to understand the periodic law and allows us to predict a great deal of
chemical behavior.

Although the number of protons in the nucleus of an atom determines the
identity of an element, the number of electrons outside the nucleus defines its
chemical behavior. Niels Bohr focused on those electrons and modeled them as
being in orbits around the nucleus, much like planets are in orbits around the Sun
(Figure 3.10). However, in contrast to planets, which could theoretically orbit at
any distance whatsoever, Bohr proposed that electrons could only orbit at spe-
cific, fixed distances from the nucleus. Those fixed distances then corresponded to
specific, fixed energies for the electron. Electrons closer to the nucleus have lower
energy than those that are further away.

Bohr specified each orbit with an integer n, called the orbit’s quantum number.
The higher the quantum number, the greater the distance between the electron
and the nucleus and the higher the electron’s energy. Bohr also stipulated that the
orbits could only hold a maximum number of electrons determined by the value of
n as follows:

Figure 3.10 In the Bohr model, elec-
trons occupy orbits that are at fixed
energies and fixed radii.
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3.8 ATheory That Explains the Periodic Law: The Bohr Model

Bohr orbit with = 1  holds a maximum of two electrons
Bohr orbit with » = 2 holds a maximum of eight electrons
Bohr orbit with n

3 holds a maximum of eight electrons®

In an atom, an electron occupies the lowest energy orbit that is available.
The one electron in the hydrogen atom seeks the lowest energy orbit and, therefore,
occupies the Bohr orbit with n = 1. Because the orbit can hold a maximum of two
electrons, it is half full.

H

Helium’s two electrons just fill the n =1 orbit.

The next element, Li, has three electrons; two of those electrons are in the n = 1
orbit, but the third has to go into the n = 2 orbit.

Li

Skipping to fluorine, which has nine electrons, two of those electrons are in the n = 1
orbit, and the remaining seven are in the n = 2 orbit. The outer orbit is almost full.

* This is an oversimplification, but it will suit our purposes. In the quantum mechanical model, Bohr or-
bits are replaced with quantum mechanical orbitals and quantum shells. The quantum shell with n = 3
can actually hold 18 electrons; however, the quantum shell with n = 4 begins to fill when there are
only eight electrons in the quantum shell with n = 3.
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64 Chapter 3 Atoms and Elements

The orbit fills in neon, which has ten electrons, two in the n = 1 orbit and eight in
the n = 2 orbit.

The next element, sodium, has 11 electrons. Of those, two electrons are in the
n = 1 orbit, eight are in the n = 2 orbit, and one is in the n = 3 orbit.

Na

By continuing this process, and remembering that electrons fill the lowest energy
orbits available, we can draw similar diagrams for the first 20 elements in the peri-
odic table (Figure 3.11). These diagrams are called Bohr diagrams or electron con-
figurations. They show the arrangement of an atom’s electrons around the nucleus
for each element. Remember that we are examining the Bohr model in order to
explain why certain elements have similar properties and why properties recur
in a periodic fashion. Helium, neon, and argon are three elements with similar
properties—they are chemically inert gases. Do you notice anything similar about
their electron configurations in Figure 3.11? Lithium, sodium, and potassium also
have similar properties—they are chemically reactive metals. Do you notice any
similarities in their electron configurations?

The connection between the microscopic electron configuration and the macro-
scopic property of the element lies in the number of electrons in the element’s outer
Bohr orbit:

e Atoms with a full outer orbit are extremely stable; they are chemically inert
and do not react readily with other elements.

e Atoms having outer orbits that are not full are unstable and will undergo
chemical reactions with other elements to gain full outer orbits.

v Self-Check 3.5

Based on their electron configurations, which of these elements—argon,
sulfur, or magnesium—do you predict to be the least chemically reactive?

a. argon b. sulfur c. magnesium
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Figure 3.11 Electron configurations for the first 20 elements.

Sodium is a reactive element.

Helium is an inert element.

Charles D. Winters/Science Source

iStock.com/Menno Hartemink

(a) Helium balloon. Helium is an
inert element that naturally occurs
as a gas. Helium does not react with
anything. The atoms of inert elements
have full outer electron orbits.

(b) Sodium reacting with water.
Sodium is a very reactive element,
and when it is mixed with water, a
reaction takes place. The atoms of
reactive elements do not have full
outer electron orbits.

(a) Helium's outer orbit is full. (b)  Sodium's outer orbit contains one electron.
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66 Chapter 3 Atoms and Elements

The kinds of reactions that an element undergoes and the kinds of compounds it will
form depend on the number of electrons in its outer orbit. Therefore, two or more ele-
ments whose atoms have the same number of electrons in their outer orbits will un-
dergo similar chemical reactions and form similar compounds. Because the electrons
in the outer orbit of an element’s atoms are so critical in determining the element’s
properties, they are singled out and called valence electrons. Much of the chemistry
you encounter in this book is a reflection of the variation in an element’s valence
electrons. Neon and argon both have eight valence electrons, whereas lithium, so-
dium, and potassium have one valence electron. The reason certain groups of ele-
ments have similar properties is that they have a similar number of valence electrons.

v’ Self-Check 3.6

Which pair of elements do you expect to be most similar?

a. Mg and Ca b. Nand Cl
c. Aland C d. SandSi

The Quantum Mechanical Model
for the Atom

Bohr modeled electrons as negatively charged, orbiting particles restricted to certain
distances from the nucleus. However, in the early 1900s, a new model for the atom,
called the quantum mechanical model, was developed. Although the Bohr model is
useful for explaining much of the chemical behavior we encounter in this book, it
leaves us with an outdated picture for how electrons exist in atoms. A brief introduction
to the quantum mechanical model can give us a more modern picture of the atom.

In the quantum mechanical model, orbits are replaced with orbitals. Quantum
mechanical orbitals resulted from discoveries showing that the electron—which was
thought of as a particle—also displayed properties that we normally associate with
waves. The wave nature of the electron meant that its motions around the nucleus
were more complex than simple circular orbits. Consequently, a quantum mechani-
cal orbital does not specify an electron’s exact path but shows the probability of
finding the electron in a certain region. For example, consider the 1s quantum
mechanical orbital shown in Figure 3.12. This orbital is the quantum mechanical
equivalent of the n = 1 orbit in the Bohr model. We can understand this image of
the 1s orbital with a simple analogy. Imagine a moth flying around a bright light-
bulb. Imagine further a camera that takes a picture of the moth every minute for 2
or 3 hours. Then imagine combining all those pictures into one image. That image
would be a probability map—it would show where the moth spent most of its time.
The 1s orbital is similar—it shows where an electron in the 1s orbital is most likely
to be found. The darker regions show higher probability of finding the electron.
You can see from Figure 3.12 that the electron spends more time near the nucleus
than far away from it.

Another way to depict the 1s orbital is with a sphere that encloses the 90%
probability boundary—the boundary within which the electron will be found 90%
of the time (Figure 3.13). Other quantum mechanical orbitals depicted by showing
their 90% probability boundaries are shown in Figure 3.14. Quantum mechanical
orbitals are grouped into different shells. These shells fill in a manner similar to the
filling of Bohr orbits, but the exact way they fill is beyond the scope of this book.

You can see that the quantum mechanical model does not exactly locate
the electron’s path, but rather predicts where it is most likely to be found. Erwin
Figure 3.12 The quantum me- Schrodinger (1887-1961) shook the scientific establishment when he proposed
chanical 1s orbital. this model in 1926. The most shocking difference was the statistical nature of the

1s orbital
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What If...

3.9 The Quantum Mechanical Model for the Atom

Philosophy, Determinism, and Quantum Mechanics

We often think of science in terms of the technology it
produces—because of science we have computers,
medicines, and MP3 players, for example. However, science
also contributes to basic human knowledge and makes
discoveries that affect other academic disciplines. The dis-
covery of quantum mechanics in the twentieth century, for
example, had a profound effect on our fundamental under-
standing of reality and on the field of philosophy. At stake
was a philosophical question that has been debated for
centuries: Is the future predetermined?

The idea that the future is predetermined is called de-
terminism. In this view, future events are caused by pres-
ent events that are in turn caused by past events, so that
all of history is simply one long chain of causation, each
event being caused by the one before it. Before the dis-
covery of quantum mechanics, the case for determin-
ism seemed strong. Newton’s laws of motion described
the future path of any particle based on its current po-
sition (where it was) and its velocity (how fast and what
direction it was going). We all have a sense of Newton's
laws because we have seen objects such as baseballs or
billiard balls behave according to them. For example, an

outfielder can predict where a baseball will land by ob-
serving its current position and velocity. The outfielder
predicts the future path of the baseball based on its
current path—this is determinism.

The discovery of quantum mechanics challenged the
idea that our universe behaves deterministically. Elec-
trons, and all other small particles such as protons and
neutrons, do not appear to behave deterministically. An
outfielder chasing an electron could not predict where
it would land. The subatomic world is indeterminate—
the present does not determine the future. This was a
new idea. Erwin Schrodinger himself once said of quan-
tum mechanics, “ don’t like it, and | am sorry | ever had
anything to do with it,” and Niels Bohr said, “Anyone
who is not shocked by quantum mechanics has not un-
derstood it.” To some, an indeterminate universe was
threatening. To others, the idea that the future was not
predetermined—at least for subatomic particles—came
as a pleasant surprise. In philosophy, the debate contin-
ues. However, the indeterminate nature of the subatomic
world dealt a severe blow to the idea that every event in
the universe is determined by the event before it.

67

quantum mechanical model. According to quantum mechanics, the paths of elec-
trons are not like the paths of baseballs flying through the air or of planets orbiting
the Sun, both of which are predictable. For example, we can predict where Earth
will be in its orbit around the Sun in 2 years, 20 years, or even 200 years. This is not
so for an electron. We cannot predict exactly where an electron will be at any given
time—we can only predict the probability of finding it in a certain region of space.
So, which model is correct? Is it the Bohr model or the quantum mechanical
model? Remember that in science we build models (or theories) and then perform
experiments in an attempt to validate them. The Bohr model has been shown to be
invalid by experiments. The quantum mechanical model is consistent with all exper-
iments to date. Of course, this doesn’t make the quantum mechanical theory “true.”
Scientific theories are never proven true, only valid. This also does not mean that

1s orbital
o
3 "
/ \
I \
r o
\ /
\ /
N ’
~ - &
90% probability
boundary 2p orbital 3d orbital

Figure 3.13 The 15 orbital depicted by showing its 90% probability Figure 3.14 The 2p and 3d quantum mechanical orbitals.

boundary. (Source: Progressive Publishing Alternatives)
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68 Chapter 3 Atoms and Elements

The Molecular Revolution

The Reactivity of Chlorine and the Depletion of the Ozone Layer

As we saw in Section 3.8, chlorine has seven valence elec-
trons, leaving it one short of a stable electron configu-
ration. Consequently, atomic chlorine is extremely reactive
and forms compounds with almost anything it touches.
Since the mid-1900s, a particular group of compounds
called chlorofluorocarbons (CFCs), used primarily as refrig-
erants and industrial solvents, have served as carriers for
chlorine, taking it up into the upper atmosphere. When CFCs
get to the upper atmosphere, they react with sunlight and
release a chlorine atom. The reactive chlorine atom then re-
acts with and destroys ozone. Ozone is a form of oxygen gas
that shields life on Earth from exposure to harmful ultravio-
let (UV) light. Scientists have measured a dramatic drop in
ozone over Antarctica (Figure 3.15) due primarily to Cl from
CFCs. A smaller, but still significant, drop in ozone has been
observed over more populated areas such as the northern
United States and Canada. The thinning of ozone over these
regions is dangerous because UV light can damage plant life

and induces skin cancer and cataracts in humans. Most sci- 0 100 200 300 400 500 600 700 s
n <

entists think that continued use of CFCs could lead to more Totsl Gzone (Dobson Ut} =
thinning of the ozone layer. Consequently, many countries Fi 3.15 The A . hole.Th | d
have banded together to curb the use of CFCs. In the United gure 3. e Antarctic ozone hole. The purple- an

. blue-colored section in the middle shows the depletion
States, the production of these compounds was banned on of ozone over Earth’s South Pole. This image is from Octo-
January 1, 1996. We will look more closely at the depletion ber 8, 2013. (Source: NASA Ozone Hole Watch,
of atmospheric ozone in Chapter 11. http://ozonewatch.gsfc.nasa.gov/SH.html)

1\ J

the Bohr model is not useful. In fact, the Bohr model is sufficient to predict much of
the chemical behavior we encounter in this book. However, the quantum mechanical
model gives us a better picture of atoms.

v’ Self-Check 3.7

Which statement is true of the quantum mechanical model, but not of the Bohr
model?

a. Electrons orbit the nucleus in simple circular orbits, just like planets orbit
the Sun.

b. The exact path that an electron follows within an atom cannot be
specified.

c. The electron is attracted to the nucleus of the atom.

m Families of Elements

Elements such as He, Ne, and Ar that have similar outer electron configurations (in
this case, full outer orbits) have similar properties and form a family or group of
elements. These groups fall in vertical columns on the periodic table. Each column
in the periodic table is assigned a group number, which is shown directly above the
column (Figure 3.16). Some groups are also given a name.
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Molecular Thinking
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3.10

Families of Elements

Is Breathing Helium Dangerous?
H elium balloons float because the helium gas within
the balloon is less dense than the surrounding air. A
balloon rising in air is like a submerged cork rising toward
the surface of water: The cork is less dense than the water
and thus it floats. Helium balloons are relatively safe be-
cause the helium gas within them is inert; it does not react
with anything. Highly reactive substances are usually more
dangerous to humans because they react with biologi-

cal molecules that compose the body and can, therefore,
change or damage those molecules. The helium within

a balloon is so inert that it can even be inhaled in small
amounts without any long-term physiological effects. The
helium only causes a high, funny-sounding voice. Inhaling
moderate to large amounts of helium, on the other hand,
will cause suffocation because your body will not get
enough oxygen.

QUESTION: What is the molecular (or in this case atomic)
reason for the inertness of helium; that is, what is it about
helium atoms that makes helium gas inert?

69

The elements in the column to the far right on the periodic table are called
group 8A elements or noble gases. The group number, in this case 8, indicates
the number of valence electrons for most elements in the group. Most group 8A
elements have eight valence electrons, except helium, which has two. All group
8A elements have full outer orbits and are chemically inert. They have stable
electron configurations and therefore do not readily react with other elements to
form compounds.

Alkali  Alkaline Periodic table of the elements Chalco- Halo-  Noble
metals  earth gens  gens  gases
metals
1A 7A  8A
Hydrogen Helium
1| Femm e o R 2
2A H SA 6A it
Lithium | Beryllium Nitrogen | Oxygen | Fluorine Neon
2 3 4 7 8 9 10
Li Be N O &I Ne
Sodium i Phosphorus| Sulfur | Chlorine | Argon
3 11 12 SB 15 16 17 18
Na | Mg | 33 4B 5B 6B 7B IB 2B Pl S | G| Ar
Potassium| Calcium | Scandium | Titanium | Vanadium|Chromium|Manganese|  Iron Cobalt Nickel | Copper Zinc Arsenic | Selenium [ Bromine | Krypton
4 19 20 21 22 23 24 25 26 27 28 29 30 33 34 35 36
K Ca Sc Ti v Cr Mn He Co Ni Cu Zn As Se Br Kr
Rubidium | Strontium | Yttrium |Zirconium| Niobium Technetium| Rutheni Rhodium | Palladi Silver | Cadmium Antimony | Tellurium |  Iodine Xenon
5 37 38 39 40 41 42 43 44 45 46 47 48 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd Sb Te I Xe
Cesium | Barium |Lanthanum| Hafnium | Tantalum | Tungsten | Rhenium | Osmium | Iridium | Platinum Gold Mercury Bismuth | Polonium | Astatine [ Radon
6 55 56 57 72 73 74 75 76 71 78 79 80 83 84 85 86
Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Bi Po At Rn
Francium | Radium | Actini Rutherfordium| Dubnium borgil Bhorium | Hassium | Meitnerium dti i ‘opernicium| Nihonium | Flerovium | Moscovium |Livermorium| Tennessine [ Oganesson
7 87 88 89 106 109 110 111 112 113 114 115 116 117 118
Ra Ac Rf Db S Bh Hs Mt Ds R, Cn Nh Fl Mc Lv Ts O
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Cerium [P i i ium| Samarium | Europi ini Terbium [Dysprosium|{ Holmium | Erbium | Thulium | Ytterbium| Lutetium
58 59 60 61 62 63 64 65 66 67 68 69 70 71
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Thorium |P ini Uranium (1 ium| Pl ium|Americium| Curium |Berkelium|Californium|Einsteini Fermium [Mendelevium{ Noblelium|L i
90 91 92 93 94 95 96 97 99 100 101 102 103
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Figure 3.16 The periodic table. Vertical columns are called groups or families of elements. The elements
within a group have similar properties.
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70 Chapter 3 Atoms and Elements

The elements in the column to the far left on the periodic table are called
group 1A elements or alkali metals. They all have one valence electron and are
very reactive. In their reactions, they lose that valence electron to acquire an elec-
tron configuration like that of a noble gas. The elements in the second column of
the periodic table are called group 2A elements or alkaline earth metals. They
have two valence electrons and lose them in chemical reactions to acquire a noble
gas electron configuration.

Elements in the third column, or group 3A elements, have three valence elec-
trons. In certain instances, some group 3A elements will lose three electrons, but
they will also share electrons with another element to attain stability (more on this

Lawrence Migdale/Science Source

Sodium is an alkali metal. It is so

reactive that it must be protected in Chapter 5). Similarly, group 4A and 5A elements have four and five valence
from air and moisture by storage electrons, respectively, and usually share these with another element to acquire
in @ nonaqueous fiquid. stable electron configurations.

Group 6A elements are called the chalcogens or the oxygen family and are
two electrons short of having full outer orbits. They will often gain two electrons
when they react to attain a stable noble gas electron configuration. Group 7A ele-
ments are called the halogens and are only one electron short of acquiring a stable
configuration. They undergo vigorous chemical reactions to attain an additional
electron.

The elements in the periodic table can be classified even more broadly as
metals, nonmetals, and metalloids, as shown in Figure 3.17. Metals tend toward
the left side of the periodic table and tend to lose electrons in their chemical reac-
tions, whereas nonmetals tend toward the right side of the periodic table and tend
to gain electrons in their chemical reactions. The elements that fall in the middle-
right of the periodic table (along the black zigzag line in Figure 3.17) are called
metalloids and show mixed tendencies. Groups 3B through 2B in the center of
the periodic table are also metals and are called the transition metals. Transition
metals lose electrons in their chemical reactions but do not necessarily acquire
noble gas configurations.

Charles D. Winters

Chlorine is a halogen.

- Metals: tendency to lose electrons
- Nonmetals: tendency to gain electrons
Groups
1 18
1A rMetalloids 8A
1 2 13 14 15 16 17
2A 3A 4A 5A 6A T7A
2
Transition metals
3 3 4 5 6 7 8 9 10 11 12
3 3B 4B 5B 6B 7B ——8B—— 1B 2B
s
=
a
5
6
7
Figure 3.17 The elements can be
broadly divided into metals, which
primarily lose electrons in chemi-
cal reactions; nonmetals, which
primarily gain electrons in chemical
reactions; and metalloids, which can
do either.
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Elements that exist
as diatomic molecules

1 18
1A SA
ul2 13 14 15 16 17
2A 3A 4A 5A 6A TA
2 N|O|F
3 3 4 5 6 7 8 9 10 11 12 al
3B 4B 5B 6B 7B ——SB—— 1B 2B
4 Br
5 I
6
7

Figure 3.18 The elements whose
positions in the periodic table are
shaded exist as diatomic elements.

Molecular Elements

Although the simplest identifiable units of an element are its corresponding atoms,
a number of elements exist in nature as diatomic molecules—two atoms bonded
together—as shown in Figure 3.18. These elements are hydrogen, nitrogen, oxygen,
fluorine, chlorine, bromine, and iodine. In Chapter 5, we will learn a theory that
explains why these elements form diatomic molecules.

m A Dozen Nails and a Mole of Atoms ¢ Big Picture Video:

The Mole Concept

Unless we have access to very expensive instrumentation, counting individual
atoms is impossible—they are too small. Even if we could see them, counting the
vast number of atoms in any reasonably sized object would take an infinite amount
of time. If we were very fast counters, and counted 24 hours a day for our entire
lives, we would barely make a dent in counting the number of atoms in something
as small as a grain of sand.

If we want to know the number of atoms in anything of substantial size, we
need another method besides direct counting. One such method involves the mole
concept, which relates the mass of a sample of an element to the number of atoms
within it, so that we can determine the number of atoms by weighing.

To understand the mole concept, consider this analogy. Imagine buying nails by
the pound at the local hardware store. How do we determine the number of nails in a
certain weight of nails? We need a relationship between the weight and the number
of nails. For example, suppose we bought 1.50 Ib of medium-sized nails. Suppose
further that the nails weighed 0.100 pounds per dozen (0.100 1b/doz). To determine
the number of nails in our sample, we first convert from the weight to the number
of dozens and then from dozens to the number of nails. The two conversion factors
are 0.100 Ib = 1 doz and 1 doz = 12 nails and the calculation proceeds as follows:

weight — dozen — nails

1doz 12 nails . .
1.5 X X = 180 nails
0.10 15 1 doz Amadeo Avogadro (1776-1856).

SPL/Science Source
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72 Chapter 3 Atoms and Elements

Twenty-two copper pennies
contain about 1 mol of copper Six helium balloons contain
atoms. about 1 mol of helium atoms.

Figure 3.19 (a) Twenty-two cop-
per pennies contain 1 mol Cu atoms.
(Only pennies made before 1983 are
copper.) (b) Six helium balloons con-
tain about 1 mol He atoms.

Joellen L Armstrong/Shutterstock.com

rzstudio/Shutterstock.com

(b)

With these conversion factors, we can easily count nails by weigh-
ing them. What if we had larger nails? Or smaller ones? The first
conversion factor would change because there would be a different
weight per dozen nails, but the second conversion factor would re-
main the same. A dozen corresponds to 12 nails, regardless of their
size.

Chemists use a number that is similar in concept to the dozen. How-
ever, 12 is too small a number when referring to atoms. We need a much
larger number because atoms are so small. Consequently, the chem-
ist’s “dozen” is called the mole (mol) and corresponds to 6.022 X 10%.
This number is called Avogadro’s number, named after Amadeo
Avogadro (1776-1856), and is a convenient number to use when
speaking of atoms. A mole of atoms contains 6.022 X 10** atoms and
makes up objects of reasonable sizes. For example, 22 pure copper
pennies (pre-1983) contain approximately one mole of copper atoms,
and a few large helium balloons contain approximately one mole of
I mol C atoms I ' mol S atoms helium atoms (Figure 3.19). There is nothing mysterious about a mole;
it is just a certain number of objects, 6.022 X 107, just like a dozen is
a certain number of objects, 12.

For atoms, the quantity that is analogous to the other conversion
factor in our nail calculation—the weight of one dozen nails—is the
mass of one mole of atoms. This quantity is called molar mass. Avoga-
dro’s number is chosen so that the numerical value of the atomic mass
of an element in amu is equal to the molar mass of that element in
grams per mole. In other words, the atomic mass of any element gives
the mass of one mole of its atoms.

il dozen small nails £ | dozen large nils _

Progressive Publishing Services

. . . grams
atomic mass (in amu) = molar mass | in ———
mole

In analogy to the nail example, where the weight of nails per dozen de-
pends on the nail’s size, so the molar mass depends on the atom’s mass.
The heavier the atom, the more mass per mole (Figure 3.20). For example:

Progressive Publishing Services

(b)
_ _ 23
Figure 3.20 Justas 1 doz large nails constitutes more Molor = 1 mole hydrogen = 6.022 X 10~ H atoms
matte.rthan1dozsmall nails (a), 1 mol sulfur atoms from = 1 mole carbon = 6.022 X 1023 C atoms
constitutes more matter than 1 mol carbon atoms (b). periodic
Sulfur atoms are bigger and heavier than carbon atoms. table = 1 mole sulfur = 6.022 X 10* S atoms
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3.11 A Dozen Nails and a Mole of Atoms

So from the periodic table, we can find the mass of one mole of atoms for any ele-
ment. Now, how do we use that quantity, in combination with the number of atoms
in a mole, to determine the number of atoms in a sample of a given mass? Suppose
we want to know the number of aluminum atoms in 12.5 grams of aluminum. We
first convert from the mass to the number of moles, and then from the number of
moles to the number of atoms:

mass — moles — atoms

12.5 ¢ X 1 mole 5 6022 X 10** atoms 279 X 10% at
. = 4. atoms
26.98 ¢ mote

For more practice with the mole concept, consider the following examples.

The Mole Concept

The helium gas within a medium-sized helium balloon weighs 0.55 g. How many
moles of helium are in the balloon?

SOLUTION
Following the problem-solving procedure from Chapter 2, first write down the
information the problem gives and what it asks you to find.

Given

0.55 g of He

Find

moles of helium

You need a conversion factor between grams of helium and moles, which is he-
lium’s molar mass, 4.00 g/mol. Start with the mass and convert to the number of

moles. (The molar mass of helium and other elements can be obtained from the
periodic table on the inside front cover of this book.)

0.554 X

1 mol
= 0.14 mol

4.00 4

The Mole Concept

A diamond, which is pure carbon, contains 0.020 mol of carbon. What is the mass,
in grams, of the diamond?

Example 3.6

The Mole Concept I

Five pennies are found to weigh 15.3 g. If the pennies are pure copper, how many
copper atoms are in the five pennies?

SOLUTION
Given
1539

Find
number of copper atoms

You need two conversion factors. From the periodic table, find the molar mass of
copper to be 63.55 g/mol. You also need Avogadro’s number, 6.022 X 10%® atoms

(continued)
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74 Chapter 3 Atoms and Elements

of atoms:

15,34 x T

= 1 mol. Starting with the mass, first convert to moles and then to the number

6.022 X 10% atoms -
= 1.45 X 10°° atoms

63.55 ¢

SUMMARY

Molecular Concept

paol

The Mole Concept I

Calculate the number of atoms in a pure gold ring weighing 17 g.

Societal Impact

We have seen that all things, including ourselves, are m#p Because all matter is made of atoms, we can better

ultimately composed of atoms and that the macro-
scopic properties of substances ultimately depend on
the microscopic properties of the atoms that compose
them (3.1). We completely specify an atom by indicat-
ing each of the following (3.2-3.5):

e its atomic number (Z), which is the number of pro-
tons in its nucleus

o its mass number (A), which is the sum of the num-
ber of protons and neutrons in its nucleus.

e its charge (C), which depends on the relative num-
ber of protons and electrons.

The mass number and charge can vary for a given ele-
ment, but the atomic number defines the element and
is, therefore, always the same for a given element. At-
oms that have the same atomic number but different
mass numbers are called isofopes, and atoms that have
lost or gained electrons to acquire a charge are called
ions. A positive ion is called a cation, and a negative
one is called an anion.

understand matter if we understand atoms. The pro-
cesses that occur around us at any time are caused
by changes in the atoms that compose matter (3.1).
Except in special cases—specifically, nuclear reactions—
elements don’t change. A carbon atom remains a
carbon atom for as long a time as we can imagine.
Pollution, then, is simply misplaced atoms—atoms that,
because of human activity, have found their way into
places that they do not belong. However, because at-
oms don’t change, pollution is not an easy problem to
solve. The atoms that cause pollution must somehow
be brought back to their original place, or at least to a
place where they won’t do any harm.

A characteristic of an element is its atomic mass, a wap Molar masses help us to calculate the number of atoms

weighted average of the masses of the isotopes that
naturally compose that element (3.6). The atomic
mass is numerically equivalent to molar mass, the
mass of one mole of that element in grams. The molar
mass provides a conversion factor between grams and
moles.

in a given object simply by weighing it (3.11).

In the Bohr model for the atom, electrons orbit the nu- =) The microscopic models developed in this chapter will

cleus much like planets orbit the Sun (3.8). The elec-
trons in the outermost Bohr orbit are called the valence
electrons and are key in determining an element’s
properties. Elements with full outer orbits are chemically
stable, whereas those with partially filled outer orbits are

be directly applicable in explaining why elements
form the compounds that they do (3.8, 3.9). Reac-
tive atoms, such as chlorine, are reactive because they
have seven valence electrons when eight are required
for stability (3.7). Consequently, chlorine reacts with

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

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



not. Elements with the same number of valence electrons
form families or groups and occur in vertical columns in
the periodic table (3.7). Elements with small numbers of
valence electrons tend to lose them in chemical reactions
and are called metals. Elements with large numbers of
valence electrons tend to gain additional electrons in
their reactions and are called nonmetals (3.10).

In the quantum mechanical model for the atom,
electrons exist in orbitals (3.9). Orbitals show the rela-
tive probabilities of finding the electron in the space
around the nucleus.

KEY TERMS

alkali metal Bohr model
alkaline earth metal Niels Bohr

amu cation

anions chalcogens
atom charge

atomic mass chemical symbol

atomic number (2) electron configuration

Amadeo Avogadro family or group of elements

Bohr diagram halogen

EXERCISES

Questions

1. Why is it important to understand atoms?
2. Describe an atom.

3. What defines an element? How many naturally
occurring elements exist?

4. List three different ways that chemical elements
were named.

5. Use the periodic table to write the name and the
atomic number of the element that corresponds to
each of the following symbols:

H He Li Be B C N O F Ne
Na Mg Al ' Si P S CI Ar Fe Cu Br
Krr Ag I  Xe W Au Hg Pb Rn U

6. Define each term:

. atomic number

. mass number

. isotope

ion

atomic mass

molar mass

. Avogadro’s number
. chemical symbol

S@E e ap o

Exercises 75

other elements in an attempt to gain an additional
electron. Reactive atoms like chlorine can become
environmental problems, especially when human ac-
tivity moves them to places where they are usually not
found. For example, chlorine atoms are transported
into the upper atmosphere by synthetic compounds
called chlorofluorocarbons. Once there, they react with
the ozone layer and destroy it (3.10).

ion noble gas
isotope nonmetal
mass number (A) orbitals

Mendeleev, Dmitri oxygen family

metal periodic table

metalloid quantum mechanical model
molar mass quantum number (n)

mole transition metal

neutrons valence electron

7. Write the mass and charge of the proton, neutron,
and electron.

8. What is the periodic law?

9. What was Mendeleev’s largest contribution to the
development of modern chemistry?

10. Explain the Bohr model for the atom. How does
the model explain the periodic law?

11. Explain the quantum mechanical model for the
atom. How is it different from the Bohr model?

12. Give two examples of each:
. alkali metal

. alkaline earth metal

. halogen

. noble gas

metal

nonmetal

. transition metal

. metalloid

5o e ap oW

13. Which elements exist as diatomic molecules?

14. Explain the difference and similarity between
atomic mass and molar mass.
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76 Chapter 3 Atoms and Elements

Problems

Protons, Electrons, and lons

15. Determine the charge of each ion:
a. a rubidium atom that has lost one electron
b. an iodine atom that has gained one electron
c. an iron atom that has lost two electrons

16. Determine the charge of each of the following:
a. a silver atom that has lost one electron
b. a bromine atom that has gained one electron
c. a chromium atom that has lost three electrons

17. Determine the number of protons and electrons in
each of the following ions:
a. K*
b. F~
c. N°~
d. AP

18. Determine the number of protons and electrons in
each of the following ions:
a. Mg**
b. Se?*”
c. 027
d. Fe’*

Isotopes

19. Give the atomic number (Z) and the mass number
(A) for each of the following:
a. a carbon atom with 8 neutrons
b. an aluminum atom with 14 neutrons
c. an argon atom with 20 neutrons
d. a copper atom with 36 neutrons

20. Give the atomic number (Z) and mass number (A)
for each of the following:
a. an oxygen atom with 8 neutrons
b. a chlorine atom with 18 neutrons
c. a sodium atom with 12 neutrons
d. a uranium atom with 143 neutrons

21. The following isotopes have applications in
medicine. Write their symbols in the form 4X.
a. cobalt-60
b. phosphorus-32
c. iodine-131
d. sulfur-35

22. The following isotopes are important in nuclear
power. Write their symbols in the form 4X.
a. U-235
b. U-238
c. Pu-239
d. Xe-144

23. "C is used in carbon dating of artifacts. Determine
the number of protons and neutrons in *C.

24. “K is used to measure the age of Earth. Determine
the number of protons and neutrons in *°K.

25. Determine the number of protons, neutrons, and
electrons in each of the following:
a. ®Na*

b. 8'Br~
c. 1602*
26. Determine the number of protons, neutrons, and
electrons in each of the following:
a. 52Cr3+
b. 1602*
c. 40Ca2+

The Bohr Model and Valence Electrons

27. Give electron configurations according to the
Bohr model for each of the following elements.
Try to not use Figure 3.11, but instead determine
the configuration based on your knowledge of
the number of electrons in each atom and the
maximum number of electrons in each Bohr orbit.
Indicate which of these elements you expect to be
the most reactive and the least reactive.

B

Si

Ca

F

Ar

28. Give electron configurations according to the Bohr

model for each of the following elements. Indicate
which of these elements you expect to be the most
reactive and the least reactive.
a. He
b. Al
c. Be
d. Ne
e. 0

29. How many valence electrons are in each of the
elements in problem 277

pEn T

30. How many valence electrons are in each element
of problem 287

31. Draw electron configurations for each of the
following elements according to the Bohr model.
Indicate which electrons are valence electrons.
a. Li
b. C
c. F
d. P

32. Draw electron configurations for each of the
following elements according to the Bohr model.
Indicate which electrons are valence electrons.
a. Mg
b. S
c. He
d. K

Families of Elements and Valence Electrons

33. Which two of the following elements would you
expect to be most similar to each other? Why?
Mg, N, F, S, Ne, Ca

34. Group the following elements into three similar

groups of two each:
Na, O, Ne, Li, Ar, S
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35. We have seen that the reactivity of an element is
determined by its electron configuration. What is
the electron configuration of the ion CI"?

(Hint: You must add one additional electron
beyond the number of electrons that chlorine
would normally have.) How does its reactivity
compare with neutral C1? How would the
reactivities of Na and Na™ compare?

36. What is the electron configuration of Mg?*? How
does its reactivity compare with neutral Mg? How
do the reactivities of F~ and F compare?

37. Classify each of the following elements as a metal,
a nonmetal, or a metalloid:
a. Cr
N
Ca
. Ge
Si
38. Classify each of the following as a metal, a
nonmetal, or a metalloid:
a. Mn
b. I
c. Te
d. Sb
e. 0

P en

Atomic Mass

39. Calculate the atomic mass of neon (Ne), which is
composed of three naturally occurring isotopes

45.

46.

47.

48.

49.

50.

Exercises 77

How many moles are there in each sample?
a. 45 mg Ag

b. 28 kg Zn

c. 8.7 X 10*” He atoms

d. 1 He atom

How many moles are there in each sample?
a. 55.0 g Ti

b. 16.9 mg Na

c. 7.95 X 10** Ne atoms

d. 25 Xe atoms

What is the mass of each sample?
a. 1.8 mol S

b. 0.0067 mol Au

¢. 0.552 mol Cu

d. 1 Na atom

What is the mass of each sample?
a. 2.75 mol Fe

b. 0.115 mol Al

c. 125 mol Si

d. 1 Ni atom

Determine the number of atoms in each sample.
a. 10.0 g Sr

b. 10.0 g Mg

c. 28.5kg Zn

Determine the number of atoms in each sample.
a. 45.0 g Si

b. 45.0 g Sn

c. 28.2 mg Pb

with the following natural abundances and masses: 51. How many Ag atoms are present in a piece of pure
a. 90.51% Ne-20 (mass = 19.992 amu) silver jewelry weighing 21.3 g?

b. 0‘272/0 Ne-21 (mass i 20.993 amu) 52. How many platinum atoms are in a pure platinum
c. 9.229% Ne-22 (mass = 21.991 amu) ring weighing 4.32 g?

40. An element has two naturally occurring isotopes. 53. A pure gold necklace has a volume of 1.8 cm’.
Isotope 1 has a mass of 106.905 amu and a How many gold atoms are in the necklace? The
relative abundance of 51.8%, anq isotope 2 has a density of gold is 19.3 g/em’.
mass of 108.904 amu and a relative abundance of 54 A titani bicvel th | f
48.29%. Find the atomic mass of this element and, : 3 ! ar311111{m 1cycle iimp, onent asa V(,) ut?e 0
referring to the periodic table, identify it. ‘ cm’. How many u fanu%m a oms‘ are m the 3

o . bicycle component? Titanium density = 4.50 g/cm’.
41. A fictitious element has two naturally occurring . .
. . 55. An iron sphere has a radius of 3.4 cm. How many
isotopes and has an atomic mass of 29.5 amu. ) . )
. . iron atoms are in the sphere? Iron has a density of
a. If the natural abundance of isotope 1 is 33.7%, 7.86 glem’, and here h 1 f
what is the natural abundance of isotope 27 -66 g/enr’, and a sphere has a volume o
b. If the mass of isotope 2 is 30.0 amu, what is the Ve 4 % rp3
mass of isotope 1?7 T \3 e
42. C has two naturall ing isotopes. Cu-63 . .
opper fia 0 naturally occurring IS.O opes. tu 56. Calculate the number of atoms in the universe.
has a mass of 62.939 amu and a relative abundance The followineg steps will guide vou through this
of 69.17%. Use the atomic mass of copper to . g step g Y &
. . calculation:
determine the mass of the second copper isotope.
a. Planets constitute less than 1% of the total mass

The Mole Concept of the universe and can, therefore, be neglected.

43. How many moles of titanium are present in 124 g Stars make up most of the visible mass of
of titanium? the universe, so we need to determine how

. . many atoms are in a star. Stars are primarily
44. How many moles of carbon are there in a diamond d of hvd d Sun ;
ighing 2.1 g? composed of hydrogen atoms and our Sun is
welg ) ) an average-sized star. Calculate the number
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of hydrogen atoms in our Sun given that the
radius of the Sun is 7 X 10® m and its density is
1.4 g/cm?. The volume of a sphere is given by

V=|—|Xar
3

(Hint: Use the volume and the density to get the
mass of the Sun.)

b. The average galaxy (like our own Milky Way
galaxy) contains 1 X 10" stars, and the universe
contains 1 X 10° galaxies. Calculate the number
of atoms in an average galaxy and finally the
number of atoms in the entire universe.

c. You can hold 1 X 10** atoms in your hand (five
copper pennies constitute 1.4 X 10* copper
atoms.) How does this number compare with the
number of atoms in the universe?

Points to Ponder

57.

58.

The introduction to this chapter states that
everything is made of atoms, including ourselves.
Does that affect the way you view human life? Do
the atoms in our bodies follow the same physical
laws as atoms in soil or rocks or water? If so, does
this make human life any less unique?

Suppose the absolute value of the charge of the
electron was slightly greater than the charge of a
proton. How would matter behave? What does this
tell you about how small changes in the atomic
realm affect the macroscopic realm?

59.

60.

61

62.

63.

64.

When we refer to doughnuts or cookies, we often
refer to 1 doz of them, which corresponds to 12.
Why is the dozen an inconvenient number when
referring to atoms? Why is Avogadro’s number,
6.022 X 10%%, more convenient?

Draw 10' squares on a piece of paper and time
yourself as you do it. How long would it take
you to draw 10* squares? 10* squares? Estimate
how long it would take you to draw 10'® squares
(60 seconds = 1 minute, 5.3 X 10° minutes =

1 year). Comment on expressing numbers in an
exponential fashion.

. Why does Avogadro’s number have such an odd

value? Why not pick a nice round number like
1.0 X 10**?

Can you think of anything that is not composed
of atoms?

Explain the connection between the properties of
an element and the atoms that compose it.

Read the interest box in this chapter entitled
“What if . . . Philosophy, Determinism, and
Quantum Mechanics.” Explain the concept

of determinism. Do you think the universe

is deterministic? Can you think of other
arguments, besides quantum mechanics, against
determinism?
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Feature Problems and Projects 79

FEATURE PROBLEMS AND PROJECTS

65. Here are three fictitious elements and a molecular Based on the size of the atoms, do you expect the
view of the atoms that compose them. The molar atomic masses of elements (a) and (c) to be greater
mass of the middle element, (b), is 25 grams than or less than (b)? How many atoms are present
per dozen (g/doz). (The atoms of these fictitious in 175 g of element (b)?

elements are much larger than ordinary atoms.)

Joel Gordon Photography
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80 Chapter 3 Atoms and Elements

66. Read the box entitled “What if . . . Complexity 67. Gather any two of the following items, measure
Out of Simplicity.” Explain the comment in the their dimensions, and calculate the number of
following cartoon. atoms present in the item.

a. a copper penny (pre-1983), density of copper =

8.96 g/cm?

b. a nickel (assume that the nickel is pure nickel,
Ni), density of nickel = 8.90 g/cm?

c. a graphite pencil lead (pure carbon), density of
carbon = 2.62 g/cm®

d. a helium balloon (assume that the balloon is
approximately spherical; the volume of a sphere

How can all of
this be made out
of quarks?

4
is V= (3) arr?, where r is the radius), density of

helium gas = 0.0899 g/L

SELF-CHECK ANSWERS

m Answer: b. Any atom with eight protons is “ Answer: a. Because argon has a full outer
by definition oxygen, not carbon. orbit and the others do not, it is the most stable and

least chemically reactive.
m Answer: c. 5
m Answer: a. Mg and Ca because they have the

EEMN Answer: b. An ion is a changed particle same number of valence electrons (two).
whose charge depends on the relative number of
protons and electrons. An isotope is an atom with a m Answer: b.

specified number of neutrons.

m Answer: a. The atomic mass of copper is
63.55, so the Cu-63 isotope must be more abundant.
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Knowledge is an attitude, a passion, actually an illicit attitude. For the compulsion to know is
just like dipsomania, erotomania, and homicidal mania, in producing a character that is out of
balance. It is not true that the scientist goes after truth. It goes after him.

—Robert Musil, 1880-1942
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which is accessible from www.cengagebrain.com.

11 matter is ultimately composed of at-

oms, but those atoms are usually bonded

together to form molecules. Molecules are

at the core of chemical processes; they compose

most substances, and they form and transform in

chemical reactions. These topics are the focus of

this chapter. What are molecules? How do we rep-

resent them on paper, and how do we name them?
How do we represent the reactions they undergo?

Molecules and their reactions are central

to our daily existence—in our bodies when we

breathe, on our stoves when we cook, and in our

cars when we drive. The changes we see in the

4.1 Molecules Cause the Behavior of Matter 83

substances around us always involve some sort of
change at the molecular level. As you learn about
molecules, remember that our understanding of
the molecule has transformed society. We can
design and make molecules to serve specific pur-
poses. For example, we can make molecules that
form durable containers (plastics), or that kill un-
wanted organisms within the human body (antibi-
otics), or that prevent pregnancy (the birth-control
pill). The power to understand and manipulate
molecules has changed the way we live and will
continue to affect our lives, even in ways we may
not yet imagine, for the foreseeable future.

QUESTIONS for THOUGHT

® Are most substances composed of isolated atoms? @ How do compounds that form from a metal and a
How do atoms group together in compounds? nonmetal differ from compounds that form from
two or more nonmetals?

@ How do the properties of substances depend on
the molecules that compose them? How sensitive e What is the characteristic mass of a molecule?
are those properties to changes within these

@ How much of a particular element is presentin a
molecules?

particular compound?
e How do we represent compounds? How do we

them? @ How do molecules change in chemical reactions?
name them?

How do we represent those changes?

Molecules Cause the Behavior
of Matter

If someone were to ask me what the most important piece of information about
the physical world is, my answer would be this: Molecules determine the behavior
of matter. In this simple, six-word sentence lies the key that explains the physical
world and our experience of it. Matter is the way it is because molecules are the
way they are. Water does what water molecules do, air does what air molecules
do, and humans do what the molecules that compose us do. It is that simple, and
it is always true. In all of science history, an exception to this rule has not yet
been found.

As you sit staring at this page of light and dark spots, molecules are interact-
ing in a complex dance. Molecules within ink interact with molecules in paper to
create the light and dark spots on the page. Those molecules interact with light,
causing the image of light and dark spots to be transmitted to your eyes. The light
then strikes certain molecules within your eyes that change shape and cause a sig-
nal to be sent to your brain. Molecules within your brain then interpret the code
to produce the ideas, concepts, and images that constitute reading. Although we
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84 Chapter 4 Molecules, Compounds, and Chemical Reactions

don’t know enough to explain this complex process in detail, we can map portions
of it. For simpler processes, we can map the entire thing. In this chapter, we begin
our journey of understanding molecules and how they form the macroscopic sub-
stances that we experience every day.

Chemical Compounds
and Chemical Formulas

In Chapter 3, we learned that all matter is composed of atoms. In this chapter, we

Recall from Section 1.7 that learn that those atoms are usually bound together to form compounds. € A survey
a compound is a substance of some common substances reveals that most of them are compounds or mixtures
composed of two or more of compounds. For example, one of the most common substances we encounter is
elements in fixed, deﬂ”ite water. Water molecules are composed of two hydrogen atoms bonded to an oxygen

proportions. atom. < Most samples of water are not pure water, but a mixture of water with

other compounds. Seawater contains, among other substances, table salt (sodium
chloride). Table salt is a compound composed of sodium and chlorine atoms bonded
together in a one-to-one (1:1) ratio. Some other common compounds include
sugar, natural gas, and ammonia.

We discuss chemical bonds in
more detail in the following
sections and in Chapter 5. For
now, simply think of bonds
as links that hold atoms

together. Chemical Formulas

We represent a compound with a chemical formula, which, at minimum, indicates
the elements present in the compound and the relative number of atoms of each.
For example, NaCl is the chemical formula for table salt (Figure 4.1). It shows
that table salt is composed of sodium and chlorine atoms in a 1:1 ratio. H,0 is
the chemical formula for water (Figure 4.2), showing that water is composed of

NaCl

Figure 4.1 Saltis a compound
composed of sodium and chlorine
jonsin a 1:1 ratio. Unlike water,
which is composed of discrete
molecules, sodium chloride exists
in a three-dimensional crystalline
array in which sodium and chloride
jons alternate.

Charles D. Winters/Science Source

iStock.com/Andrew Johnson

Figure 4.2 Water is a compound
whose molecules are composed
of two hydrogen atoms for every
oxygen atom.
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4.2 Chemical Compounds and Chemical Formulas

iStock.com/crispphotography

molecule composed of?

hydrogen and oxygen in a 2:1 ratio. Compounds such as H,0 should never be
confused with mixtures of hydrogen and oxygen. Hydrogen and oxygen are both
gases, and a mixture of the two is also a gas. In contrast, the compound H,0 is
a liquid with vastly different properties with which we are all familiar. Because
the subscripts in a chemical formula indicate the relative number of each atom in
the compound, they do not change for a given compound. Water is always H,0
and never anything else. If we change the subscripts in a formula, we change the
compound itself. For example, adding a 2 on the end of H,0 results in H,0,, which
is hydrogen peroxide, a very different substance. The chemical formulas of some
other common compounds are CO, for carbon dioxide, CO for carbon monoxide,
and C,,H,,0,, for table sugar (Figure 4.3).

Example 4.1

Interpreting Chemical Formulas

Determine the number of each type of atom in the following chemical formulas:

a. K,0
b. Ca(NO;),

SOLUTION
a. The subscripts indicate the number of each type of atom. Therefore, K,0
contains the following:

2K
10

b. When a group of atoms is placed in parentheses with a subscript outside
of the parentheses, that subscript applies to the entire group of atoms.
Therefore, Ca(NO;), contains the following:

1Ca
2N
60

Interpreting Chemical Formulas

Determine the number of each type of atom in the following chemical formulas:

a. ccl,
b. AlL(S0,)
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Figure 4.3 The chemical formula
for table sugar tells us the number
of atoms in each molecule in the
compound. What elements, and how
many atoms of each, is a sugar
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lonic and Molecular Compounds

Elements combine to form compounds because, as we learned from the Bohr model,
only a few elements (namely, the noble gases) exist as isolated atoms with stable
electron configurations. Elements with unstable electron configurations will usu-
ally form compounds with other elements to gain stability. We divide compounds
into two types—ionic and molecular—based on whether their constituent elements
transfer electrons or share electrons to attain stability.

lonic Compounds

Compounds containing a metal and one or more nonmetals are called ionic com-
pounds. Recall from Chapter 3 that metals have a tendency to lose electrons and
that nonmetals have a tendency to gain them. Consequently, metals and non-
metals are a good chemical match and combine to form very stable compounds.
When a metal and a nonmetal bond together, the metal transfers some or all of
its valence electrons to the nonmetal, and both become stable. The resulting bond
is called an ionic bond. For example, in sodium chloride, sodium atoms (found
in group 1A of the periodic table) lose an electron to form Na*, and chlorine
atoms (found in group 7A of the periodic table) gain an electron to form CI™.
The compound, NaCl, is then held together by the attraction between positively
charged sodium ions and negatively charged chlorine ions. Both Na* and Cl~
have full outer Bohr orbits, and the compound is stable. In NaCl crystals, the
sodium ions and chlorine ions alternate in three dimensions to form a crystal-
line lattice, as shown in Figure 4.4. The crystal is held together by ionic bonds
between positively charged sodium ions and negatively charged chlorine ions.
The well-ordered cubic pattern of atoms in the lattice results in well-ordered
cubic-shaped salt crystals.

When ionic compounds dissolve in water, they dissociate to form ions
(Figure 4.5). For example, salt water does not contain NaCl units, but con-
tains Na® ions and Cl~ ions instead. Solutions with dissolved ions are called
electrolyte solutions and are good conductors of electricity due to the mobil-
ity of the charged ions. (Electricity is the flow of charged particles.)

Solid NaCl

Pasieka/Science Source

Figure 4.4 The Na* and Cl™ ions in
sodium chloride alternate in a three-

dimensional cubic pattern. When table salt Dissolved NaCl
is viewed with a microscope, we can see the

cubic-shaped crystals, which result from Figure 4.5 When sodium chloride

the cubic arrangement of the sodium and dissolves in water, it dissociates into its

chloride ions. component ions.
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Molecular Compounds

Compounds containing only nonmetals (and no ions) are called molecular com-
pounds. In a molecular compound, the atoms share their electrons—although not
always equally, as we will see in Chapter 5—to gain stability. The resulting bond is
called a covalent bond. Unlike ionic compounds, which are composed of repeat-
ing positive and negative ions in large arrays, molecular compounds are composed
of clusters of two or more atoms bonded together to form molecules. Molecules
are represented by a more specific kind of chemical formula called a molecular
formula. A molecular formula is a chemical formula that specifies the actual num-
ber of each kind of atom in the molecule, not just the simplest ratio. For example,
benzene, a minority component of gasoline and a carcinogen, has the molecular
formula C¢H,. Even though the simplest ratio of carbon to hydrogen in benzene
is 1:1, its molecular formula is C¢Hg, not CH, because benzene molecules contain
six carbon atoms and six hydrogen atoms, all bonded together.

Benzene molecule (CsH)

Molecules can be very large and complex. For example, protein molecules such as
hemoglobin contain thousands of atoms.

Hemoglobin molecule

Molecules govern macroscopic behavior. The bulk properties of molecular com-

. . The shapes of molecules
pounds depend on the molecules that compose them; a slight change in the molecule

are covered in detail in

has profound consequences. For example, changing the shape of the water molecule Section 5.6. The properties

from bent to straight would cause water, which normally boils at 100°C (212°F), to of water are covered in

boil at a much lower temperature, perhaps even below room temperature. p- detail in Chapter 12.
Water molecule (H,0)

The result of this change would be significant. If water boiled at room temperature,
the liquid form of water would not exist on parts of Earth.
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88 Chapter 4 Molecules, Compounds, and Chemical Reactions

Consider the hemoglobin molecule shown previously. The 10,000 atoms that com-
pose it, and the way they are joined together, govern its function: to transport oxygen
in our blood. Sickle cell anemia, a serious disease, is the result of just a few mis-
placed atoms in the hemoglobin molecule. For this reason, we emphasize molecular
reasons for macroscopic behavior. The molecule—its atoms, its shape, its structure, and
its bonds—is responsible for most of what we observe and experience. A small change
in any of these, substituting an atom here or changing a shape there, dramatically
changes the properties of the compound that the molecule composes. Take a moment
to examine the forms of the following molecules, remembering that every atom and
every shape influence the properties we usually associate with these compounds.

iStock.com/Victor Maffe

© Cengage/George Semple

Octane (CgH g), a major
Propane (C3Hg), used as a fuel component of gasoline

£ NIy S = ———

© Cengage/George Semple

Cholesterol (Cy7H460) is present
in lard and is a partial cause of
arteriosclerosis, or clogging of the arteries.

Martyn F. Chillmaid/Science Source

Nancy R. Cohen/Getty Images

o
Ammonia (NH3),
a pungent gas used Acetylsalicylic acid Sucrose (C1,H5507 ),
as a household cleaner (CoHgOy), or aspirin or sugar
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What If...

Problem Molecules

4.4 Naming Compounds

On one of my daily runs, | found myself behind two large,
old trucks going so slowly that | couldn’t help but keep
up with them. The combination of their being old and be-
ing trucks made them particularly good polluters. | coughed
and felt dizzy as they spewed black smoke into the air that |
was trying to breathe. Some of the molecules in that smoke
were problem molecules—molecules that, because of their
particular combination of atoms and because of their par-
ticular shape, cause problems in the environment, and, in
this case, in my respiratory system. One of the problem mol-
ecules in truck and automobile exhaust is carbon monoxide
(CO). Carbon monoxide is deceptively similar, both in size

Consequently, carbon monoxide fits snugly into the spot
within hemoglobin—the oxygen carrier in blood—that is
normally reserved for oxygen, and this hinders the body’s
ability to get oxygen to the muscles and to the brain where
it is most needed, hence my dizziness. Problem molecules
create problems because their particular characteristics
produce an undesirable effect either on humans or on
our environment. Some of these problem molecules are
naturally present in the world—the poison in poisonous
mushrooms, for example—and others are put into the en-
vironment as byproducts of societal processes such as the
combustion of fuel for transportation.

89

and in shape, to oxygen (O,).

0, CO

QUESTIONS: How do problem molecules affect your daily
life? Can you think of any specific examples? Why is it im-
portant to study and understand the chemistry of problem
molecules? Is this important for the average citizen or just
for the scientist? Why or why not?

v Self-Check 4.1

Which compound is molecular?

a. LiBr
c. CaF,

You can find the answers to
Self-Check questions at the

b. NO, end of the chapter.

d. MgO

Naming Compounds

The vast number of compounds that exist requires us to devise a systematic way
to name them. Many compounds, however, also have common names that can
only be learned through familiarity or memorization. For example, H,O has the
common name water and the systematic name dihydrogen monoxide. NH; has the
common name ammonia and the systematic name nitrogen trihydride. A common
name is a sort of nickname for a compound, used by those who are familiar with
it. Some compounds, such as carbon dioxide, for example, are known only by
their systematic names. Others, such as water, are known only by their common
names. The systematic name of a compound can be assigned based on its chemical
formula. In this section, we learn how to assign systematic names to simple ionic
and molecular compounds.

Naming lonic Compounds

The names for binary (two-element) ionic compounds have the following form:

base name of
anion (nonmetal) + ide

name of
cation (metal)
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20 Chapter 4 Molecules, Compounds, and Chemical Reactions

Some Common Anions

Nonmetal Symbol for lon Base Name Anion Name
Fluorine F~ Fluor Fluoride
Chlorine c~ Chlor Chloride
Bromine Br~ Brom Bromide
lodine I~ lod lodide
Oxygen 0 Ox Oxide
Sulfur 5 Sulf Sulfide
Nitrogen N3 Nitr Nitride

For example, the name for NaCl consists of the name of the cation, sodium, fol-
lowed by the base name of the anion, chlor, with the ending ide. The full name is
sodium chloride:

NaCl sodium chloride

The name for MgO consists of the name of the cation, magnesium, followed by the
base name of the anion, ox, with the ending ide. The full name is magnesium oxide:

MgO magnesium oxide

The name for Li,S consists of the name of the cation, lithium, followed by the base
name of the anion, sulf, with the ending ide. The full name is lithium sulfide:

Li,S lithium sulfide

Note that the names of ionic compounds do not contain prefixes such as di or tri to
indicate the number of each type of atom. However, ionic compounds containing
a transition metal (see the periodic table on the inside front cover of this book)

Some main group metals, usually include a Roman numeral indicating the charge of the metal. 4 For
such as Sn and Pb, also con- example, FeCl; is named iron(IIl) chloride:
tain a roman numeral indicat- ) )
ing charge in the name of FeCl, iron(III) chloride

their compounds. The base names for various nonmetals and their most common charges in ionic

compounds are shown in Table 4.1.

v Self-Check 4.2

Locate each of the ions in Table 4.1 on the periodic table (on the inside cover of
this book). Why do F, Cl, Br, and | form ions with 1— charges?

a. Because each of these elements must lose one electron to gain a full
outer orbit.

Some Common b. Because each of these elements must gain one electron to gain a full
outer orbit.

Polyatomic lons ) )
c. Because each of these elements loses a proton when it forms an ion.

Name Formula

Carbonate oy

Bicarbonate HCO;~ Many ionic compounds contain anions with more than one atom. These ions

Hydroxide OH- are called polyatomic ions and are tabulated in Table 4.2. In naming compounds

Nitrate NO.~ that contain these polyatomic ions, simply use the name of the polyatomic ion as
337 the name of the anion. For example, KNO, is named according to its cation, potas-

Phosphate PO, sium, and its polyatomic anion, nitrate. The full name is potassium nitrate:

Sulfate 50,2~

KNO, potassium nitrate
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Molecular Focus

44 Naming Compounds

91

Calcium Carbonate

ithin most chapters of this text,

we will highlight a “celebrity”
compound in a Molecular Focus box.
You have probably encountered these
compounds in your life in some way or
another. We begin with calcium carbon-
ate, an ionic compound that is abun-
dant in nature.

Formula: CaCO;

Molar mass:  100.09 g/mol
Melting point: 1339°C (calcite
form)

Calcium carbonate is an example of
an ionic compound containing a poly-
atomic ion (CO,%"). Calcium carbonate
is common in nature, occurring in egg-
shells, seashells, limestone, and marine
sediments. It occurs most dramatically  The stalactites and stalagmites of
in stalactites and stalagmites in lime- limestone caves are composed of calcium
stone caves. These formations develop carbonate.
over time because rainwater, containing

iStock.com/JHaviv

atmospheric CO, that makes it acidic
(more on this in Chapter 13), dissolves
calcium carbonate from soils and rocks.
As the calcium carbonate-saturated
water seeps into the ground, some of
the CO, escapes, lowering the acidity of
the rainwater and causing the calcium
carbonate to deposit as a solid. When
this occurs in an underground cave, the
dripping water forms structures called
stalactites, which hang down from the
ceiling of a cave, and stalagmites, which
protrude up from the floor of a cave.
Calcium carbonate is used in many con-
sumer products because of its low toxic-
ity, structural stability, and tendency to
neutralize acids. It is the main ingredient
in a number of building materials, includ-
ing cement and marble. It also is the main
component of popular over-the-counter
antacids such as Tums and is commonly
used to remove excess acidity from wines.

Example 4.2

Naming lonic Compounds
Give the name for the compound MgF..

SOLUTION
The cation is magnesium.The anion is fluorine, which becomes fluoride.
The correct name is magnesium fluoride.

Naming lonic Compounds

Give the name for the compound KBr.

Example 4.3

Naming lonic Compounds That Contain
a Polyatomic lon

Give the name for the compound NaOH.

(continued)
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92 Chapter 4 Molecules, Compounds, and Chemical Reactions

SOLUTION

The cation is sodium. The anion is a polyatomic ion whose name you can find in
Table 4.2. The name for OH is hydroxide. The correct name for the compound is
sodium hydroxide.

Naming lonic Compounds That Contain Polyatomic lon

Give the name for the compound CaCO;.

Naming Molecular Compounds

The names for binary (two-element) molecular compounds are similar to those of
ionic compounds. Even though both elements are nonmetals in a molecular com-
pound, the more metallic element (that closest to the left-bottom side of the peri-
odic table) is usually written first, and the less metallic element is written second.
In addition, prefixes are used to show how many atoms of each element are present
in each molecule. The overall form is as follows:

(prefix) name of more (prefix) name of less
metallic element metallic element + ide
Prefixes The prefixes « given to each element indicate the number of atoms of that element
mono =1 di=2 that are present. If the first element consists of only one atom, the prefix mono is
tri=3 tetra =4 omitted. For example, the compound CO, is named according to the first element,
penta =5 hexa =6 carbon, with no prefix because mono is omitted for the first element; and the sec-

ond element, oxygen, which becomes oxide with the prefix di to indicate two oxy-
gen atoms. The full name is carbon dioxide:

COo, carbon dioxide

The compound N,0, also called laughing gas, is named according to the first element,
nitrogen, with the prefix di to indicate that there are two nitrogen atoms; and the
second element, oxide, with the prefix mono to indicate one oxygen atom. Because
mono ends with a vowel and oxide begins with one, the o is dropped on mono, and
the two are combined as monoxide. The entire name for N,0 is dinitrogen monoxide:

N,0 dinitrogen monoxide

Example 4.4

Naming Molecular Compounds

Name the compounds CCl,, BCl;, and SF,.

SOLUTION
ccl, carbon tetrachloride
BCl, boron trichloride
SF, sulfur hexafluoride

Naming Molecular Compounds

Name the compound N,O,.
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4.5 Formula Mass and Molar Mass of Compounds

v’ Self-Check 4.3

Why is MgCl, named magnesium chloride and not magnesium dichloride?

a. Because MgCl, is a molecular compound, and molecular compounds do
not use prefixes in their names.

b. Because MgCl, is an ionic compound, and ionic compounds do not
use prefixes in their names.

c. Because MgCl, contains two metals and, therefore, follows different
nomenclature rules.

Formula Mass and Molar Mass
of Compounds

We have learned how to represent compounds with chemical formulas and how
to name them. We now turn to their characteristic mass. Just as an element has a
characteristic mass called its atomic mass, so a compound has a characteristic mass
called its formula mass. We compute the formula mass of a compound by sum-
ming the atomic masses of all the atoms in its formula. For example, we compute
the formula mass of water, H,0, as follows:

atomic mass of hydrogen atomic mass of oxygen

H,0 formula mass = 2(1.01 amu) + 16.00 amu
= 18.02 amu

Example 4.5

Calculating Formula Mass
Calculate the formula mass of carbon tetrachloride, CCl,.

SOLUTION
To find the formula mass, we sum the atomic masses of each atom in the
molecule as follows:

atomic mass of carbon atomic mass of chlorine

CCl, formula mass = 12.01 amu + 4 (35.45 amu)
= 153.81 amu

Calculating Formula Mass

Calculate the formula mass of dinitrogen monoxide (N,O), an anaesthetic gas
also called laughing gas.

Molar Mass

Recall from Chapter 3 that the atomic mass of an element in amu is numeri-
cally equivalent to its molar mass in g/mol. The same relationship is true for
compounds—the formula mass of a compound in amu is numerically equivalent to
its molar mass in g/mol.

formula mass (amu) «<—> molar mass (g/mol)
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94 Chapter 4 Molecules, Compounds, and Chemical Reactions

For example, H,0 has a formula mass of 18.02 amu; therefore, H,0 has a molar
mass of 18.02 g/mol—one mole of water molecules has a mass of 18.02 grams.
Just as the molar mass of an element is a conversion factor between grams of the
element and moles of the element, so the molar mass of a compound is a conver-
sion factor between grams of the compound and moles of the molecule.

Example 4.6

Using the Molar Mass to Find the Number of Molecules
in a Sample of a Compound

Calculate the number of water molecules in a raindrop with a mass of 0.100 g.

SOLUTION
Begin by writing down the quantities you are given and the quantity you are
asked to find.

Given

0.100 g H,O

Find

Number of water molecules

Use the molar mass of water (calculated previously) as a conversion factor

between grams of H,0 and moles of H,0. Then use Avogadro’s number to find
the number of water molecules.

1 mole y 6.022 X 102> molecules
18.014 motfe

= 3.34 X 10*' molecules

0.100 4 X

Using the Molar Mass to Find the Number of Molecules
in a Sample of a Compound

Calculate the number of carbon tetrachloride (CCl,) molecules in 3.82 g of carbon
tetrachloride.

Composition of Compounds: Chemical
Formulas as Conversion Factors

We often want to know how much of a particular element is present in a particular
compound. For example, a person on a sodium-restricted diet may want to know
how much sodium is present in a packet of sodium chloride (table salt), or an es-
timate of the threat of ozone depletion may require knowing how much chlorine

Chlorine within chloro- (Cl) is in a ton of a particular chlorofluorocarbon such as Freon-12 (CF,Cl,). <

fluorocarbons depletes The information necessary for these types of calculations is inherent in chemical
atmospheric ozone, a shield formulas.

against harmful ultraviolet We can understand the concept behind these calculations with a simple anal-

light. This topic is covered in

- ogy. Asking how much sodium is in a packet of salt is much like asking how many
detail in Chapter 11.

tires are in 121 cars. We need a conversion factor between tires and cars. For cars,
the conversion factor comes from our knowledge about cars; we know that each
car has four tires (Figure 4.6).

We can write:

4 tires = 1 car
The = sign means “equivalent to.” Although four tires do not equal one car—

a car obviously has many other components—four tires are equivalent to one car,
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4.6 Composition of Compounds: Chemical Formulas as Conversion Factors 95

meaning that each car must have four tires to be a complete car. With this equiv-
alence, we can build a conversion factor to find the number of tires in 121 cars:

4 tires

1 car

121 cafs X = 484 tires

Similarly, a chemical formula gives us equivalences between the elements in a particular
compound and the compound itself. For example, the formula for water (H,0) means
there are 2 H atoms per O atom, or 2 H atoms per H,0 molecule. We write this as

»
2
g
=2
w
k=
2
8
8
S
=
@
S
2
©
=
s

4 tires = 1 car
2 H atoms = 1 0 atom = 1 H,0 molecule ®

ot 2 H atoms = 1 H,O molecule

2 mol H atoms = 1 mol O atoms = 1 mol H,0 molecules . )
Figure 4.6 The conversion factors

These equivalences allow us to determine the amounts of the constituent elements ;ﬁ:iil;'ﬂfectﬁnggs\tg?;gIfa .
present in a given amount of a compound. For example, suppose we want to know the tors inherent in the “formula” that
number of moles of H in 12 moles of H,0. We begin the calculation with the 12 moles specifies a car.

of H,0 and use the conversion factor obtained from the chemical formula to calculate

the moles of H.

conversion factor from chemical formula

2 mol H

12metH,0 X ————
77 1 meHH,0

= 24 mol H

Therefore, 12 moles of H,0 molecules contain 24 moles of H atoms. If the amount
of H,0 were given in grams rather than moles, we would simply convert from
grams to moles first, and then proceed in the same way.

Example 4.7

Chemical Formulas as Conversion Factors (Moles to Moles)

Determine the number of moles of chlorine atoms in 4.38 moles of Freon-12, a
chlorofluorocarbon that has the chemical formula CF,Cl..

SOLUTION

Given
4.38 mol CF,Cl,

Find
moles of Cl

The equivalence between moles of Freon-12 and moles of Cl is obtained from the
chemical formula:

2 mol Cl = 1 mol CF,Cl,

Begin with moles of CF,Cl, and multiply by the conversion factor to obtain moles
of Cl:

2 mol Cl

438 molEF;ClL, X ———————
2727 1 mol€er,Cl,

= 8.76 mol Cl

Chemical Formulas as Conversion Factors (Moles to Moles)

How many moles of Cl are in 2.43 moles of CCl,?
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Example 4.8

Chemical Formulas as Conversion Factors (Mass to Mass)
How many grams of oxygen are contained in 13.5 grams of glucose (C4H;,04)?
SOLUTION

Given

13.5 g CgH,,04
Find

grams of O

The equivalence between moles of oxygen and moles of glucose is obtained
from the chemical formula:

6 mol O = 1 mol CgH;,04

However, we are given grams of glucose, not moles. We need the following molar
masses to convert between grams and moles:

molar mass of O = 16.00 g/mol
molar mass of C¢H,,04 = 6 (12.01) + 12 (1.01) + 6 (16.00)
= 180.18 g/mol

We must first convert grams of glucose to moles of glucose, using the molar
mass of glucose. Then we can convert to moles of oxygen and finally to grams
of oxygen, using the molar mass of oxygen. The entire calculation has the
following form:

g CH1,05 —> mol CH;,0s —> molO —> g O

N

Use glucose molar mass as Use conversion factor Use oxygen molar
conversion factor. from chemical formula. mass as conversion factor.

Beginning with grams of glucose, the calculation proceeds as follows:

mokEgHT,0; 6 mot O 16.0090
13.5 g CH0% X sha% . 9
180.18 gCHOs  mokCeH;0, metO

Chemical Formulas as Conversion Factors
(Mass to Mass)

=719g0

How many grams of O are in 2.5 grams of CO,?

v Self-Check 4.4

A standard-sized packet of salt (like those available at fast food stores) contains
0.50 g NaCl. Without doing any calculations, what mass of sodium is contained
within the NaCl in the salt packet? (The molar mass of sodium is 22.99 g/mol and
the molar mass of sodium chloride is 58.44 g/mol.)

a. 1.25g b. 0.50¢g
c. 0209 d. 0.10g
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Forming and Transforming Compounds:
Chemical Reactions

Compounds are made in chemical reactions and can be transformed into other
compounds by chemical reactions. For example, methane (CH,) is a colorless and
odorless gas. It is the major component of natural gas and burns in air, reacting
with oxygen and producing heat. We are all familiar with the flame from a natural
gas burner, but what happens at the molecular level? Methane molecules stream
from a gas line and mix with oxygen (0,) molecules present in air (Figure 4.7). The
reaction begins with collisions between methane and oxygen. If the temperature is
high enough, methane and oxygen molecules react to produce different molecules,
carbon dioxide (CO,) and water (H,0). In a typical stove-top flame, trillions upon
trillions of molecules undergo this reaction every second to produce the heat and
light of the flame. The air above the flame contains the reaction products, carbon
dioxide (CO,) and gaseous water (H,0).

The Chemical Equation

Chemical reactions are represented by chemical equations. We write the equation
for the reaction between methane and oxygen as follows:

CH, + 0, — CO, + H,0 (unbalanced)

reactants products

The starting substances on the left side of the equation are called the reactants,
and the new substances on the right side are called the products. Because chemical
equations represent real chemical reactions, the number of atoms of each element
on both sides of the equation must be equal—the equation must be balanced. New
atoms do not form during a reaction, nor do atoms vanish; matter is conserved.
The preceding equation is not balanced, as there are two oxygen atoms on the left
side of the equation and three on the right. Also, there are four hydrogen atoms on
the left and only two on the right.

CH, + 0, — CO,+ H,0

C is balanced.
Reactants Products ® ®

1 C atom 1 C atom A

H is not balanced.

D9
4 H atoms 2 H atoms 9992 A
O is not balanced.
L 1)
2 0 atoms 3 0 atoms A LI T

To balance the equation, we add coefficients to the reactants and products to
make the number of atoms of each type of element on both sides of the equation
equal. This changes the number of molecules involved in the reaction, but it does
not change the kind of molecules. In this case, we put the coefficient 2 before
0, in the reactants side of the equation, and the coefficient 2 before H,0 in the
products side.
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98 Chapter 4 Molecules, Compounds, and Chemical Reactions

Figure 4.7 A chemical reaction
occurs in a natural gas flame.

iStock.com/rbv

CH,+20, — CO,+2H0

C is balanced.

Reactants Products

1 C atom 1 C atom e A e
H is balanced.

4 H atoms 4 H atoms (2 X H,0) 2999 A 9999

O is balanced.

4 0 atoms (2 X 0,) 4 0 atoms (1 X CO, + 2 X H,0) 0000 A 0000

The total number of atoms of a given element in a compound is obtained by
multiplying the subscript for the element by the coefficient for the compound.
As you can see, the equation is now balanced. In general, chemical equations are
balanced by following these guidelines:

1. If an element occurs in only one compound on both sides of the equation,
balance that element first.

2. If an element occurs as a free element on either side of the chemical equation,
balance that element last.

3. Change only the coefficients to balance a chemical equation, never the
subscripts. Changing the subscripts changes the compound.

4. Clear coefficient fractions by multiplying the entire equation by the appropriate
factor.

Example 4.9

Balancing Chemical Equations

Balance the following chemical equation:

P,H;— PH; + P,

SOLUTION
Because H occurs in only one compound on each side of the equation, we bal-
ance it first:

3P,H,—>4PH; + P,
Next we balance P:

1
3P,H,—4PH; + 2P4
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4.8 Reaction Stoichiometry: Chemical Equations as Conversion Factors 929

Although the equation is technically balanced as written, we usually clear
coefficient fractions such as 1/2 by multiplying both sides of the equation by 2:

1
[3P2H4 — 4PH; + 2P4] X 2

6P,H, — 8PH; + P,

We can always check if an equation is balanced by counting the number of each
type of atom on each side:

Reactants Products
12 P atoms (6 X P,H,) 12 P atoms (8 X PH; + 1 X P,)
24 H atoms (6 X P,H,) 24 H atoms (8 X PH5)

The equation is balanced.

Balancing Chemical Equations

Balance the following chemical equation:
HCl + 0, — H,0 + Cl,

Reaction Stoichiometry: Chemical O Big Picture Viceo:
. N eaction Stoichiometry
Equations as Conversion Factors

The coefficients in a chemical equation can be used as conversion factors in calcu-
lations, much as the subscripts in a chemical formula were used previously. These
calculations are important because they allow us to predict how much of a particu-
lar reactant might be needed in a particular reaction or how much of a particular
product will be formed. For example, one of the gases that contribute to global
warming is carbon dioxide (CO,). Carbon dioxide is a product of the combustion of
fossil fuels such as methane, the primary component of natural gas. From the pre-
vious section, the chemical equation for the combustion of methane is as follows:

CH, + 2 0, — CO, + 2 H,0

We may want to calculate how much CO, is emitted into the atmosphere as a result
of methane combustion. The total amount of methane used is known because gas
companies keep accurate records. What we need is a conversion factor between the
amount of methane used and the amount of carbon dioxide produced. The chemi-
cal equation gives us this conversion factor.

We can understand the concept behind these calculations with a simple anal-
ogy. Asking how much carbon dioxide is produced from the combustion of a cer-
tain amount of methane is much like asking how many pizzas can be made from a
certain amount of cheese.

Making Pizza and Making Molecules

My recipe for pizza is simple:

@
3
S
8
£
=
@
j<=}
5
= K
o
=
=
&
< 8
=)
5]
s
=
w
o

1 pizza crust + 8 oz cheese + 4 oz tomato — 1 pizza ] o
The recipe for making pizza gives

Suppose that [ have 32 oz of cheese on hand. Assuming I have enough of every- us numerical relationships among
. . . 2 F . Ih the d/ffgrentrngre_‘d/en‘ts. Similarly,
thing else, how many pizzas can I make from this cheese? From my recipe, I have a chemical equation gives us the
the following equivalence: numerical relationships among
the reactants and products in a
8 0z cheese = 1 pizza chemical reaction.
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The Molecular Revolution

Engineering Animals to Do Chemistry

In the simplest case, a chemist syn-
thesizes a compound in the labora-
tory via a chemical reaction whose
product is the desired compound.
As our knowledge of chemistry has
grown, however, so has the complex-
ity of the molecules we wish to synthe-
size. Modern chemical synthesis often
requires many reaction steps as well as
numerous identification, separation,
and purification steps along the way.
Some compounds, especially bio-

Geneticists have transferred the codes for
making human proteins into animals, such
as this pig. The pig then becomes a factory

Photodisc/Getty Images

have allowed scientists to transplant
the human “blueprint” for making cer-
tain proteins into animals (more on this
in Chapter 16). The animals then be-
come factories for the desired protein.
For example, scientists have altered the
genes of a pig named Genie to produce
human protein C, a blood protein central
to blood clotting and absent in hemo-
philiacs. Now Genie’s milk is rich in this
critically needed human protein. Such
novel ways of synthesizing medical

for the protein.

logical ones such as proteins, are so
complex that they cannot be syn-
thesized in the laboratory. However, these compounds
are often needed to treat disease. Until recently, human
proteins were available only from human sources, mak-
ing them scarce and expensive. Advances in genetics

compounds are now widely used. For

example, several of the blood-clotting
proteins required to treat hemophilia—previously available
only from human blood donations—-can now be produced
in bacteria, increasing the availability of the drugs to treat
the otherwise debilitating disease.

As before, the = sign means “equivalent to.” Although 8 oz of cheese does not
equal 1 pizza—good pizza requires much more than just cheese—8 oz of cheese is
equivalent to one pizza, meaning that each pizza must have 8 oz of cheese to be
complete. With this equivalence, we can construct the correct conversion factor to
find the number of pizzas that are possible with 32 oz of cheese:

1 pizza

32 oz cheese X ———————
8 0z cheese

= 4 pizzas

conversion factor from equivalences in recipe

Similarly, in a chemical reaction, we have a “recipe” for how molecules combine
to form other molecules. For example, water is formed by the reaction of hydrogen
and oxygen:

2H, + 0, 2 H,0

The balanced reaction tells us that two H, molecules react with one O, molecule
to form two H,0 molecules, or that two moles of H, react with one mole of O, to
form two moles of H,0. Because it is most useful to work with moles, we write our
conversion factors as

2 mol H, = 1 mol 0, = 2 mol H,0

If we start with 2 moles of H,, and we have as much oxygen as we need, how much

water can we make? We use the equivalence that we have already established to

build a conversion factor that converts from moles of H, to moles of H,0.

2 mol H,0
2 met,

4

conversion factor from equivalences in balanced chemical equation

2 metHH, X = 2 mol H,0
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4.8 Reaction Stoichiometry: Chemical Equations as Conversion Factors 101

We therefore have enough H, to produce 2 moles of H,0. If the initial amounts of
reactants are given in grams rather than moles, we simply convert from grams to
moles first, and then proceed as illustrated in Example 4.11.

v Self-Check 4.5

The coefficients in the chemical reaction 2A + 3B — products give us a relation-
ship between which of the following:

a. grams of A and grams of B
b. density of A and density of B
c. moles of A and moles of B

Example 4.10

Using Chemical Equation Coefficients as Conversion Factors
(Moles to Moles)

Aluminum oxide, Al,O;, can be made by the following reaction:
4 Al +30,—2Al,0,

How many moles of aluminum oxide can be produced from 2.2 moles of Al?
Assume that there is more than enough O, present.

SOLUTION
Begin by setting up the problem in the standard way.

Given

2.2 moles of Al
Find

moles of Al,O,

Equivalence (from balanced chemical equation):
4 mol Al =2 mol Al,O,

We use this equivalence to find how many moles of Al,O; can be produced from
the initial amount of Al:

2 mol Al,O,

22m0|/1ﬂ X ﬁ_

= 1.1 mol Al,O4

There is enough Al to produce 1.1 mol Al,Os.

Using Chemical Equation Coefficients as Conversion Factors
(Moles to Moles)

An industrially important reaction is the production of ammonia, NH;, from N,
and H,:

N, + 3 H, — 2 NH,

How many moles of NH; can be produced from 19.3 mol of H,? Assume that
there is more than enough N, present.
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Example 4.11

Using Chemical Equation Coefficients as Conversion
Factors (Mass to Mass)
Suppose the city in which you live burns 2.1 X 10® grams of methane per day

(approximate usage for a city with 50,000 inhabitants). How many grams of CO,
are produced? The balanced reaction for the combustion of methane is as follows:

CH, +20,—CO, + 2H,0

SOLUTION

Given

2.1 X 108g CH,

Find

grams of CO,

The necessary equivalence comes from the chemical equation:
1 mol CH, = 1 mol CO,

However, we are given grams of CH,, not moles. We need the following molar
masses to convert between grams and moles.

molar mass of CH, = 12.01 + 4(1.01) = 16.05 g/mol

molar mass of CO, = 12.01 + 2(16.00) = 44.01 g/mol
We must first convert grams of CH, to moles of CH, using the molar mass of CH,.

Then we can convert to moles of CO, and finally to grams of CO, using the molar
mass of CO,. The entire calculation has the following form:

g CH, — mol CH, — mol CO, — gCO,

!

Use CH, molar mass Use conversion factor Use CO, molar mass
as conversion factor. from chemical equation. as conversion factor.

Beginning with grams of CH,, the calculation proceeds as follows:
metCH, 1 metCO, 44.01gCO

2.1 X 108 g€, X % 2 % Eh
16.05 g€H, 1 melCH, met€O,

Consequently, 5.8 X 108 g of CO, are produced.

Using Chemical Equation Coefficients as Conversion
Factors (Mass to Mass)

=5.8 X 108g CO,

One of the reactions occurring in automobile engines is the combustion of
octane (CgHqg):
2CgHig +250,—16CO, + 18H,0

Assume that gasoline is pure octane and that you burn approximately 6.44 X 10* grams
of octane per week (about 20 gal). How many grams of CO, are produced?

v’ Self-Check 4.6

Consider the following reaction: 2A + 3B — 2C
If you have 2 moles of A and 6 moles of B, what is the maximum number of moles
of C that can be made by the reaction?

a. 2molesC b. 4 moles C
c. 6 molesC d. 8 moles C
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Molecular Thinking

Campfires

Acampfire is a good example of a chemical reaction. As
we saw in Chapter 1, a campfire consists of molecules
from wood combining with oxygen from air to form carbon
dioxide, water, and heat. Have you ever noticed that it is
easier to build a good fire if there is a breeze? It takes some
extra effort to get the fire going in the breeze, but once it
ignites, the breeze causes the fire to burn more intensely
than if the air were still. Why?

ANSWER: The two reactants in the campfire are (1) the
wood and (2) oxygen from air. In still air, the oxygen around
the wood is used up as the wood burns. In a breeze, the fire
is constantly fed more oxygen by the moving air.

Evgeny Dubinchuk/Shutterstock.com

Why do fires burn more intensely in windy conditions?

SUMMARY

Molecular Concept

In this chapter, we saw that most of the substances
in nature are compounds, combinations of elements
in fixed ratios (4.1). Compounds are represented
by their chemical formulas, which identify the type
and relative amounts of each element present (4.2).
For molecular compounds, a molecular formula
indicates the number and type of atoms in each
molecule.

Chemical compounds are divided into two types, ionic
and molecular, each with its own naming system
(4.3, 4.4). An ionic compound is a metal bonded to a
nonmetal via an ionic bond. In an ionic bond, an electron
is transferred from the metal to the nonmetal, making
the metal a cation (positively charged) and the non-
metal an anion (negatively charged). In its solid form, an
ionic compound consists of a three-dimensional lattice
of alternating positive and negative ions. A molecular
compound is a nonmetal bonded to a nonmetal via a
covalent bond. In a covalent bond, electrons are shared
between the two atoms. Molecular compounds contain
identifiable clusters of atoms called molecules.

The sum of the atomic masses of all the atoms in a chem-
ical formula is called the formula mass (4.5). It is a con-
version factor between mass of the compound and moles
of its molecules. The numerical relationships inherent in
chemical formulas can help us determine the amount of
a given element within a given compound (4.6).

Societal Impact

=) Because most common substances are compounds, we

must understand compounds to understand what is
happening in the world around us (4.1). Compounds,
either natural or artificial, are important in everything
from the materials we use every day—plastics, deter-
gents, and antiperspirants—to the environmental prob-
lems that we face as a society—ozone depletion, air
pollution, and global warming.

=) Common ionic compounds include table salt, calcium

carbonate (the active ingredient in some antacids),
and sodium bicarbonate (also called baking powder).
Common molecular compounds include water, sugar,
and carbon dioxide. The properties of molecules deter-
mine the properties of the molecular compound they
compose (4.3).

m) We often want to know how much of an element is

present in a given compound (4.5). For example, those
watching their sodium intake might want to know how
much sodium is in a given amount of sodium chloride
(table salt).
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Chemical reactions, in which compounds are formed = Chemical reactions keep both our society and our own

or transformed, are represented by chemical equations
(4.7). The substances on the left side of a chemical
equation are called the reactants, and the substances
on the right side are called the products. The number
of atoms of each type on each side of the chemical
equation must be equal in order for the equation to
be balanced. The coefficients in the chemical equation
help us determine numerical relationships between the
amounts of reactants and products (4.8).

KEY TERMS

chemical equation formula mass

chemical formula ionic bond
covalent bond ionic compound

electrolyte solution molar mass

EXERCISES

Questions

1. In Chapter 3, we learned that all matter is
composed of atoms. In this chapter, we learned
that most common substances are either
compounds or mixtures of compounds. How can
these both be true? Explain.

2. Name some common everyday compounds.
3. What is a chemical formula?

4. What kinds of elements form ionic compounds?
What kinds of elements form molecular
compounds?

5. Explain the difference between an ionic bond and
a covalent bond.

6. What is a molecule? Give an example.

7. What determines the properties of molecular
compounds?

8. What is the difference between a common name
for a compound and a systematic name?

9. Give the general form for naming ionic
compounds.

10. What is a polyatomic ion? Give some examples.

11. Give the general form for naming molecular

bodies going (4.7). Ninety percent of our society’s
energy is derived from chemical reactions, primarily
the combustion of fossil fuels. Our own bodies derive
energy from the foods we eat by orchestrating a slow
combustion of the molecules contained in food. The
products of useful chemical reactions can sometimes
present environmental problems. For example, carbon
dioxide, one of the products of fossil-fuel combustion,
may be causing the planet to warm through a process
called the greenhouse effect.

molecular compound product

molecular formula reactant

molecule

polyatomic ion

13. Explain the numerical relationships inherent in
a chemical formula.

14. What is a chemical equation? What are reactants?
What are products?

15. Why must chemical equations be balanced?

16. Explain the numerical relationships inherent
in a chemical equation.

Problems

Chemical Formulas

17. Determine the number of each type of atom
in each chemical formula:
a. CaF,
b. CH,Cl,
c. MgSo0,
d. Sr(NO,),

18. Determine the number of each type of atom
in each chemical formula:
a. Na,0
b. CF,Cl,
c. K,CO,4
d. Mg(HCO,),

19. Classify each compound as ionic or molecular:
a. KCI

compounds.
p b. CO,
12. What is formula mass? What is the relationship c. N,0
between formula mass and molar mass? d. NaNO,
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20. Classify each compound as ionic or
molecular:
a. CO
b. ZnBr,
c. CH,
d. NaF

Naming Compounds

21. Name each compound:
a. NaF
b. MgCl,
c. Li,0
d. AL,O,4
e. CaCO,

22. Name each compound:
a. Sr0
b. BeCl,
c. MgSo0,
d. CaCl,
e. NaOH

23. Name each compound:
a. BCl,
b. CO,
c. N,0

24. Name each compound:
a. SFg
b. N,0,
c. SO,

25. Name each compound:
a. BrF,
b. S,F,
c. XeF,

26. Name each compound:
a. SiBr,
b. C1,0
c. NI,

27. Give a chemical formula for each compound:
. nitrogen dioxide

. calcium chloride

. carbon monoxide

. calcium sulfate

. sodium bicarbonate

o on o

28. Give a chemical formula for each compound:
a. sulfur trioxide

. phosphorus pentachloride

. carbon disulfide

. silicon tetrachloride

. potassium hydroxide

n o.Nn o

Formula Mass

29. Calculate the formula mass for each compound:
a. CO

30.

31.

32.

Exercises 105

Calculate the formula mass for each compound:
a. NaCl (table salt)

b. CH, (natural gas)

c. NH,Cl

d. C,H,,0y (sugar)

The formula mass of an unknown compound
containing only C and H is 44 amu. What is
its molecular formula?

The formula mass of an unknown compound
containing only C and H is 70.1 amu. What is
its molecular formula?

Mole Conversions

33.

34.
35.

36.

37.

38.

39.

40.

How many moles of CO, are contained in a 10.5-g
sample of dry ice (pure solid CO,)?

What is the mass of 2.55 moles of water?

The active ingredient in aspirin is acetylsalicylic
acid, which has the chemical formula CgHgO,. An
aspirin pill contains 300.0 mg of acetylsalicylic
acid. How many moles of acetylsalicylic acid does
it contain?

The active ingredient in Tylenol is acetaminophen
(CgHoNO,). A single regular-strength Tylenol tablet
contains 2.15 X 10 mol of acetaminophen. What
is the mass (in mg) of the acetaminophen in the
tablet?

Calculate the number of water molecules (H,0) in
35.7 g of water.

Acetone (C;Hg0) is used as nail polish remover. If
the amount of acetone used to remove the polish
from one fingernail is 0.32 g, how many molecules
were used?

Determine the number of sugar molecules in 7.5 g
of sugar (C,,H,,0,,).

One drop of water from a medicine dropper has a

volume of approximately 0.050 mL (1 mL = 1 cm?).

a. Determine the number of water molecules in a
drop of water. (The density of water is 1.0 g/cm’).

b. How many H atoms would be present in these
molecules?

Chemical Composition

41.

42.

How many chlorine atoms are in each of the
following?

a. 124 CCl, molecules

b. 38 HCI molecules

c. 89 CF,Cl, molecules

d. 1368 CHCl; molecules

How many hydrogen atoms are in each of the
following?
a. 5 H,0 molecules

b. CO, b. 58 CH, molecules

c. CH,, c. 1.4 X 10%* C,,H,,0,, molecules

d. HCl d. 14 dozen NH,; molecules
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43. Find the number of moles of oxygen in each of the

following:

a. 0.35 mol N,0,
b. 2.26 mol CO,
c. 1.55 mol CO
d. 42.7 g H,0

44, Find the number of moles of nitrogen in each of
the following:
a. 1.22 mol N,H,
b. 0.67 mol N,0
c. 0.67 mol NO
d.37.1 g N,

45. The U.S. Food and Drug Administration

recommends that you consume less than 2.4 g of

sodium per day. How much sodium chloride can
you consume and still be within the FDA limit?

46. The scientific consensus indicates that adults
should consume about 2.0 mg of fluoride per

day for healthy teeth. How much sodium fluoride

needs to be consumed to get 2.0 mg of fluoride?

47. Determine the mass of iron (in kilograms)
contained in 34.1 kilograms of Fe,0.

48. Determine the mass of carbon (in kilograms)
contained in 143 kilograms of CO,,.

Balancing Chemical Equations

49. Balance each chemical equation:
a. HCl + 0, » H,0 + Cl,
b. NO, + H,0 — HNO,; + NO
c. CH, + 0, —» CO, + H,0

50. Balance each chemical equation:
a. PbO + NH; — Pb + N, + H,0
b. Mg,;N, + H,0 — Mg(OH), + NH,
c. GGHy + 0, —» CO, + H,0

51. Balance each chemical equation:
a. Al + 0, > Al,0,
b. NO + 0, — NO,
c. H, + Fe,0, — Fe + H,0

52. Balance each chemical equation:
a. C,Hy + 0, —» CO, + H,0
b. H,S + SO, —» S + H,0
c. CH,0H + 0, —» CO, + H,0
Reaction Stoichiometry
53. Water can be synthesized according to the
following unbalanced chemical equation:
H, + 0, » H,0

a. Balance the equation.

b. How many moles of H,0 can be produced if you

have 2.72 mol of 0, and an unlimited amount
of H,?

c. How many moles of H, would be necessary to
produce 10.0 g of water?

d. How many grams of water would be formed by

the complete reaction of 2.5 g of H,?

Molecules, Compounds, and Chemical Reactions

54. Billions of pounds of urea, CO(NH,),, are produced

55.

56.

annually for use as a fertilizer. The principal
reaction employed is:

2NH, + C0, — CO(NH,), + H,0

By assuming unlimited amounts of CO,, how many
moles of urea can be produced from each of the
following amounts of NH,?

a. 2 mol NH,4

b. 0.45 mol NH,

c. 10 g NH,

d. 2.0 kg NH,4

Natural gas is burned in homes for heat according
to the following reaction:

CH, + 20, — 2H,0 + CO,

Determine how many grams of CO, would
be formed for each of the following amounts
of methane (assume unlimited amounts of
oxygen):

a. 2.3 mol CH,

b. 0.52 mol CH,

c. 11 g CH,

d. 1.3 kg CH,

A component of acid rain, sulfuric acid, forms

by the combination of water with sulfur oxide
pollutants that are released into the atmosphere as
a byproduct of fossil-fuel combustion:

S0, + H,0 — H,S0,
If you have an unlimited amount of H,0,

determine the number of kilograms of H,SO, that
can be formed from 1.0 X 10° kg of SO,.

Points to Ponder

57.

58.

59.

Sugar is a compound that contains C, H, and O. If
sugar is heated in a flame, it will smoke and turn
black. What has happened at the molecular level?
What is the black substance?

The Molecular Revolution box “Engineering
Animals to Do Chemistry” describes a pig whose
genes have been modified to contain human
genetic material. Some have criticized the genetic
engineering of animals, accusing geneticists of
trying to play God. What do you think? Should

we tinker with an animal’s genetic makeup if the
potential outcome is the saving of human lives and
a reduction of human suffering? Why or why not?

Albert Einstein is quoted as saying, “Not only to
know how nature is and how her transactions
are carried through, but also to reach as far as
possible the utopian and seemingly arrogant
aim of knowing why nature is thus and not
otherwise.” What do you think Einstein meant
by this?
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60.

61.

Let us suppose for a moment that humans had
not learned anything about how to carry out or
control any chemical reactions. How would your
life be different? Start by thinking of waking in
the morning. Go through your morning routine
and identify the chemical reactions that you
carry out directly or products that you use that
were made from chemical reactions. How would
your morning routine change if humans lacked
chemical knowledge?

Read the What if . .. “Problem Molecules” box
in this chapter. One such “problem molecule”
when it occurs at ground level is ozone, three

FEATURE PROBLEMS AND PROJECTS

62.

63.

For each space-filling molecular model, write

a chemical formula. Carbon atoms are black,
hydrogen atoms are white, oxygen atoms are red,
and nitrogen atoms are blue.

N
@
-
-

For each chemical reaction, draw in the missing
molecules necessary to balance their equations.
Carbon atoms are black, hydrogen atoms are
white, oxygen atoms are red, and nitrogen atoms
are blue.

‘e — @®
b @+ — Q)
‘DO — D@

d'“+.+&—>"

64.

65.

107

Feature Problems and Projects

oxygen atoms bonded together. Ground-level
ozone is formed from the action of sunlight

on motor vehicle exhaust, and it irritates the
eyes and lungs. Ozone occurring in the upper
atmosphere (stratospheric ozone), however, is a
natural and essential part of Earth’s ecosystem.
Stratospheric ozone protects life on Earth from
harmful ultraviolet sunlight. How can the same
molecule be a problem at ground level but
beneficial in the upper atmosphere? Is there
anything inherent about the ozone molecule
itself that makes it a problem or a benefit?

Read the What if. . . “Problem Molecules” box in
this chapter. The Environmental Protection Agency
(EPA) monitors problem molecules and publishes
the results on their website http://www.epa.gov
/airdata/. Go to that website and view the reports
and maps section. Use the menus to request a

map of the U.S. nonattainment areas for carbon
monoxide (CO) and print the map. This map shows
regions where carbon monoxide air pollution
levels persistently exceed national air quality
standards. Do you live in a region where the levels
are exceeded? Try this for other pollutants such as
ozone (0,).

Read the Molecular Revolution “Engineering
Animals to Do Chemistry,” box in this chapter. Write
a one-page response to the following statement:
Altering the genetic makeup of any organism is

like playing God and should not be done under any
circumstances. Do you agree or disagree with the
statement? Why?
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108 Chapter 4 Molecules, Compounds, and Chemical Reactions

SELF-CHECK ANSWERS

Answer: b. A molecular compound contains m Answer: c. The coefficients in a chemical

a metal and a nonmetal. reaction always give relationships between moles,
never mass.

Answer: b. Because each of these elements

must gain one electron to gain a full outer orbit. m Answer: c. 2 moles of C. Even though you
have enough of B to make 4 moles of C, you only

Answer: b. The compound is ionic, so the have enough of A to make 2 moles of C. The moles

prefix is not needed. of A limit the amount of product that you can make.

m Answer: c. Because the molar mass of
sodium is about 40% of the molar mass of sodium
chloride, the mass of sodium is about 40% of the
mass of the salt pocket.
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Man masters nature not by force but by understanding. That is why science has succeeded
where magic failed: because it has looked for no spell to cast.

—Jacob Bronowski
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D For up-to-date URLSs, visit this text’s Companion Site,
which is accessible from www.cengagebrain.com.

n this chapter, we explore chemical bonding.

Chemical bonding is the reason that there are

millions of different substances in the universe
instead of just the 91 naturally occurring elements.
As you read, think about why certain elements com-
bine with certain other elements. For example, why
does hydrogen readily combine with oxygen to form
water? Why are there two hydrogen atoms to every
one oxygen atom in a water molecule? We will ex-
amine a model for chemical bonding, called Lewis
theory, that explains why atoms combine as they do.
We will also discuss another model, called VSEPR
theory, that predicts the geometry of molecules.

QUESTIONS for THOUGHT

5.1 From Poison to Seasoning 111

These relatively simple models—just lines and
dots on a piece of paper—predict important prop-
erties of the substances around you every day. Our
understanding of chemical bonding has allowed
us to put together molecules that never existed
before. Many of these molecules have impacted
society and changed the way we live. For exam-
ple, nylon, plastic, latex, and AIDS drugs were all
synthesized by chemists who understood chemical
bonding and knew how to put molecules together
to achieve specific purposes. How would your life
be different without them?

@ Are the properties of compounds similar to or
different from the properties of the elements that
compose them?

e Why do elements combine to form compounds?

e How can we predict the observed ratios of
elements in compounds?

m From Poison to Seasoning

e Why is the shape of a molecule important?
@ How can we predict the shapes of molecules?

® How can we use the shape of a molecule to
predict the properties of the compound that the
molecule composes?

Chlorine, a pale yellow gas, reacts with almost everything. If inhaled, chlorine is
toxic and can cause death. It was even used as a chemical weapon during World
War 1. Sodium, a shiny metal, is equally reactive and toxic. A small piece of sodium

can explode when dropped in water. p However, when chlorine and sodium com-
bine in a chemical reaction, they produce the relatively harmless seasoning we

Recall from Chapter 3 that
chlorine is a halogen (group
7A) and therefore has seven
electrons in its outer Bohr
orbit. Sodium is an alkali
metal (group 1A) and there-
fore has one electron in its
outer Bohr orbit. Recall also
that a stable configuration
consists of having eight elec-
trons in the outer Bohr orbit.
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112 Chapter 5 Chemical Bonding

Na(s) + Cly(g) — NaCl(s)

Figure 5.1 Sodium and chlorine
react violently.

Charles D. Winters

call table salt. How can two poisons combine to form a flavor enhancer that tastes
great on steak? The answer is in chemical bonding.

Chlorine is reactive because chlorine atoms have seven valence electrons; they
are one electron short of a stable configuration. Sodium is reactive because sodium
atoms have one valence electron; they are one electron beyond a stable configuration.

Both elements are toxic because they can alter a biological molecule by force-
fully exchanging electrons with it. Sodium transfers electrons fo the molecule, and
chlorine transfers electrons away from the molecule.

When sodium and chlorine combine, they undergo a chemical reaction in
which sodium atoms transfer electrons to chlorine atoms in a frenzy of activity
that would be a marvel to witness (Figure 5.1). Both atoms are stabilized by the
exchange, and a chemical bond forms. The resulting substance, sodium chloride, is
a stable, nontoxic compound because both the sodium cation (Na*) and chlorine
anion (CI”) now have stable electron configurations; they both have eight electrons
in their outer orbits.

In this chapter, we examine chemical bonding. We develop a simple theory,
called Lewis theory, that gives insight into chemical bonding and explains why
particular elements combine in particular proportions. For example, Lewis theory
predicts that hydrogen and oxygen should form a compound in which two hydrogen
atoms combine with one oxygen atom. In nature, we indeed find such a compound—
water. The theoretical prediction of Lewis theory has physical meaning in the vast
oceans, lakes, and ice caps of our planet.

We will also begin to correlate the macroscopic properties of molecular com-
pounds with the microscopic properties of their smallest identifiable units, molecules.
To this end, we study another model—called valence shell electron pair repulsion
(VSEPR) theory—that predicts the shapes of molecules. For example, VSEPR theory
predicts that the two hydrogen atoms and one oxygen atom in the water molecule
should have a shape resembling a boomerang. When we examine water in nature, we
indeed find that water molecules are shaped like boomerangs.

A\ 2

H,0

Again, our theoretical predictions have real physical meaning. The shape of water
molecules determines the properties of the water that we drink, wash with, and bathe
in. Water would be a very different substance if its molecules had a different shape.
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5.2 Chemical Bonding and Professor G. N. Lewis 113

Chemical Bonding
and Professor G. N. Lewis

Imagine that one of your classmates takes copious notes each time your weekly Recall from Section 1.3
chemistry test scores are announced—you may think it is a little strange. She then that the scientific method
asks everyone how much time they spend studying and how they study. Your class- begins with observations
mate is making observations on the behavior of the class. p» She soon announces and then moves on to laws,
that she has a created a model that can predict test scores. The results of the next hypotheses, and theories.

test show that her predictions are accurate. Her theoretical model—that she created
in her mind based on her observations—predicts something about the real world.

In a similar way, in the early 1900s, an American chemist named G. N. Lewis
(1875-1946) at the University of California, Berkeley, made observations and
constructed a theoretical model. However, his model predicted something more
important than exam scores—it predicted the molecules that would form from
certain elements, and his predictions were accurate.

Lewis’s model focused on the following fundamental ideas:

1. The valence electrons are most important in chemical bonding.

2. Valence electrons are transferred from one atom to another to form ionic
bonds, or shared between atoms to form covalent bonds. _

3. When valence electrons are transferred or shared, the atoms in the compound Professor G ' Lewis tought at the
form full outer Bohr orbits and, therefore, gain stable electron configurations. University of California at Berkeley.
Because a stable electron configuration usually involves eight electrons, this is A chemistry building at the university
known as the octet rule. (Significant exceptions include helium and hydrogen, s named in his honor.
for which a stable configuration is only two electrons, called a duet.)

Courtesy of Lawrence Berkeley Nat'l Lab.

In Lewis theory, we use dots to represent valence electrons. The Lewis struc-
ture of an element is its chemical symbol surrounded by dots to represent valence

electrons. p- Each dot represents one valence electron. For example, the electron Recall from Section 3.8 that
configuration for silicon, according to the Bohr model, and its Lewis structure are the valance electrons of
shown below: an atom are those in the

outermost Bohr orbit.

Lewis structure: 4 dots

Bohr model: 4 valence electrons

In Lewis theory, we ignore the inner or core electrons and represent the four valence

electrons with four dots surrounding the chemical symbol for silicon. p Because car- As we learned in Section
bon also has four valence electrons, its Lewis structure also has four dots: 3.10, the number of valence
electrons (and therefore the
.Ce number of dots) for an ele-

ment is given by the group
number of that element in
the periodic table.

The Lewis structures for several other elements are shown below.

H- He: Na®  Mg: +N: -O: :Ne:
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Molecular Thinking

Fluoride

he fluoride ion, F~, helps protect teeth against decay.

Studies have shown that when sodium fluoride—an
ionic compound containing the fluoride ion—is added to
drinking water, tooth decay decreases by 65%. Elemental
fluorine, on the other hand, is the most reactive element
in the universe, reacting with virtually anything it contacts,
making it extremely toxic.

QUESTIONS: What is the molecular reason for the
reactivity of elemental fluorine and the stability of
sodium fluoride?

© Cengage

Adding fluoride to drinking water
reduces tooth decay by 65%.

.

The dots, which represent the valence electrons, are placed around the element’s
symbol, with a maximum of two dots per side. Neither the exact location of the
dots nor the order in which they are drawn is critical. Stable configurations are
easily spotted because their Lewis structures contain eight dots (an octet), or two
dots (a duet) in the case of helium. Elements without an octet tend to react with
other elements to form an octet, except for hydrogen, which reacts to form a duet.
According to Lewis theory, chemical bonding brings elements together in the cor-
rect ratios so that, either by transferring or by sharing electrons, all the atoms
involved form an octet. This is a simple, powerful theory of chemical bonding.
When we look at compounds in nature, such as sodium chloride or water, we find
that Lewis theory is correct in many of its predictions.

v Self-Check 5.1
You can find the answers to

Self-Check questions at the Based on the Lewis structures for hydrogen and helium, explain why buoyant bal-
end of the chapter. loons are filled with helium instead of hydrogen gas, even though hydrogen gas is
cheaper and more buoyant.

H- He:

a. Helium's duet makes it stable and inert (unreactive).

b. Helium's duet makes it unstable and chemically reactive.

c. Helium has one more electron than hydrogen, which helps add color
to the balloon.

m lonic Lewis Structures

In Lewis theory, we combine the Lewis structures of elements to form Lewis struc-
tures for compounds. We represent ionic bonding—the bonding between a metal
and a nonmetal through the transfer of electrons—by moving dots from the Lewis
structure of the metal to the Lewis structure of the nonmetal. The metal becomes a
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5.3 lonic Lewis Structures 115

cation and the nonmetal becomes an anion (see Section 3.3). For example, sodium
and chlorine have the following Lewis structures:

Na- Cl

In forming the Lewis structure for NaCl, we move sodium’s valence electron to
chlorine:

Na; ;Cl: — Na'[:Cl:|”

4

Because sodium loses its valence electron, it has no dots. This corresponds to a stable
configuration because the outermost occupied Bohr orbit (not shown in the Lewis Figure 5.2 Sodium chloride lattice.
diagram) contains an octet. Look back at the Bohr model for the sodium atom in
Section 5.1 to confirm this. Chlorine has an octet as indicated by the eight electron
dots. Because the metal and nonmetal each acquire a charge, we indicate the mag-
nitude of the charge on the upper right corner of the symbol. We also enclose the
anion in brackets to show that the charge belongs to the entire chlorine assembly,
including the electron “dots.” Recall from Section 4.3 that in sodium chloride crys-
tals, the sodium cations and chloride anions alternate in a three-dimensional crystal-
line lattice held together by the attraction between cations and anions (Figure 5.2).
We can now see how each of these ions has a stable electron configuration.

Consider magnesium fluoride, MgF,. Magnesium and fluorine have the following
Lewis structures:

Mg:  E:

For magnesium to obtain an octet, it must lose both of its valence electrons. How-
ever, fluorine needs only one electron to fill its octet; therefore, two fluorine atoms
are needed for every magnesium atom:

[ET Mg R

Magnesium has lost all its valence electrons and appears without any dots, whereas
the fluorine atoms both acquire octets. When we look at magnesium fluoride in
nature, we indeed find that it is composed of two fluoride ions to every magnesium
ion, just as Lewis theory predicts.

Drawing Lewis Structures for lonic Compounds
Draw a Lewis structure for MgO.

SOLUTION
The Lewis structures for Mg and O are as follows:

Mg: O
Mg must lose two electrons to form an octet, and O must gain two:
2+ ~.2—
Mg [:04

Drawing Lewis Structures for lonic Compounds

Draw a Lewis structure for SrCl,.
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116 Chapter 5 Chemical Bonding

Using Lewis Structures to Determine the Correct
Chemical Formula for lonic Compounds

Use Lewis structures to determine the correct chemical formula for the
compound formed between calcium and fluorine.

SOLUTION
The Lewis structures for Ca and F are as follows:

Ca: -E:

Calcium must lose two electrons, whereas fluorine must gain one electron to
acquire an octet. Therefore, two fluorine atoms are required for every calcium
atom. The correct Lewis structure is as follows:

[Tt

The correct chemical formula is CaF,.

Using Lewis Structures to Determine the Correct
Chemical Formula for lonic Compounds

Use Lewis structures to determine the correct chemical formula for the
compound formed between Li and O.

¢ Big Picture Video: m Covalent Lewis Structures

Covalent Lewis Structures
In covalent bonds, atoms share their electrons. We represent covalent bonding in
Lewis theory by letting atoms share their dots such that some dots count for the
octet of more than one atom. For example, we learned in Chapter 3 that elemen-
tal chlorine exists as the diatomic (two-atom) molecule Cl,. Lewis theory explains
why. Consider the Lewis structure of chlorine:

.(:::1;
Two chlorine atoms can complete their octets by joining to form Cl,.
:Cj:Ci:

The two electrons in the middle are shared by both atoms and count toward the
octet of each so that both chlorine atoms now have octets. Consequently, the chlo-
rine molecule is more stable than the two isolated chlorine atoms, and elemental

chlorine exists as Cl,.
&

Octet Octet

We differentiate between two types of electron pairs in Lewis structures. The
electrons between two atoms are called bonding electrons, whereas those on a
single atom are called lone pair electrons.

Bonding pair electrons
:Cﬂ:(j:
~~ Lone pair electrons

Bonding electrons count toward the octet of both atoms. Lone pair electrons only
count toward the octet of the atom they are on.
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54 Covalent Lewis Structures 117

v’ Self-Check 5.2

In Chapter 3, we also learned that fluorine exists as a diatomic molecule in nature.
Which Lewis structure best explains why?

ER b. F:F
C. ::F::F d. F F

Next consider water. The Lewis structures of hydrogen and oxygen are as follows:
H . .(..j;
When these two elements combine to form water, H,0, the two hydrogen atoms

each share their one electron with oxygen. The hydrogen atoms then each have a
duet, oxygen has an octet, and a stable water molecule results:

The Lewis structure shows that the ratio of H to O must be 2:1 to form a stable
compound. The prediction of Lewis theory is correct. When we examine water in
nature, we find that it is composed of two hydrogen atoms to every oxygen atom.

Consider the compound carbon tetrachloride, CCl,. The Lewis structures for
C and Cl are:

Carbon needs four additional electrons to complete its octet, whereas chlorine
needs one. The correct Lewis structure is:
Qe
:C.l:g:(;‘l:
:C.]:
Each atom in this structure has an octet. The carbon atom is surrounded by four
bonding electron pairs (an octet), and each chlorine atom has three lone pairs and
one bonding pair (an octet). We can simplify our notation by representing bond-

ing electron pairs with dashes, reinforcing the idea that in Lewis theory a bonding
electron pair is a chemical bond:

:Cl.lz
et
:C.I:

Multiple Bonds

Atoms often share more than one electron pair to form complete octets. For
example, consider elemental oxygen, which exists as the diatomic molecule O,.
The Lewis structure for each isolated oxygen atom has six electrons (oxygen is in
column 6A of the periodic table):

'(..j: -(‘j:
When we bring the two oxygen atoms together to form 0,, we might initially try to
write the following Lewis structure:
: O : 0 :

Incomplete
octet
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118 Chapter 5 Chemical Bonding

However, one oxygen atom in this Lewis structure has an incomplete octet—it is
two electrons short of an octet. We can complete its octet by converting one of the
lone pairs into a second bonding pair:

:0 :QQ: — @@@
Octet Octet

This Lewis structure has two bonding pairs, called a double bond. The four
electrons that constitute the double bond count toward the octet of both oxygen
atoms, so both atoms have an octet.

:0=0:

Double bonds are shorter (the bonding atoms are closer together) and stronger than
single bonds because the bond contains twice as many electrons.

Atoms can also share three electron pairs to form complete octets. For
example, elemental nitrogen, which exists as the diatomic molecule N,, shares
three electron pairs in its Lewis structure. The Lewis structures for the isolated
nitrogen atoms are as follows:

'N: 'N:

Again, when we try to write a Lewis structure for N, with only one bonding pair,
we do not have enough electrons to give each atom an octet:

ZN:N!

Incomplete
octets

We can complete the octets on both atoms by moving two lone pairs into the
bonding region, converting them to bonding pairs:

Octet  Octet

This Lewis structure has three bonding pairs, called a triple bond. The six electrons
that constitute the triple bond count toward the octet of both nitrogen atoms, so
both atoms have an octet.

Triple bonds are shorter and stronger than either single or double bonds. The N, mole-
cule is a very stable molecule—it is difficult to break N, into its constituent atoms.

Steps for Writing Lewis Structures

1. Write the skeletal structure of the molecule. To write a correct Lewis struc-
ture for a molecule, the atoms must be in the right positions relative to one
another—they must have the correct skeletal structure. For example, if we tried
to write the skeletal structure of water as H H O, we could not construct a
good Lewis structure. In nature, oxygen is the central atom and the hydrogen
atoms are terminal. The correct skeletal structure is H O H. We can’t always
know the correct skeletal structures for molecules unless we perform specific
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54 Covalent Lewis Structures 119

experiments designed to determine their structure. However, we can follow two
simple guidelines to help us write reasonable skeletal structures. First, because
hydrogen has only one electron and only needs a duet, it will never be a cen-
tral atom. Second, when a molecule contains several atoms of the same type,
those atoms will often (but not always) be in terminal positions. In other words,
many molecules tend to be symmetrical, if possible. Even after following these
guidelines, however, the best skeletal structure may not be clear. In this text,
the correct skeletal structure is specified for all ambiguous cases.

2. Determine the total number of electrons for the molecule. Do this by adding
together the valence electrons—obtained from the group number in the periodic
table—for each atom in the molecule. The final Lewis structure must contain
exactly this total number of electrons.

3. Place the electrons as dots to give octets to as many atoms as possible.
Begin by putting a single bond—two dots or a single line—between all bonded
atoms. Distribute the remaining electrons beginning with the terminal atoms
and ending with the central atom. By using only single bonds, try to give each
atom an octet, except hydrogen, which gets a duet.

4. If the central atom has not obtained an octet, form double or triple bonds
as necessary to give it an octet. Do this by moving lone pair electrons from
the outer atoms into the bonding region with the central atom, thus converting
them into bonding pairs and forming multiple bonds.

Drawing Lewis Structures for Covalent Compounds
Draw a Lewis structure for NH,.

SOLUTION
1. Write the skeletal structure of the molecule. Nitrogen is the central
atom, and the hydrogen atoms are arranged around it. Because hydrogen
atoms must be terminal, the correct skeletal structure is as follows:

H N H

H

2. Determine the total number of electrons for the molecule. The total
number of valence electrons is computed by adding together the valence
electrons of each of the atoms in the molecule.

# valence electrons for H # valence electrons for N

3(1)+5 = 8 «— total number of electrons for NH;

3. Place the electrons as dots to give octets to as many atoms as
possible. Put a single bond between each N and H atom, using six of the
eight electrons. Place the last two electrons on nitrogen to complete its
octet.

H—N—H
I
H

Because all of the atoms in the Lewis structure have an octet (or duet for H), the
structure is complete.

Drawing Lewis Structures for Covalent Compounds

Draw a Lewis structure for PCl5.
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120 Chapter 5 Chemical Bonding

Example 5.4

Drawing Lewis Structures for Covalent Compounds II
Draw a Lewis structure for H,CO. (Carbon is the central atom.)

SOLUTION
1. Write the skeletal structure of the molecule. The correct skeletal struc-
ture is as follows:
0

H C H

2. Determine the total number of electrons for the molecule. The total
number of valence electrons is computed by adding together the valence
electrons of each of the atoms in the molecule.

#Valence #Valence #Valence
electrons for H electrons for C electrons for O
2(1) + 4 + 6 = 12 «<— total number of electrons for H,CO

3. Place the electrons as dots to give octets to as many atoms as possible.
Put a single bond between each Cand H atom, and between the Cand O
atom, using six of the twelve electrons:

]
H—C—H

Arrange the remaining six electrons to give octets (duets to H) to as many
atoms as possible beginning with terminal atoms and ending with the
central atom:

:Elj:
H—C—H

4. If the central atom has not obtained an octet, form double or triple
bonds as necessary to give it an octet. We move a lone pair from the O
atom to form a double bond between C and O:

:0:
H—C—H

Drawing Lewis Structures for Covalent Compounds Ii

Draw a Lewis structure for CO,.

Drawing Lewis Structures for Covalent Compounds lli
Draw a Lewis structure for HCN. (Carbon is the central atom.)

SOLUTION
The correct skeletal structure is as follows:

H C N

The total number of valence electrons is as follows:

1+4+5=10
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54 Covalent Lewis Structures 121

Place a single bond between C and each of the terminal atoms, using four of the
ten electrons:

H—C—N

Arrange the remaining six electrons to give octets (duets to H) to as many atoms
as possible, beginning with terminal atoms and ending with the central atom:

H—C—N\:

Because we ran out of electrons before we could give the central atom an octet,
we move two lone pair electrons from the N atom to form a triple bond between
Cand N:

H—C=N:

Drawing Lewis Structures for Covalent Compounds Il

Draw a Lewis structure for HC,H. (The two carbon atoms are in the middle, with
one hydrogen atom attached to each.)

v Self-Check 5.3

Suppose that when drawing a Lewis structure for a molecule, you end up with a
structure in which the central atom lacks an octet. What should you do?

a. Add more electrons to give the central atom an octet.

b. Remove the central atom from the Lewis structure.

c. Move a lone pair from a terminal atom to a lone pair position on the
central atom.

d. Form a multiple bond by moving a lone pair from a terminal atom to
the bonding region between the terminal atom and the central atom.

Molecular Focus

Ammonia
Formula: NH, ammonia water, a mixture of ammonia and water, which
Molar mass: 17.03 g/mol is used in a number of household cleaning products.
Melting point: —77.07°C Its chief use, however, is as a fertilizer. Plants require
Boiling point:  —33.35°C nitrogen to grow; even though they are surrounded by
Lewis structure: nitrogen in the form of atmospheric N,, the strong triple
. bond in N, prevents plants from using it in this form:
H—N—H
| IN=N:
H

Many plants obtain nitrogen compounds from bacteria that
grow on their roots. These bacteria convert, or “fix," nitrogen
O from its elemental form into nitrogen compounds that can
: be used by the plants. However, plants grow better if ad-
ditional nitrogen compounds are added to the soil, and am-
monia is often used for this purpose.

Three-dimensional structure:

mmonia is a colorless gas with a pungent odor that
smells like urine. Ammonia is usually marketed as
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122 Chapter 5 Chemical Bonding

m Chemical Bonding in Ozone

As we learned in Chapter 3, ozone (0,) is an atmospheric gas that protects life on
Earth from excessive exposure to ultraviolet (UV) light. Ozone reacts with incom-
ing UV light according to the following reaction:

0, + UV light » 0, + O

The ozone molecule absorbs the UV light, causing one of the oxygen-oxygen
bonds to break. As a result, the UV light is prevented from reaching Earth. To un-
derstand the uniqueness of ozone, consider its Lewis structure:

:0—0=0:

An equally valid Lewis structure has the double bond between the other two oxy-
gen atoms:

:5=0—0:

Initially, it seems that Lewis theory predicts two different types of bonds in the
ozone molecule: one double bond and one single bond. However, real ozone mol-
ecules have two identical bonds (equal length and strength). Each bond is shorter
than a single bond, but longer than a double bond. In other words, each bond in
ozone is like a bond and a half.

In cases such as this, where we can draw two satisfactory Lewis structures for
the same molecule, the actual structure is an average between the two:

This averaging of two identical Lewis structures is called resonance and is usually
represented by drawing both structures—called resonance structures—with a
double-headed arrow between them:

:0—0=0: <— :0=0—0:

Each bond in ozone is midway between a single and a double bond.
In contrast, oxygen’s most common form, O,, has the following Lewis structure:

:0=0:

Notice that O, has a double bond, which is stronger than O,’s “bond and a
half.” This difference in bonding between 0, and O, results in a significant
difference in the ability of these molecules to absorb UV light. The UV light
does not have enough energy to break the strong bond in 0,, so the light is
not absorbed and passes through the 0, gas in the atmosphere. The bonds in
05, on the other hand, are not as strong, and the energy of the UV light is suf-
ficient to break one of the two bonds. This match between the strength of O,
bonds and the energy of UV light accounts for ozone’s ability to absorb the
most harmful UV light emitted by the Sun and act as a shield to life on Earth
(Figure 5.3).
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5.6 The Shapes of Molecules 123

Ozone molecules in the
atmosphere absorb ultraviolet light.

UV light

0;
molecules

Figure 5.3 Ozone molecules act as
a shield against UV light.

m The Shapes of Molecules

In Section 4.3, we learned that the shape of a molecule is an important factor in
determining the properties of the substances that it composes. For example, we
learned that water would boil away at room temperature if it had a straight shape
instead of a bent one. We now develop a simple model called valence shell electron
pair repulsion (VSEPR) theory that allows us to predict the shapes of molecules
from their Lewis structures.

VSEPR theory is based on the idea that the negative charges of bonding
electrons and lone pair electrons in a molecule repel each other, and that these

repulsions determine the shape of the molecule. p» According to VSEPR theory, Recall from Section 3.2 that
the geometry of a molecule is determined by maximizing the distance—and there- particles with like charges
fore minimizing the repulsions—between all electron groups (bonding groups and repel each other.

lone pairs) on the central atom(s) of the molecule. For example, consider methane
(CH,), which has the following Lewis structure:

I|{
iy
H\?/H
H

On the printed page, we are restricted to two dimensions, and we might think that
the electron pairs in each bond can minimize their repulsions with electron pairs
in the other bonds by assuming a square-shaped geometry; however, molecules
can adopt a three-dimensional shape. The three-dimensional geometry that puts
the greatest angle between the four bonding electron pairs on the central carbon
atom is fetrahedral. A tetrahedron has four identical equilateral triangles as its four
sides. The carbon atom is in the center of the tetrahedron, and hydrogen atoms are
at the four corners.
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124 Chapter 5 Chemical Bonding

H &
|

Because Lewis theory requires all atoms to have octets, we might expect all
molecules to be tetrahedral. However, because central atoms often have lone pairs
as well as bonding pairs, and because double and triple bonds force electrons to
group together, a number of different geometries are also possible. For example,
the Lewis structure for water has four electron groups on the central atom: two
bonding pairs and two lone pairs:

H—0—H

These four groups of electrons get as far away from each other as possible. The
electron geometry—the shape assumed by bonding pairs and lone pairs—is there-
fore tetrahedral, as it was in CH,.

Lone pairs .o
; O

However, the lone pairs—even though they influence the shape of the molecule—are
not really part of its shape. The molecular geometry—the shape of the molecule’s

atoms—is bent.
:0—H w
9o @
H

H

Notice that the bonding electrons feel the repulsion of the lone pairs—this causes
the angle between the hydrogen atoms to be much less than 180°. As we discuss in
Section 5.7, this bent geometry is critical to the properties of water.

Ammonia is featured in the Consider the Lewis structure of ammonia, € NH;, which has three bonding
molecular focus in this electron groups and one lone pair:
chapter (page 121). .
H—ITI—H
H

Because ammonia has a total of four electron groups around its central atom, the
electron geometry is again tetrahedral.

Lone pair

However, because one of these electron groups is a lone pair, the resulting molecu-
lar geometry is trigonal pyramidal:

.-\\\N//I:, -
e 3"}3 o
H
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5.6 The Shapes of Molecules 125

Again, the bonding electrons feel the repulsion of the lone pair and bend toward
each other. Table 5.1 shows the various possible geometries based on the number
of electron groups, lone pairs, and bonding groups in a molecule. An electron
group may be a lone pair, a single bond, a double bond, or a triple bond. A bond-
ing group is a single, double, or triple bond.

Example 5.6

etry of H,S.
SOLUTION

geometry is bent.

The Lewis structure is as follows:

Predicting the Shapes of Molecules

H—S—H

Predicting the Shapes of Molecules

Use Lewis theory and VSEPR theory to predict the electron and molecular geom-

The total number of electron pairs is four. Therefore, from Table 5.1, the electron
geometry is tetrahedral. The number of bonding pairs is two, so the molecular

Use Lewis theory and VSEPR theory to predict the electron and molecular
geometry of PCls.

VSEPR Geometries
Total Electron Bonding Lone Electron Molecular
Groups Groups Pairs Geometry Geometry Example
2 2 0 Linear Linear :0—C—0: .:.:.
3 3 0 Trigonal planar Trigonal planar
:(”):
H—C—H J
3 2 1 Trigonal planar Bent
:0—S=0:
4 4 0 Tetrahedral Tetrahedral H
H— C| —H
H 5
4 3 1 Tetrahedral Trigonal pyramidal H—lTI—H &J
H
4 2 2 Tetrahedral Bent
i o0
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126 Chapter 5 Chemical Bonding

Predicting the Shapes of Molecules Il

Use Lewis theory and VSEPR theory to predict the molecular geometry of SiH,.

SOLUTION
The Lewis structure is as follows:
H
|
H—Sli—H
H

There are four groups of electrons around the central atom, and they are all
bonding pairs; therefore, the correct geometry is tetrahedral.

Predicting the Shapes of Molecules i

Use Lewis theory and VSEPR theory to predict the correct molecular geometry of
CF,Cl,. (Carbon is the central atom in the skeletal structure.)

Multiple Bonds and Molecular Shapes

A double or triple bond acts like a bonding electron pair (or a single bond) in
determining molecular geometry. For example, CO, has the following Lewis structure:

:d:c:o.

The two pairs of electrons in each bond must stay together and therefore act as a
group. The two groups minimize their repulsion by getting as far away from each
other as possible, resulting in a linear geometry for CO,. Unlike water or ammonia,
there are no lone pairs on the central atom to repel the bonding groups.

Example 5.8

Predicting the Shapes of Molecules Containing
Multiple Bonds

Use Lewis structures and VSEPR theory to predict the correct molecular geometry
for SO,.

SOLUTION
The Lewis structure is as follows:

:0—S=0:

There are three groups of electrons around the central atom, and one is a lone
pair. From Table 5.1, we see that the correct molecular geometry is bent.

Predicting the Shapes of Molecules Containing
Multiple Bonds

Use Lewis structures and VSEPR theory to predict the correct molecular geometry
for H,CS. (Carbon is the central atom.)
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Example 5.9

Predicting the Shapes of Molecules Containing
Multiple Bonds Il
Use Lewis structures and VSEPR theory to predict the correct molecular geometry

for C,H,. (The two carbon atoms are in the middle, with two hydrogen atoms
bonded to each carbon atom.) The Lewis structure is as follows:

I
H—C=C—H

Because there are two central atoms, we must consider the geometry about
each one. Each carbon atom has three groups of electrons and no lone pairs.
Therefore, the geometry is trigonal planar about each carbon, resulting in the
following molecular geometry:

J

Predicting the Shapes of Molecules Containing
Multiple Bonds Il

Use Lewis structures and VSEPR theory to predict the molecular geometry of C,H,.
(The two carbon atoms are in the middle, and the hydrogen atoms are on the ends.)

v Self-Check 5.4

Carbon dioxide and water are both composed of a central atom that bonds to
two other atoms, yet carbon dioxide is a linear molecule, whereas water is bent.
Examine the Lewis structures below and explain why H,O is bent while CO, is linear.

D=C=0: H—O—H

a. Because H,O does not have any lone pairs around the central atom (and
CO, does).

b. Because H,O does not have double bonds (and CO, does).

c. Because H,0 has two lone pairs around the central atom (and CO, does not).

Water: Polar Bonds
and Polar Molecules

Water is among the most important compounds on Earth; without it, life in any
form is unimaginable. The unique properties of water—its tendency to be a liquid
at room temperature, its ability to dissolve other compounds, its expansion upon
freezing, and its abundance—are all related to its importance. Like all compounds,
the properties of water arise from the molecules that compose it. To see how the
properties of water emerge from the properties of water molecules, we must discuss
one other important concept: bond polarity.
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128 Chapter 5 Chemical Bonding

Consider one of water’s two identical covalent bonds. The electrons in this
bond are not as evenly shared as they appear in the Lewis structure of wa-
ter. Within the covalent bond, oxygen attracts the shared electron pair more than
hydrogen does. The result is that the electrons are pulled closer to the oxygen atom,
causing the electron distribution to be uneven. Covalent bonds with uneven electron dis-
tributions are called polar bonds because one side of the bond, the side that is electron

The symbol § is the greek deficient, develops a slight positive charge (67), <€ whereas the other side of the bond,
letter delta. the side that is electron rich, develops a slight negative charge (67). In other words, the
bond develops two poles, one positive and one negative. This is called a dipole.
5T 5
H—O0

Positive  Negative
pole pole

Polar bonds are fairly common in molecular compounds and arise whenever ele-
ments with different electron-attracting abilities form a bond. The ability of an atom
to attract electrons in a covalent bond is called electronegativity, and Figure 5.4
shows how electronegativities vary for different elements across the periodic table.
In general, electronegativity increases as you go to the right across a row on the peri-
odic table and decreases as you go down a column. Therefore, the elements at the top
right of the periodic table have the highest electronegativities and those at the bottom
left have the lowest. Fluorine is the most electronegative element. A covalent bond
between two atoms of differing electronegativities will be polar. The greater the differ-
ence in electronegativity is, the more polar the bond will be. Identical atoms, or atoms
of equal electronegativity, do not form polar bonds—they share their electrons equally.

In analogy to a magnet, a polar bond has two poles, a positive pole and a
negative pole. Similarly, an entire molecule may be a polar molecule if it has an
uneven electron distribution that results in a negative pole and a positive pole. In a
diatomic molecule—one composed of only two atoms—a polar bond always results
in a polar molecule. For example, consider carbon monoxide:

I
:c=o0: H

o 5~

Most .
electronegative
element

Least )
electronegative
element

08| 10| 12| 14| 16 (18

Figure 5.4 Electronegativity of .
the elements. Weak Electronegativity Strong
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The Molecular Revolution

5.7 Water: Polar Bonds and Polar Molecules

AIDS Drugs

Many patients infected with the human immunodefi-
ciency virus (HIV) that causes acquired immune de-
ficiency syndrome (AIDS) are treated with a class of drugs
called protease inhibitors. Before these drugs were devel-
oped in the early 1990s, HIV-infected individuals would die
within a few years of diagnosis. Today, protease inhibitors,
when given in combination with other drugs, can reduce
HIV to undetectable levels and keep AIDS patients alive.
Protease inhibitors were developed with the help of
bonding theories, such as those in this chapter. Scien-
tists used these theories to design a molecule that would
block the action of HIV-protease, a molecule that HIV
requires to reproduce. HIV-protease is an example of a
protein, a class of large biological molecules that carry out
many important functions in living organisms. The shape of
HIV-protease was discovered in 1989. Researchers in drug
companies then used the newly discovered shape to de-
sign a drug molecule that would fit into the working part
of HIV-protease and, therefore, disable it. Within a couple of
years, they had several candidates. Further testing and sub-
sequent human trials resulted in the final development of

Ron Chapple/Getty Images

Protease inhibitors are used to treat HIV.

protease inhibitors, the drugs that treat HIV. Although these
drugs haven't cured AIDS, they have turned it into a long-
term manageable disease.

Because carbon and oxygen have different electronegativities, the bond is polar
and so is the molecule. One side of the molecule will have a slightly negative
charge, and the other side will have a slightly positive charge.

Polar bonds will not always, however, give rise to polar molecules. Consider

for example, carbon dioxide:

Opposing dipoles cancel

:0—=C=0:

No net dipole

v Self-Check 5.5

Which one of the following bonds is polar?

a. abond between two identical atoms
b. abond between two atoms with the same electronegativity
c. abond between two atoms with different electronegativities

Each bond in carbon dioxide is polar, but the bonds are both equally polar—because
they are between the same two atoms—and their positive poles point in exactly
opposite directions. As a result, the polar bonds cancel, and the entire molecule is
itself nonpolar. A nonpolar molecule does not have a charge separation the way
a polar one does. In general, polar bonds result in polar molecules unless the
symmetry of the molecule is such that the polar bonds cancel.
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130 Chapter 5 Chemical Bonding

Now let’s examine water. If water were a linear molecule, the polar bonds
would cancel, making the molecule nonpolar. However, because water is bent, the
polar bonds do not completely cancel, and the water molecule itself is polar.

5" -
O\
§+/H; st B

It is not always simple to determine how polar bonds add together or cancel in
a molecule. One way to accomplish this is to think of each bond as an arrow whose
length is proportional to the electronegativity difference between two atoms. Two
arrows of equal length that point in opposite directions will cancel, resulting in a
nonpolar molecule. Table 5.2 summarizes some common geometries and their re-
sulting polarities.

Common Molecular Geometries and Their Resulting Polarities

Polar

Nonpolar : J
> @ 9

Linear Bent
Two identical polar bonds pointing in Two polar bonds with an angle of less than
opposite directions cancel. The molecule 180° between them will not cancel. The
is nonpolar. molecule is polar.
Nonpolar
Nonpolar

Trigonal planar Tetrahedral
Three identical polar bonds at 120° from Four identical polar bonds in a tetrahedral
each other will cancel. The molecule is arrangement will cancel. The molecule is
nonpolar. nonpolar.
Polar

Trigonal pyramidal
Three polar bonds in pyramidal arrangement
will not cancel. The molecule is polar.

In all cases where the bonds cancel, they are assumed to be identical bonds (i.e, between the same two elements). If
the bonds are not identical, they most likely do not cancel, and the molecule will be polar.
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5.7 Water: Polar Bonds and Polar Molecules 131

As you already know, negative and positive charges attract one another. In
a polar molecule, the positive end of the molecule attracts the negative end of its

neighbor.
3~ 3t 5~ 3t
Attraction
between
molecules

This attraction is analogous to the attraction between the south pole of one
magnet and the north pole of another. The attractions between polar molecules ’
tend to hold them together. Consequently, at room temperature, polar molecules o
have a greater tendency to be liquids or solids, rather than gases. Figure 5.5 shows
how water molecules arrange themselves to maximize the attraction between :
their poles. At room temperature this attraction holds water molecules together 5
as a liquid. Without these attractions, water would be a gas at room temperature. ’
When water freezes to form ice, this structure extends in a three-dimensional
lattice (Figure 5.6) containing water molecules in layers of hexagonal rings. The , 3
hexagonal shape of snowflakes is a direct result of this molecular arrangement. ' '
The open spaces in the ice structure result in ice being less dense than liquid water, )
a unique property of water that makes ice float. ::?aﬁ;eef,;f,mvfg,tfggg'fﬁ:t'iﬁ o
In addition, because polar molecules are attracted to one another, they do not positive end of one molecule is close
mix well with nonpolar molecules. Oil and water, for example, do not mix because to the negative end of another.
water is polar and oil is nonpolar. We will look at the consequences of polarity
more fully in Chapter 12. For now, be able to tell whether simple molecules are
polar or not by looking at their Lewis structure and asking two questions:

1. Does the molecule contain polar bonds? A bond is polar if it occurs between
two elements of different electronegativities. If a molecule does not have polar
bonds, it will not be polar. If it does have polar bonds, it may or may not be
polar, depending on the molecular geometry.

2. Do the polar bonds add together to give overall polarity to the molecule? Use
VSEPR theory to determine the geometry of the molecule and then determine
whether the polar bonds cancel. If they do not cancel, the molecule will be
polar. Use Table 5.2 as a guide in determining if a molecule is polar.

Sami Sarkis/Getty Images; James Steidl/Shutterstock.com

Figure 5.6 (a) Snow is composed of snowflakes. (b) The molecular arrangement of water molecules in ice is
the cause of the hexagonal shape of snowflakes. (c) The structure of ice consists of water molecules in a hex-
agonal arrangement.
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132 Chapter 5 Chemical Bonding

Example 5.10

Determining if a Molecule Is Polar

Is CF, a polar molecule?

SOLUTION
The Lewis structure for CF,is as follows:
:.F.!
|
F—C—F
|
:E:

Because carbon and fluorine have different electronegativities, the bonds are
polar. VSEPR theory predicts that CF, is tetrahedral. If we think of each bond as an
arrow, then the four equal arrows in a tetrahedral arrangement cancel, as shown
in Table 5.2. Consequently, the molecule is nonpolar.

Determining if a Molecule Is Polar

Is SCl, a polar or nonpolar molecule?

v’ Self-Check 5.6

A nonpolar molecule has polar bonds. What must be true of the molecule?

a. The symmetry of the molecule must be such that the polar bonds cancel
each other out.

b. The symmetry of the molecule must be such that the polar bonds do not
cancel each other out.

c. Thisis not possible. The molecule must be polar.

SUMMARY

Molecular Concept Societal Impact

Most elements do not exist as pure elements in nature. s If the 91 naturally occurring elements were chemically
Instead, they bond together to form compounds (5.1). stable and did not combine to form compounds, the
An element’s electron configuration determines its world would be a vastly different place. There would
chemical reactivity—those elements having full outer be only 91 different kinds of substances in the world
Bohr orbits are most stable (5.2). Most elements do and life would be impossible (5.1).

not have full outer orbits; therefore, they exchange or
share electrons with other elements to obtain a stable
configuration. If the electrons are transferred, as be-
tween a metal and a nonmetal, the resulting bond is
called an ionic bond (5.3). If the electrons are shared,
as between two nonmetals, the resulting bond is called
a covalent bond (5.4).
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We represent chemical bonding with Lewis theory. In = Our knowledge of chemical bonding has allowed us to

this model, valence electrons are represented as dots
surrounding the chemical symbol for the element.
Compounds are formed by allowing the electrons to be
transferred between atoms (ionic bonding) or shared
between atoms (covalent bonding) so that all atoms ac-
quire an octet.

Lewis theory is used in combination with valence
shell electron pair repulsion (VSEPR) theory to predict
the shapes of molecules (5.6). In this model, electron
groups—lone pairs, single bonds, double bonds, or tri-
ple bonds—minimize their repulsions by getting as far
away from each other as possible. This, in turn, deter-
mines the geometry of the molecule.

Covalent bonds are polar if they form between ele-
ments of differing electronegativities (5.7). Polar bonds
can cancel in a molecule, producing a nonpolar mole-
cule, or they can sum to produce a polar molecule.

KEY TERMS

bent electron geometry
bonding electrons electron group
bonding group G. N. Lewis

dipole Lewis structure
double bond

electronegativity

Lewis theory

lone pair electrons

EXERCISES

Questions

1. Why is salt, NaCl, relatively harmless even though
the elements that compose it, sodium and chlorine,
are toxic?

2. If sodium is dropped into water, a loud fizzing
noise is heard, and sparks fly from the sodium.
What do you suppose is occurring?

3. Explain ionic bonding according to Lewis
theory.

4. Explain covalent bonding according to Lewis
theory.

5. Why is Lewis theory useful? Give some examples.

6. Give the Bohr electron configuration and Lewis
electron dot structure for sulfur. Circle the

electrons in the Bohr electron configuration that
are also in the Lewis structure.

bond atoms together in new ways to form compounds
that never existed before. Plastics, Teflon, synthetic
fibers, and many pharmaceuticals are among some
of the compounds synthesized by chemists that have
significantly impacted society (5.3, 5.4).

=) The shapes of molecules determine many of their prop-

erties. Water, for example, would be a vastly different
substance if it were shaped differently. Some of our
senses depend on molecular shape (5.6). For example,
we smell molecules based at least partly on their shape.
Receptors within our noses are like molds into which
certain molecules can fit. When the mold is occupied
by one of these molecules, the brain receives nerve im-
pulses that we interpret as a certain smell.

molecular geometry resonance structures

nonpolar molecule trigonal pyramidal

octet rule triple bond

polar bond valence shell electron pair

polar molecule repulsion (VSEPR) theory

resonance

7. Draw electron dot structures for the following
elements: Na, Al, P, Cl, and Ar. Which are most
chemically reactive? Which are least chemically
reactive?

8. Explain VSEPR theory. According to this theory,
what determines the shapes of molecules?
9. Why are the shapes of molecules important?
10. Describe a polar covalent bond.

11. In what ways is water unique? What about the
water molecule causes the unique properties of
water?

12. What is the difference between a polar and a
nonpolar bond? What is the difference between a
polar and nonpolar molecule?

13. Why do polar molecules have a greater tendency
to remain a liquid or a solid at room temperature?
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134 Chapter 5 Chemical Bonding

14. Explain, in molecular terms, why oil and water do
not mix.

Problems

Lewis Structures for Atoms

15. Draw Lewis structures for each of the following
elements. Which element is most chemically
stable?

a. C
b. Ne
c. Ca
d. F

16. Draw Lewis structures for each of the following
elements. Which two elements are most chemically
stable?

a. Br
b. S

c. Kr
d. He

lonic Lewis Structures

17. Draw a Lewis structure for each of the following
ionic compounds:
a. KI
b. CaBr,
c. K,S
d. MgS

18. Draw a Lewis structure for each of the following
ionic compounds:
a. LiF
b. Li,0
c. Sr0
d. Srl,

19. Draw a Lewis structure for each of the following
ionic compounds. What chemical formula does
Lewis theory predict?

a. sodium fluoride

b. calcium chloride
c. calcium oxide

d. aluminum chloride

20. Draw a Lewis structure for each of the following
ionic compounds. What chemical formula does
Lewis theory predict?

a. sodium oxide

b. aluminum sulfide

c. magnesium chloride
d. beryllium oxide

Covalent Lewis Structures

21. Draw a Lewis structure for each molecular
compound:
a. I,
b. NF,
c. PCl,
d. SCl,

22. Draw a Lewis structure for each molecular
compound:
a. OF,
b. NI,
c. CS,
d. C1,CO (carbon is the central atom)

General Lewis Structures

23. Determine whether each compound is ionic
or molecular and draw an appropriate Lewis
structure:

a. MgS

b. PL,

c. SrCl,

d. CHCIO (carbon is the central atom)

24. Determine whether each compound is ionic
or molecular and draw an appropriate Lewis
structure:

a. K,0
b. CHCIO (carbon is the central atom)
c. SrS
d. CH,CI (carbon is the central atom)

25. What is wrong with each Lewis structure?
Fix the problem and write a correct Lewis

structur?.

a. Ca—0¢

b. :C1=0—Cl:

C. F —P—E=
£

d. :N=N:

26. What is wrong with each Lewis structure?
Fix the problem and write a correct Lewis

strufture. )

a. :N=N=0:
b. :0—S—0:
C. =]:3:r—i§r:

d. :0=Si—0:

Predicting the Shapes of Molecules

27. Use VSEPR theory to determine the geometry of
the molecules in problem 21.

28. Use VSEPR theory to determine the geometry of
the molecules in problem 22.

29. Draw a Lewis structure and use VSEPR theory to
determine the geometry of each molecule. If the
molecule has more than one central atom, indicate
the geometry about each of these and draw the
three-dimensional structure.

a. CINO (nitrogen is the central atom)
b. H,CCH, (two carbon atoms in the middle, each
with three hydrogen atoms attached)
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c. N,F, (nitrogen atoms in the center and fluorine
atoms on the ends)

d. N,H, (nitrogen atoms in the center and two
hydrogen atoms attached to each nitrogen)

30. Draw a Lewis structure and use VSEPR theory to
determine the geometry of each molecule. If the
molecule has more than one central atom, indicate
the geometry about each of these and draw the
three-dimensional structure.

a. HCCH (two carbon atoms in the middle, each
with one hydrogen atom attached)
b. CCl,

. PH,

d. HOOH (two oxygen atoms in the middle, each

with one hydrogen atom attached)

n

31. CF,Cl, is a chlorofluorocarbon implicated in
ozone depletion. Draw a Lewis structure for CF,Cl,,
determine its geometry, and determine whether
the molecule is polar. (Carbon is the central
atom.)

32. Chlorofluorocarbons have been banned
because they cause ozone depletion. The main
replacements are hydrofluorocarbons, such as
CF,CFH,. Draw a Lewis structure for CF,CFH,,
determine its geometry, make a sketch of the
molecule, and determine whether it is polar.
(The two carbons are bonded to each other in
the middle of the molecule, and the other
atoms are bound to the two central carbon
atoms.)

Determining Molecular Polarity

33. Determine whether each molecule is polar:

36.

Exercises 135

Determine whether each molecule is polar:
a. CH,0H

b. CH,(Cl,

c. N,H,

d. CF,

Points to Ponder

37.

38.

39.

40.

41.

42.

Explain why water would be a gas at room
temperature if it had a linear rather than a bent
geometry.

What is the molecular reason behind the
hexagonal shape of snowflakes?

What would happen to the amount of UV light
hitting Earth if ozone had two double bonds rather
than two bonds that are midway between single
and double? Explain.

One of the observations that led G. N. Lewis to
propose his theory was the chemical inertness of the
noble gases. Suppose elements were different, such
that observations demonstrated the halogens were
chemically inert. How would Lewis theory change?
Which elements would then be the most reactive?

G. N. Lewis developed a model for chemical
bonding that you have learned in this chapter. His
theory was extremely successful and is used today
at all levels of chemistry, from the introductory
class to the research laboratory. Why was Lewis
theory so successful?

The opening quote of this chapter states that
“Man masters nature not by force but by
understanding. That is why science has succeeded

a. HBr where magic failed: because it has looked for
b. ICI no spell to cast.” What do you think Bronowski
¢ I meant by this? How does this apply to chemical
d. CO bonding?

34. Determine whether each molecule is polar: 43. Draw a Lewis structure of the H, molecule. If
a. HF you could somehow see H, molecules, would
b. 0, they look like this Lewis structure? In what ways
c. NO are real H, molecules different from their Lewis
d. H, structure?

35. Determine whether each molecule is polar: 44, Since the time of G. N. Lewis, other, more powerful
a. NH, theories have been developed to explain chemical
b. CCl, bonding, yet Lewis theory is still incredibly useful.
c. SO, Use what you know about the scientific method and
d. CH, the nature of scientific theories to explain how this
e. CH,0H can be so.
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