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CHAPTER 1

I would watch the buds swell in spring, the mica glint in the granite,
my own hands, and I would say to myself: “T will understand this,

too. I will understand everything.

Ttalian chemist and author, The Periodic Table

their workings, and even about their meanings. We look for answers in physics,

biology, and the other sciences, as well as in philosophy, poetry, and religion. Primo
Levi could have searched for understanding in many ways, but his wondering led him
to study chemistry...and so has yours, though you may not yet know why.

J t is human nature to wonder—about the origins of the universe and of life, about

AN INTRODUCTION TO CHEMISTRY

Primo Levi (1919-87)

1.1 What is Chemistry,

and What Can Chemistry Do for You?

One thing is certain: Once you start studying chemistry, all kinds of new questions will

begin to occur to you. Let’s consider a typical day.

Your alarm rings early, and you are groggy from sleep but eager to begin working
on a chemistry assignment that’s coming due. Chemistry has taught you that there

are interesting answers to questions you might
once have considered silly and childish. Preparing
tea, for example, now makes you wonder why the
boiling water bubbles and produces steam while
the teakettle retains its original shape. How do the
tea leaves change the color of the water while the
teabag remains as full and plump as ever? Why does
sugar make your tea sweet, and why is the tea itself
bitter?

You settle down with tea and newspaper, and
the wondering continues. An article about methyl
bromide, a widely used pesticide, says some scientists
think it damages the ozone layer. What are methyl
bromide and ozone? How does one destroy the
other, and why should we care? How can we know
if the ozone really is being depleted?

Later, as you drive to the library to get some books
you need to complete that chemistry assignment,
you wonder why gasoline burns and propels your

An understanding of chemistry opens up
a window to the world around you.

11

1.2

1.3

1.4

15

Qe

What Is Chemistry,
and What Can
Chemistry Do for
You?

Suggestions for
Studying Chemistry

The Scientific
Method

Measurement and
Units

Reporting Values
from Measurements



4

Chapter 1 ) An Introduction to Chemistry

car down the road. How does it pollute the air we breathe and what does the catalytic
converter do to minimize the pollution? At the library, you wonder why some books
that are hundreds of years old are still in good shape while other books that are only
50 years old have pages that are brown, brittle, and crumbling. Can the books with
damaged pages be saved?

Chemists can answer all these questions and others like them. They are scientists
who study the structure of material substances—collectively called matter—and the
changes that they undergo. Matter can be solid like sugar, liquid like water, or gaseous
like the exhaust from your car’s tailpipe. Chemistry is often defined as the study of the
structure and behavior of matter.

Chemists do a lot more than just answer questions. Industrial chemists are producing
new materials to be used to build lighter and stronger airplanes, more environmentally
friendly disposable cups, and more efficient anti-pollution devices for your car.
Pharmaceutical chemists are developing new drugs to fight cancer, control allergies,
and even grow hair on bald heads.

In the past, the chemists creations have received mixed reviews. The
chlorofluorocarbons (CFCs) used as propellants in aerosol cans are now known to
threaten the Earth’s protective ozone layer. The durable plastics that chemists created
have proved 700 durable, so when they are discarded, they remain in the environment
for a long, long time. One of the messages you will find in this book is that despite the
occasional mistakes and failures, most chemists have a strong social conscience. Not
only are they actively developing new chemicals to make our lives easier, safer, and
more productive, but they are also working to clean up our environment and minimize
the release of chemicals that might be harmful to our surroundings (see Special Topic
1.1: Green Chemistry).

As you read on in this book, you will find, perhaps to your disappointment, that
only limited portions of each chapter provide direct answers to real-life questions. An
introductory chemistry text, such as this one, must focus instead on teaching basic
principles and skills. Some of the things you need to learn in order to understand
chemistry may seem less than fascinating, and it will not always be easy to see why they
are useful. Try to remember that the fundamental concepts and skills will soon lead you
to a deeper understanding of the physical world.

Before you could run, you needed to learn how to walk. Before you could read a book
orwritea paper, you needed to learn the alphabet, build your vocabulary, and understand
the basic rules of grammar. Chemistry has its own “alphabet” and vocabulary, as well
as many standards and conventions, that allow chemists to communicate and to do
eflicient, safe, and meaningful work. Learning the symbols for the common chemical
elements, the rules for describing measurements, or the conventions for describing
chemical changes might not be as interesting as finding out how certain chemicals in
our brains affect our moods, but they are necessary steps in learning chemistry.

This chapter presents some suggestions for making your learning process easier and
introduces you to some of the methods of scientific measurement and reporting. You
will then be ready for Chapter 2, which gives you a first look at some of chemistry’s
underlying concepts.
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‘With knowledge comes the burden of
responsibility.
Paul T Anastas and Tracy C. Williamson,

1.2 Suggestions for Studying Chemistry 5

Green Chemistry

into the water, various plants and animals begin to grow on
its bottom. This growth slows the ship’s progress and causes
other problems as well, ultimately costing the shipping

GREEN CHEMISTRY  industry an estimated $3 billion per year. Substances called

‘The chemical industry has made many positive contributions antifoulants are painted on the bottom of ships to prevent the

to modern life, but these improvements have come at a price. unwanted growth, but most of them can be harmful to the

. . N; ® . .
The chemical products themselves, the chemicals used to marine environment. Sea-Nine™ is a more environmentally

produce them, and the byproducts of their production have friendly chemical than the alternatives because it breaks down

sometimes been harmful to our health or the environment. % the ocean more quickly and does not accumulate in marine

Concern about these dangers has lead to a movement in the ~ ©T83MSMS.

chemical industry that is sometimes called Green Chemistry This is only one example of the progress that Green

or Environmentally Benign Chemistry. Its goal is to produce, Chemistry is making. Others will be presented in later

process, and use chemicals in new ways that pose fewer risks chapters.

to humans and their environment.
Source: P T. Anastas and T. C. Williams, Eds. Green Chemistry;

In support of this goal, President Clinton inaugurated the § EBNGN 20 Glemical Socicty, 1996).

Green Chemistry Program in March 1995, to be coordinated
by the Environmental Protection Agency. As part of this
program, the Green Chemistry Challenge Awards were set up,
as part of the Green Chemistry Program, to “recognize and
promote fundamental and innovative chemical methodologies
that accomplish pollution prevention and that have broad
application in industry.”

Among the first award recipients was the Rohm and Haas
Company, which received the Green Chemistry Challenge’s
1996 Designing Safer Chemicals Award for the development

of 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one,
®

otherwise New, environmentally friendly marine antifoulants

known as Sea-Nine™ antifoulant. As soon as a new ship goes protect ships without polluting the water.

1.2 Suggestions for Studying Chemistry T

The will to succeed is important, but what’s more important is the will to

prepare.
Basketball Coach, Bobby Knight

Let’s face it. Chemistry has a reputation for being a difficult subject. One reason is
that it includes so many different topics. Individually, they are not too difficult to
understand, but collectively, they are a lot to master. Another reason is that these topics
must be learned in a cumulative fashion. Topic A leads to topic B, which is important
for understanding topic C, and so on. If you have a bad week and do not study
topic B very carefully, topic C will not make much sense to you. Because chemistry
is time-consuming and cumulative, you need to be very organized and diligent in
studying it.

There is no correct way to study chemistry. Your study technique will be decided by
your current level of chemical knowledge, the time you have available, your strengths
as a student, and your attitude toward the subject. The following is a list of suggestions
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to help you take chemistry’s special challenges in stride.

Use the Review Skills sections in this textbook. Starting with Chapter 2, each chapter
begins with a section called Review Skills, complemented at the end of the chapter by
a set of review questions that test those skills. The Review Skills section and the review
questions identify the specific skills from earlier chapters that are necessary for success
in the new chapter. If you have trouble with the tasks on the Review Skills list, you
will have trouble with the chapter, so promise yourself that you will always review the
topics listed in the Review Skills section before beginning a new chapter.

Read each chapter in the textbook before it is covered in lecture. There are several good
reasons why a relaxed pre-lecture reading of each chapter is important. It provides you
with a skeleton of knowledge that you can flesh out mentally during the lecture, at
the same time guaranteeing that there will be fewer new ideas to absorb as you listen
to your teacher talk. If you already know a few things, you will be better prepared to
participate in class.

Attend class meetings, take notes, and participate in class discussions. You will get much
more out of a lecture, discussion section, or laboratory—and will enjoy it more—if
you are actively involved. Don't hesitate to ask questions or make comments when
the lecture confuses you. If you have read the chapter before coming to class and paid
attention to the lecture and you still have a question, you can be fairly certain that
other students have that question too and will appreciate your asking for clarification.

Reread the chapter, marking important sections and working the practice exercises. In
the second reading, mark key segments of the chapter that you think you should
reread before the exam. Do not try to do this in the first reading, because you will
not know what parts are most important until you have an overview of the material
the chapter contains. It is a good idea to stop after reading each section of text and
ask yourself, “What have I just read?” This will keep you focused and help you to
remember longer.

You will find Examples in each chapter that show how to do many of the tasks that
you will be asked to do on exams. The examples are followed by Exercises that you
should work to test yourself on these tasks. The answers to these exercises are found
at the end of the book. If you have trouble with a practice exercise, look more closely
at the example that precedes it, but don’t get bogged down on any one topic. When
a new concept or an exercise gives you trouble, apply the 15-minute rule: If you have
spent more than 15 minutes on an idea or problem and you still do not understand it,
write down what you do not understand and ask your instructor or another student
to explain it.

Use the chapter objectives as a focus of study. At the end of each chapter is a list of
Chapter Objectives that provides a specific description of what you should be able to
do after studying the chapter. Notations in the text margins show you where to find
the information needed to meet each objective. Your instructor may wish to add to the
list or remove objectives from it.

Many of the objectives begin with, “Explain...” or “Describe...”. You might be
tested on these objectives in short essay form, so it is a good idea to actually write
your responses down. This will force you to organize your thoughts and develop a
concise explanation that will not take too much time to write on the exam. If you do
it conscientiously, perhaps using color to highlight key phrases, you will be able to
visualize your study sheet while taking the exam.
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Many of the objectives refer to stepwise procedures. This book will suggest one
procedure, and sometimes your instructor will suggest another. Write out the steps that
you think will work best for you. The act of writing will help you remember longer,
and you will find it much easier to picture a study sheet written out in your own
handwriting than one printed in this book.

Use the computer-based tools that accompany the course. This textbook is accompanied
by an Internet site that supplements the text. If you have access to it, you will find it
useful at this stage in your studying.

Work some of the problems at the end of the chapter. Do not try the end-of-chapter
problems too soon. They are best used as a test of what you have and have not mastered
in the chapter after all the previous steps have been completed. Note that many of
the problems are accompanied by the number of the learning objective to which they
correspond. (In fact, the problems serve as examples of ways in which you might be
tested on various chapter objectives.) Use the same 15-minute rule for the problems as
for the chapter concepts and exercises: If you have spent more than 15 minutes on any
one problem, it is time to seek help.

Ask for help when you need it. Don’t be shy. Sometimes five minutes in the instructor’s
office can save you an hour or more of searching for answers by other means. You
might also consider starting a study group with fellow students. It can benefit those of
you who are able to give help as well as those who need it. There is no better way to
organize one’s thoughts than to try to communicate them to someone else. There may
be other ways to get help. Ask your instructor what is available.

Review for the exam. Read the list of objectives, asking yourself whether you can meet
each one. Every time the answer is “No,” spend some time making it “Yes.” This might
mean meeting with your instructor or study group, rereading this text, or reviewing
your notes. Ask your instructor which objectives are being emphasized on the exam
and how you are going to be tested on them. Your lecture notes can also provide clues
to this. Lastly, work some more of the end-of-chapter problems. This will sharpen your
skills and improve your speed on the exam.

I hear and I forget.
I see and I remember.
I do and I understand.

Chinese proverb

He who neglects to drink

of the spring of experience

is likely to die of thirst in
the desert of ignorance.

Ling Po

1.3 The Scientific Method T

It’s as simple as seeing a bug that intrigues you. You want to know where it

goes at night; what it eats.
David Cronenberg, Canadian filmmaker

Before beginning our quest for an understanding of chemistry, let’s look at how science
in general is done. There is no one correct way to do science. Different scientific
disciplines have developed different procedures, and different scientists approach their
pursuit of knowledge in different ways. Nevertheless, most scientific work has certain
characteristics in common. We can see them in the story of how scientists discovered

the first treatment for Parkinson’s disease, a neurological condition that progressively
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OBJECTIVE 2

OBJECTIVE 2

OBJECTIVE 2

OBJECTIVE 2

affects muscle control. The principal steps in the process are summarized in Figure
1.1.

Like most scientific work, the development of a treatment for Parkinson’s disease
began with observation and the collection of data. In the 1960’s, scientists observed that
South American manganese miners were developing symptoms similar to the muscle
tremors and rigidity seen in Parkinson’s disease. Next, the scientists made an initial
hypothesis on the basis of their observations. Perhaps the symptoms of the manganese
miners and of Parkinson’s sufferers had a common cause. The initial hypothesis led
to a more purposeful collection of information in the form of systematic research or
experimentation. Systematic study of the manganese miners’ brain chemistry showed
that manganese interferes with the work of a brain chemical called dopamine. Because
dopamine is important in the brain’s control of muscle function, anyone absorbing
abnormally high levels of manganese would be expected to have troubles with
movement.

The hypothesis was refined based on the new information, and research was designed to
test the hypothesis. Specifically, the researchers hypothesized that the brains of Parkinson’s
sufferers had low levels of dopamine. Brain studies showed this to be the case. 7he
results were published so that other scientists might repeat the research and confirm or refute
the conclusions. Because other scientists confirmed the results of the dopamine research,
the hypothesis became accepted in the scientific community.

The discovery of the dopamine connection started a search for a drug that would
elevate the levels of dopamine in the brain. This provides an example of what is very
often the next step of the scientific method, a search for useful applications of the new
ideas. Dopamine itself could not be used as a drug because it is unable to pass from the
blood stream into the brain tissue. Instead, the researchers looked for a compound that
could penetrate into the brain and then be converted into dopamine. Levodopa, or
L-dopa, met these requirements. (It should be noted that significant scientific research
does not always lead directly to applications, or even to a published paper. One of the
main driving forces of science is just the desire to understand more about ourselves and
the world around us. Any research that increases this understanding is important.)

The development of applications often leads to another round of hypothesizing and
testing in order to refine the applications. There was some initial success with L-dopa.
It caused remission of Parkinson’s disease in about one-third of the patients treated
and improvements in one-third of the others, but there were also problematic side
effects, including nausea, gastrointestinal distress, reduced blood pressure, delusions,
and mental disturbance. The drug’s effects on blood pressure seem to be caused by the
conversion of L-dopa to dopamine outside the brain. For this reason, L-dopa is now
given with levocarbidopa, which inhibits that process.

And the cycle of hypothesis, experimentation, and finding new applications, which

leads to further refinement of the hypotheses continues. ..
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1.4 Measurement and Units T

Measure what is measurable and make measurable what is not so.

Galileo Galilei

The practice of chemistry demands both accuracy and clarity. The properties of matter
must be measured correctly and reported without ambiguity. For example, a chemist
has a lot of measuring to do while testing to see whether the pesticide methyl bromide
might be destroying the protective layer of ozone gas in the earth’s upper atmosphere.
(The ozone in the upper atmosphere filters out harmful radiation from the sun.) She
or he might add a carefully measured amount of methyl bromide to a reaction vessel
that already contains ozone and perhaps other chemicals found in our atmosphere. In
such an experiment, the temperature, too, would be carefully measured and adjusted
to duplicate the average temperature in the ozone layer, and then the substances in the
vessel might be subjected to the same measured amounts and kinds of radiation to which
ozone is exposed in the atmosphere. Chemical changes would take place, after which
the amounts of various substances found in the resultant mixture would be measured
and reported at various times. All of these measurements of amounts, temperatures,
and times must be carefully reported in a way that enables other scientists to judge the
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A long-jump can be won by a centimeter.

This is US Paralympian Marlon Shirley competing
in the men’s F44 long jump final at the IPC 2002
Athletics World Championships.

Photo Courtesy of International Paralympic Committee (IPC)

value of the experiment.

A measurement is always reported as a value, a quantitative
description that includes both a number and a unit. For
example, before a 100-meter race is run, the distance must
be measured as precisely as possible. Its value is 700 meters. In
this value, the unit is meters (defined below), and the number
of units is 100.

Units are quantities defined by standards that people have
agreed to use to compare one event or object to another. For
example, at one time the units for length were based on parts
of the body. An inch (the unit) was the width of the thumb
(the standard), and a foot was the length of a typical adult
foot. Centuries ago you might have described the length of a
cart you wanted made as eight feet, meaning eight times the
length of your foot. Although the length of a foot varies for
different people, this description would be accurate enough
to allow the carpenter to make a cart that would fit your
purpose.

As measuring techniques became more precise and the
demand for accuracy increased, the standards on which
people based their units were improved. In the 18 century,
the French invented the metric system, based on a more
consistent, systematic, and carefully defined set of standards
than had ever been used before. For example, the meter (or
metre, from the Greek metron, “a measure”) became the
standard for length. The first definition for the standard
meter was one ten-millionth of the distance from the North
Pole to the Equator. This became outdated as the precision
of scientist’s measuring instruments improved. Today, a
meter is defined as the distance light travels in a vacuum in
1/299,792,458 second. Technical instruments for measuring
length are calibrated in accordance with this very accurate
definition.

The International System of Measurement

The International System of Measurement (SI for Systéme International d’Unités), a

modern elaboration of the original metric system, was set up in 1960. It was developed

to provide a very organized, precise, and practical system of measurement that everyone

in the world could use. The SI system is constructed using seven base units, from which

all other units are derived (Table 1.1). The chemist is not usually interested in electric

currents or luminous intensity, so only the first five of the base units on Table 1.1 will

appear in this text. The meaning of mole, the base unit for amount of substance, is
explained in Chapter 9. Until then, we will use the first four base units: meter (m),

kilogram (kg), second (s), and kelvin (K).
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Table 1.1
Base Units for the International System of Measurement OsJecTIvE 3
Type of Measurement Base Unit Abbreviation
length meter m
mass kilogram kg
time second s
temperature kelvin K
amount of substance mole mol
electric current amphere A
luminous intensity candela cd

9

SpecIAaL Toric 1.2

One by one, all of the SI base units except the kilogram have
been defined in terms of constants of nature. For example,
the speed of light in a vacuum is used to define the meter.
The kilogram is the last of the standards to be based on a
manufactured object. A kilogram is defined as the mass of a
cylinder, made of platinum-iridium alloy, 39 mm (1.5 in.)
tall and 39 mm in diameter. This cylinder has been kept
in an airtight vault in Sévres, France, since 1883. In order
to avoid using (and possibly damaging) the standard itself,
forty replicas were made in 1884 and distributed around
the world to serve as a basis of comparison for mass. (The
United States has kilogram number 20.) The scientists at
the Bureau International des Poids et Mesures (BIPM) are
so careful with the standard kilogram that it was only used
three times in the 20! century.

There are problems associated with defining a standard
in terms of an object, such as the standard kilogram. If
the object loses or gains mass as a result of contact or
contamination, measurements that relate to the object
change. For years, the standard kilogram was maintained
by a French technician named Georges Girard, who kept
the cylinder clean using a chamois cloth and a mixture of
ethanol and ether. Girard seemed to have just the right
touch for removing contaminants without removing any
metal. Now that he has retired, no one seems to be able
to duplicate his procedure with the correct amount of
pressure.

As the ability to measure mass becomes more exact,
the need for an accurate and easily reproduced standard
becomes more urgent. Already, modern instruments have

Wanted: A New Kilogram

shown that the copies of the standard kilogram vary slightly
in mass from the original cylinder in France. Many scientists
feel that the time has come to find a natural replacement
for the kilogram. The International Bureau of Weights and
Measures may be choosing one soon.

The copy of the standard
kilogram in the United States is
kilogram 20, produced in 1884.
Photo Courtesy of National Institute of
Standards and Technology

11
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OBJECTIVE 3

How many liters?

OBJECTIVE 4

SI Units Derived from Base Units

Many properties cannot be described directly with one of the seven SI base units. For
example, chemists often need to measure volume (the amount of space that something
occupies), and volume is not on the list of SI base units (Table 1.1). Rather than create
a new definition for volume, we derive its units from the base unit for length, the

3. can be used as a

meter. Volume can be defined as length cubed, so cubic meters, m
volume unit. Various other units are derived in similar ways.

If you have long arms, a meter is approximately the distance from the tip of your
nose to the end of your fingers when you are looking forward and extending your arm
fully. A cubic meter is therefore a fairly large volume. In fact, it’s inconveniently large
for many uses. Youd find it awkward to buy your milk by a small fraction of a cubic
meter, such as 1/1000 m?. Scientists, too, need smaller volume units. Chemists prefer
to use the liter as the base unit for volume. A liter (L) is 1/1000 (or 1072) of a cubic

meter, so there are 1000 (or 103) liters per cubic meter!. See Figure 1.2.

1L=103m3 or 103L=1m3

Figure 1.2
Liters and Cubic Meters 1 cubic meter = 1000 liters
cubic meter
|
1 L
T LT LA
= = =
T LT L
P = = .
T LT L liter
P = =
1 LT LA
= = =
AT LT L
P = =
P T
= = =
T LT LA
= = -
// L L~
// ///
| -
L1 L~ e‘eﬁ
P
L~ 0'06

\

<— one meter ——»

SI Units Derived from Metric Prefixes

Because the SI base units and derived units such as the liter are not always a convenient
size for making measurements of interest to scientists, a way of deriving new units
that are larger and smaller has been developed. For example, the meter is too small to
be convenient for describing the distance to the moon, and even the liter is too large
for measuring the volume of a teardrop. Scientists therefore attach prefixes to the base
units, which have the effect of multiplying or dividing the base unit by a power of 10.

Table 1.2 lists some of the most common metric prefixes and their abbreviations.

L you are unfamiliar with numbers such as 107 and 103 that are expressed using exponents and
scientific notation, you should read Appendix B at the end of this text.
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The unit kilometer, for example, is composed of the prefix kilo- and meter, the base
unit for length. Kilo- means 103 (or 1000), so a kilometer is 103 (or 1000) meters.
A kilometer is therefore more appropriate for describing the average distance to the
moon: 384,403 kilometers rather than 384,403,000 meters. Units derived from metric
prefixes are abbreviated by combining the abbreviation for the prefix (Table 1.2) with
the abbreviation for the unit to which the prefix is attached. The abbreviation for 4ilo-
is k and for meter is m, so the abbreviation for kilometer is km:

1 kilometer = 103 meter or 1km=10>m
Likewise, micro- means 107° (or 0.000001 or 1/1,000,000), so a micrometer is
107¢ meters. The abbreviation for micrometer is pm. (The symbol p is the Greek letter
mu.) The micrometer can be used to describe the size of very small objects, such as

the diameter of a typical human hair, which is 3 pm. This value is easier to report than
0.000003 m.

1 micrometer = 10~° meter or I pm= 10°m

Table 1.2
Some Common Metric Prefixes

OBJECTIVE 6

OBJECTIVE 7

OBJECTIVE 6

OBJECTIVE 7

OBJECTIVE 5

than the base unit than the base unit

Prefixes for units larger Prefixes for units smaller

Prefix | Abbreviation | Definition Prefix |Abbreviation | Definition

giga G 1,000,000,000 or 10? | centi c 0.01 or 1072

mega M 1,000,000 or 10° milli

0.001 or 1073

kilo k 1000 or 103 micro

0.000001 or 107

5 = | B

nano

0.000000001 or 1072

pico

e}

0.000000000001 or 10712

ExavpLE 1.1 - Units Derived from Metric Prefixes

Complete the following relationships. Rewrite the relationships using abbreviations
for the units.

a. 1 gigagram =? gram

b. 1 centimeter = ? meter

c. 1 nanometer = ? meter

Solution

Refer to Table 1.2 until you have the prefixes memorized.
a. The prefix giga (G) means 107, so
1 gigagram = 107 gram  or 1 Gg-= 107 g
b. The prefix centi (c) means 1072, so
1 centimeter = 1072 meter or lcm=10"2m
c. 'The prefix nano (n) means 107, so
1 nanometer = 10~ meter  or lnm=10"7m

9

OBJECTIVE 6

OBJECTIVE 7

13
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Y
T Exercise 1.1 - Units Derived from Metric Prefixes
OsJECTIVE 6 Complete the following relationships. Rewrite the relationships using abbreviations
OBJECTIVE 7 for the units.
a. 1 megagram =? gram
b. 1 milliliter = ? liter
More about Length Units
Although scientists rarely use the centuries old English system of measurement, it is
still commonly used in the United States to describe quantities in everyday life. Figure
1.3 might help you to learn the relationships between metric and English length units?.
OBJECTIVE 8 A kilometer is a little more than 5 mile. The distance between the floor and a typical
doorknob is about 1 meter; the width of the fingernail on your little finger is probably
about 1 centimeter; and the diameter of the wire used to make a typical paper clip is
about 1 millimeter. Figure 1.4 shows the range of lengths.
Figure 1.3
English and Metric Length Units 1 mi = 1.609 km
OsJecTIVE 8
1 km = 0.6214 mi
) " A mile is four
kilometers Lo+ v+ v 1 ¢+ v v o Vo v 0 00y .
times around a
| 1 km typical high
miles T T 7 7177 school track.
I mi
I m=3.281ft
1 ft=0.3048 m
meters | i \
1 meter
I m /
feet | | |

centimeters

inches

1ft
lin. =2.54 cm
=25.4 mm '
1 cm = 0.3937 in. I centimeter —
1 mm = 0.03937 in.

i T I O |||||||||I||||

I mm 1 cm

| .

e L | L1 1 millimeter
1 in. =

2 These relationships between these units and many others are found in Appendix A.
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Figure 1.4

The Range of Lengths  (The relative sizes of these measurements cannot be shown on such a small page. The wedge
and the numbers of increasing size are to remind you that each numbered measurement on the scale represents 100,000
times the magnitude of the preceding numbered measurement.)

More About Volume Units

The relationships in Figure 1.5 might help you to develop a sense of the sizes of typical
metric volume units. A liter is slightly larger than a quart. There are 4.93 milliliters in
a teaspoon, so when the label on the bottle of a typical liquid children’s pain reliever
suggests a dosage of one teaspoon, the volume given will be about 5 milliliters. There
are 29.57 milliliters per fluid ounce (fl 0z). A typical bottle of nail polish contains 0.5
fl oz. Figure 1.6 on the next page shows the range of volumes.

Another common volume unit is the cubic centimeter, cm3, which is equivalent to
a milliliter.

lcm?=1mL OsgsecTive 10
Figure 1.5
OsJecTive 9 English and Metric Volume Units
1 L=1.057qt
1gal =3785L 1 qe_094641  =0.2642 gl

1 fluid ounce (0z) | 1,1~ 0.03381 fl oz

1 milliliter (mL)
1floz=29.57 mL = about 20 drops
1 gallon (gal) lqtor32floz 1 liter (1)

or 4 quarts (qt) or 1000 mL

15
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page. The wedge and the numbers of increasing size are to remind you that each numbered measurement on the scale
represents 10,000,000,000 times the magnitude of the preceding numbered measurement.)

Mass and Weight

The terms mass and weight are often used as if they meant the same thing. The two

OssecTive 11 properties are indeed related, but they are not identical. Mass is usually defined as a
measure of the amount of matter in an object (matter is defined as anything that has
mass and takes up space). In contrast, the weight of an object is a measure of the force
of gravitational attraction between it and a significantly large body, such as the earth or

OsJECTIVE 12 the moon. An object’s weight on the surface of the earth depends on its mass and on
the distance between it and the center of the earth. In fact, mass can be defined as the
property of matter that leads to gravitational attractions between objects and therefore
gives rise to weight. As an object’s mass increases, its weight increases correspondingly.
However, as the distance between an object and the earth increases, the object’s weight
decreases while the amount of matter it contains, and therefore its mass, stays the
same.

In the SI system, units such as gram, kilogram, and milligram are used to describe
mass. People tend to use the terms mass and weight interchangeably and to describe
weight with mass units too. However, because weight is actually a measure of the force
of gravitational attraction for a body, it can be described with force units. The accepted
SI force unit is the newton, N. If your mass is 65 kg, your weight on the surface of
the earth—the force with which you and the earth attract each other—is 637 N. The
chemist is not generally concerned with the weight of objects, so neither weight nor its
unit will be mentioned in the remaining chapters of this book.

Figure 1.7 might help you to develop a sense of the sizes of typical metric mass units,

and Figure 1.8 shows the range of masses.
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11b=4536¢g
1 kg =2.205 Ib 1 Mg=1000kg =1t

loz=28.35g

About 2.5 grams (g) or

about 0.088 ounce (0z)
About 1 kilogram (kg) or About 1 megagram (Mg) or 1 metric ton (t)

about 2.2 pounds (Ib)

OgJecTIvVE 13 OsJecTIVE 14 Figure 1.7  English and Metric Mass Units
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Figure 1.8  The Range of Masses (The relative sizes of these measurements cannot be shown on such a small
page. The wedge and the numbers of increasing size are to remind you that each numbered measurement on the scale
represents 10,000,000,000 times the magnitude of the preceding numbered measurement.)

Temperature

It may surprise you to learn that temperature is actually a measure of the average
motion of the particles in a system. Instead of saying that the temperature is “higher”
today than yesterday, you could say that the particles in the air are moving faster. By
the time we return to a description of temperature measurements and temperature
calculations, in Chapters 7 and 8, you will be much better prepared to understand the
physical changes that take place when the temperature of an object changes, as well as
how we measure these changes. For now, it is enough to have some understanding of
the relationships between the three common temperature scales: Celsius, Fahrenheit,
and Kelvin.

17
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OBJecTivE 15

OBJECTIVE 16

OBJecTIVE 15

OBJECTIVE 16

OBJECTIVE 15

For the Celsius scale, the temperature at which water freezes is defined as 0 °C,
and the temperature at which water boils is defined as 100 °C. Thus a degree Celsius,
°C, is 1/100 of the temperature difference between freezing and boiling water
(Figure 1.9). For the Fahrenheit scale, which is still commonly used in the US, the
temperature at which water freezes is defined as 32 °F and the temperature at which
water boils is defined as 212 °E There are 180 °F between freezing and boiling water
(212 - 32 = 180), so a degree Fahrenheit, °E is 1/180 of the temperature difference
between freezing and boiling water (Figure 1.9). Note that there are 100 °C between
freezing and boiling water, but there are 180 °F for the same temperature difference.
Thus a degree Fahrenheit is smaller than a degree Celsius. There are 180 °F per 100 °C, or
1.8 °F per 1 °C.

Figure 1.9  Celsius and Fahrenheit Thermometers

==

(

Boiling

water

Ice water

The thermometers that scientists use to measure temperature usually provide readings
in degrees Celsius, but scientists usually convert Celsius values into Kelvin values to do
calculations. The unit of measurement in the Kelvin scale is called the kelvin, K, (not
“degree kelvin”, just “kelvin”). The value 0 K is defined as absolute zero, the lowest
possible temperature. Because the temperature of an object is a measure of the degree
of motion of its particles, as the motion of the particles decreases, the temperature

of the object decreases. Absolute zero is the point beyond which the motion of the
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particles, and therefore the temperature, cannot be decreased. Absolute zero is 0 K,
-273.15 °C, and -459.67 °F. Because the zero point for the Kelvin scale is absolute zero,
all Kelvin temperatures are positive. The kelvin is defined so that its size is equal to the
size of a degree Celsius.

Figure 1.10 summarizes the relationships between the three common temperature
scales. In Chapter 8, we will use these relationships to convert measurements from one
temperature scale to another.

Celsius Kelvin Fahrenheit
Boiling water — 100 °C — 373.15 K r 212 °F
100 units < 100 units < 180 units%
Freezing water - &4 0 °C - HH 273.15K &1 32°F
Absolute zero -273.15 °C 0K -459.67 °F

Figure 1.10  Comparing Temperature Scales OBJECTIVE 15 OBJECTIVE 16

The highest temperatures in the universe are thought to be inside some stars,
where theory predicts temperatures of about 10° K (a billion kelvins). Probably the
hottest thing in your home is the tungsten filament in an incandescent light bulb,
with a temperature of about 2800 K. Molten lava is about 2000 K. Normal body
temperature is 310.2 K (98.6 °F or 37.0 °C). Normal room temperature is about
20 °C (68 °F or 293 K). The lowest temperature achieved in the laboratory is about
2 x 1078 K (0.00000002 K). Figure 1.11 shows the range of temperatures.

19

OBJECTIVE 16

Kelvin
6000 - — Surface of the
: sun
5000 ]
4000
3000 —
——Light bulb
] ament
2000 -
1000 —
<—Salt (NaCl) melts
1- Body
— temperature
0 ——Absolute zero
Figure 1.11
The Range of
Temperatures
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T 1.5 Reporting

OBJecTIVE 17

Figure 1.12
Precision and Accuracy

Values from Measurements

All measurements are uncertain to some degree. Scientists are very careful to report the
values of measurements in a way that not only shows the measurement’s magnitude
but also reflects its degree of uncertainty. Because the uncertainty of a measurement is
related to both the precision and the accuracy of the measurement, we need to begin by
explaining these terms.

Accuracy and Precision

Precision describes how closely a series of measurements of the same object resemble
each other. The closer the measurements are to each other, the more precise they are.
The precision of a measurement is not necessarily equal to its accuracy. Accuracy
describes how closely a measured value approaches the true value of the property.

To get a better understanding of these terms, let’s imagine a penny that has a true
mass of 2.525 g. If the penny is weighed by five different students, each using the same
balance, the masses they report are likely to be slightly different. For example, the
reported masses might be 2.680 g, 2.681 g, 2.680 g, 2.679 g, and 2.680 g. Because the
range of values is +0.001 g of 2.680 g, the precision of the balance used to weigh them
is said to be +0.001 g, but notice that none of the measured values is very accurate.
Although the precision of our measurement is +0.001 g, our measurement is inaccurate
by 0.155 g (2.680 — 2.525 = 0.155). Scientists recognize that even very precise
measurements are not necessarily accurate. Figure 1.12 provides another example of
the difference between accuracy and precision.

\
.
Q

This archer is precise This archer is precise This archer is imprecise
but not accurate. and accurate. and inaccurate.
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Describing Measurements

Certain standard practices and conventions make the taking and reporting of
measurements more consistent. One of the conventions that scientists use for reporting
measurements is to report all of the certain digits and one estimated (and thus uncertain)
digit.

Consider, for example, how you might measure the volume of water shown in the
graduated cylinder in Figure 1.13. (Liquids often climb a short distance up the walls
of a glass container, so the surface of a liquid in a graduated cylinder is usually slightly
curved. If you look from the side of the cylinder, this concave surface looks like a bubble.
The surface is called a meniscus. Scientists follow the convention of using the bottom
of the meniscus for their reading.) The graduated cylinder in Figure 1.13 has rings
corresponding to milliliter values and smaller divisions corresponding to increments
of 0.1 mL. When using these marks to read the volume of the liquid shown in Figure
1.13, we are certain that the volume is between 8.7 mL and 8.8 mL. By imagining that
the smallest divisions are divided into 10 equal parts, we can estimate the hundredth
position. Because the bottom of the meniscus seems to be about four-tenths of the
distance between 8.7 mL and 8.8 mL, we report the value as 8.74 mL. Because we
are somewhat uncertain about our estimation of the hundredth position, our value of
8.74 mL represents all of the certain digits and one uncertain digit.

9

— Comparing the position of the
bottom of the meniscus and
8 the milliliter scale yields a
measurement of 8.74 mL.

Scientists agree to assume that the number in the last reported decimal place has an
uncertainty of +1 unless stated otherwise. Example 1.2 shows how this assumption is

applied.

25 Figure 1.13
15 Measuring Volume with a
Graduated Cylinder

ExamvpLE 1.2 — Uncertainty

If you are given the following values that are derived from measurements, what will
you assume is the range of possible values that they represent?

a. 5.4 mL c.2.34 %103 kg
b. 64 cm

Solution

We assume an uncertainty of +1 in the last decimal place reported.
a. 5.4 mL means 5.4+ 0.1 mL or 5.3 to 5.5 mL.
b. 64 cm means 64 + 1 cm or 63 to 65 cm.
c. 2.34 % 10° kg means (2.34 + 0.01) X 103 kg
or 2.33 X 103 kg t0 2.35 X 103 kg.

OBJECTIVE 18

OBJecTIVE 19

OBJECTIVE 19

21
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OBJecTIVE 19

Exercise 1.2 — Uncertainty

If you are given the following values that are derived from measurements, what will
you assume is the range of possible values that they represent?

a. 72 mL

b. 8.23 m

c. 455X107¢

Sometimes it is necessary to use trailing zeros to show the uncertainty of a
measurement. If the top of the liquid in the graduated cylinder shown in Figure 1.14
is right at the 8-mL mark, you would report the measurement as 8.00 mL to indicate
that the uncertainty is in the second decimal place. Someone reading 8.00 mL would
recognize that the measured amount was between 7.99 mL and 8.01 mL. Reporting
8 mL would suggest an uncertainty of +1 mL, in which case the amount would be
assumed to lie anywhere between 7 mL and 9 mL.

Figure 1.14
Reporting Values
with Trailing Zeros

OBJECTIVE 18

OBJECTIVE 18

We report 8.00 mL to show an
uncertainty of +0.01 mL.

There are other ways to decide how to report values from measurements. For
example, the manufacturer of the graduated cylinder in Figure 1.14 might inform
you that the lines have been drawn with an accuracy of 0.1 mL. Therefore, your
uncertainty when measuring with this graduated cylinder will always be at least
10.1 mL, and your values reported should be to the tenth position. In this case, the
volumes in Figure 1.13 and 1.14 would be reported as 8.7 mL and 8.0 mL.

In general, though, unless you are told to do otherwise, the conventional practice in
using instruments such as a graduated cylinder is to report all of your certain digits and
one estimated digit. For example, if you were asked to measure the volumes shown in
Figures 1.13 and 1.14, you would report 8.74 mL and 8.00 mL unless you were told

to report your answer to the tenth place.
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ExampLE 1.3 - Uncertainty in Measurement

Consider a laboratory situation where five students are asked to measure the
length of a piece of tape on a lab bench with a meter stick. The values reported are
61.94 cm, 62.01 cm, 62.12 cm, 61.98 cm, and 62.10 cm. The average of these values
is 62.03 cm. How would you report the average measurement so as to communicate

the uncertainty of the value?

Solution

If we compare the original measured values, we see that they vary in both the tenth
and hundredth decimal places. Because we only report one uncertain decimal place,
we report our answer as 62.0 cm. The final zero must be reported to show that we
are uncertain by 0.1 cm. (When we also consider the uncertainties that arise from
the difficulty in aligning the meter stick with the end of the tape and the difhculty
estimating between the lines for the very tiny 0.1 cm divisions, it is reasonable to
assume that our uncertainty is no better than +0.1 cm.)

9

Exercise 1.3 - Uncertainty in Measurement

Let’s assume that four members of your class are asked to measure the mass of a dime.
The reported values are 2.302 g, 2.294 g, 2.312 g, and 2.296 g. The average of these
values is 2.301 g. Considering the values reported and the level of care you expect
beginning chemistry students to take with their measurements, how would you report

the mass so as to communicate the uncertainty of the measurement?

Digital Readouts

The electronic balances found in most scientific laboratories have a digital readout that
reports the mass of objects to many decimal positions. For example, Figure 1.15 shows
the display of a typical electronic balance that reports values to the ten-thousandth of
a gram, or to a tenth of a milligram. As you become more experienced, you will realize
that you are not always justified in reporting a measurement to the number of positions
shown on a digital readout. For the purposes of this course, however, if you are asked to
make a measurement using an instrument that has a digital readout, you should report

all of the digits on the display unless told to do otherwise.

Figure 1.15
1014315 The Display of a Typical Electronic Balance

OBJecTIVE 18

OBJECTIVE 18

OBJECTIVE 18
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Chapter
Glossary

Chemistry The study of the structure and behavior of matter.

Value A number and unit that together represent the result of a measurement or
calculation. The distance of a particular race, for example, may be reported as a
value of 100 meters.

Unit A defined quantity based on a standard. For example, in the value 100 meters,
meter is the unit.

Base units The seven units from which all other units in the SI system of measurement
are derived.

Mass The amount of matter in an object. Mass can also be defined as the property of
matter that leads to gravitational attractions between objects and therefore gives
rise to weight.

Weight A measure of the force of gravitational attraction between an object and a
significantly large object, such as the earth or the moon.

Matter Anything that has mass and occupies space.

Absolute zero  Zero kelvins (0 K), the lowest possible temperature, equivalent to
—273.15 °C. It is the point beyond which motion can no longer be decreased.
Precision The closeness in value of a series of measurements of the same entity. The

closer the values of the measurements, the more precise they are.

Accuracy How closely a measured value approaches the true value of a property.

You can test yourself on the glossary terms at the textbook’s Web site.

Chapter
Objectives

Notations in the text margins show where each objective is addressed in the
chapter. If you do not understand an objective, or if you do not know how to meet it,
find the objective number in the chapter body and reread the corresponding segment
of text.

The goal of this chapter is to teach you to do the following.
1. Define all of the terms in the Chapter Glossary.

Section 1.3 The Scientific Method

2. Describe how science in general is done.

Section 1.4 Measurement and Units

3. Use the International System of Measurements (SI) base units and their
abbreviations to describe length, mass, time, temperature, and volume.

4. Describe the relationship between liters and cubic meters.

5. State the numbers or fractions represented by the following metric prefixes, and
write their abbreviations: giga, mega, kilo, centi, milli, micro, nano, and pico.
(For example, kilo is 103 and is represented by k.)

6. Describe the relationships between the metric units that do not have prefixes
(such as meter, gram, and liter) and units derived from them by the addition of
prefixes. (For example, 1 km = 103 m.)


http://www.preparatorychemistry.com/Bishop_Glossary_1_frames.htm

10.
11.
12.
13.

14
15
16

Chapter Objectives

Given a metric unit, write its abbreviation; given an abbreviation, write the full
name of the unit. (For example, the abbreviation for milligram is mg.)

Use everyday examples to describe the approximate size of a millimeter, a
centimeter, a meter, and a kilometer.

Use everyday examples to describe the approximate size of a milliliter, a liter, and
a cubic meter.

Describe the relationship between cubic centimeters and milliliters.

Describe the relationship between mass and weight.

Name the two factors that cause the weight of an object to change.

Use everyday examples to describe the approximate size of a gram, a kilogram,
and a megagram.

. Describe the relationships between metric tons, kilograms, and megagrams.

. Describe the Celsius, Fahrenheit, and Kelvin temperature scales.

. Describe the relationship between a degree Celsius, a degree Fahrenheit, and a

kelvin.

Section 1.5 Reporting Values from Measurements

17

18
19

. Given values for a series of measurements, state the precision of the
measurements.

. Report measured values so as to show their degree of uncertainty.

. Given a value derived from a measurement, identify the range of possible values
it represents based on the assumption that its uncertainty is +1 in the last position

reported. (For example, 8.0 mL says the value could be from 7.9 mL to 8.1 mL.)

25
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T Key ldeas Complete the following statements by writing one of these words or phrases in each
blank.
0°C kg
100 °C magnitude
32 °F m
212 °F mass
accuracy meter
applications observation
base units precision
Celsius prefixes
certain published
data research
derive research or experimentation
distance second
estimated standard
hypothesis temperature
hypothesizing and testing time
K uncertain
kelvin uncertainty
kilogram
1. Complete this brief description of common steps in the development of scientific

and the collection of

. This leads
to a more purposeful collection of information in the form of systematic

. The hypothesis is refined on the basis of the new information,
and is designed to test the hypothesis. The results are

ideas: The process begins with

. Next, scientists make an initial

so that other scientists might repeat the research and confirm
or refute the conclusions. If other scientists confirm the results, the hypothesis

becomes accepted in the scientific community. The next step of this scientific
of the new ideas. This often leads
in order to refine the applications.

method is a search for useful
to another round of

In the past, as measuring techniques became more precise and the demand for

accuracy increased, the on which people based their units were

improved.

The , which has an abbreviation of , is the
accepted SI base unit for length.

The , which has an abbreviation of , is the
accepted SI base unit for mass.

The , which has an abbreviation of s, is the accepted SI base
unit for

The kelvin, which has an abbreviation of
base unit for .

Many properties cannot be described directly with one of the seven SI

. Rather than create new definitions for new units, we

, is the accepted SI

units from the units of meter, kilogram, second, kelvin, mole,
ampere, and candela.
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8. Because the SI base units (such as the meter) and derived units (such as the liter)
are not always a convenient size for making measurements of interest to scientists,

a way of deriving new units that are larger and smaller has been developed.
Scientists attach
multiplying or dividing the base unit by a power of 10.

9. An object’s weight on the surface of the earth depends on its

and on the between it and the center of the earth.

to the base units, which have the effect of

10. For the Celsius scale, the temperature at which water freezes is defined as

United States, the temperature at which water freezes is defined as

11

readings in degrees

into

12. All measurements are

values to do calculations.

, and the temperature at which water boils is defined as
. For the Fahrenheit scale, which is still commonly used in the

, and the temperature at which water boils is defined as

The thermometers that scientists use to measure temperature generally provide
, but scientists usually convert these values

to some degree. Scientists are very
careful to report the values of measurements in a way that not only shows the

measurement’s but also reflects its degree of
The uncertainty of a measurement is related to both the and
the of the measuring instrument.

13. One of the conventions that scientists use for reporting measurements is to
report all of the digits and one (and thus

uncertain) digit.

Chapter
Section 1.3 The Scientific Method Problems
14. Describe how science in general is done. OBJECTIVE 2
Section 1.4 Measurement and Units
15. Complete the following table by writing the property being measured (mass, OsJECTIVE 3
length, volume, or temperature) and either the name of the unit or its OBJECTIVE 7
abbreviation.
Type of Type of
Unit measurement | Abbreviation Unit measurement | Abbreviation
megagram nanometer
mL K
16. Complete the following table by writing the property being measured (mass, OBJECTIVE 3
length, volume, or temperature), and either the name of the unit or its SEECTIVE
abbreviation.
Type of Type of
Unit measurement | Abbreviation Unit measurement | Abbreviation
GL kilogram
micrometer °C
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17. Convert the following ordinary numbers to scientific notation. (See Appendix B

at the end of this text if you need help with this.)

a. 1,000 c. 0.001
b. 1,000,000,000 d. 0.000000001

18. Convert the following ordinary numbers to scientific notation. (See Appendix B
at the end of this text if you need help with this.)

a. 10,000 c. 0.0001
b. 100 d. 0.01

19. Convert the following numbers expressed in scientific notation to ordinary
numbers. (See Appendix B at the end of this text if you need help with this.)
a. 107 c. 1077
b. 10'2 d. 10712

20. Convert the following numbers expressed in scientific notation to ordinary
numbers. (See Appendix B at the end of this text if you need help with this.)

a. 10° c. 107
b. 10° d. 107°

OBJECTIVE 6 21. Complete the following relationships between units.

(@] 10

BIECTIVE a. m=1km d. cm® =1 mL

OsJecTivE 14
b. L=1mL e. kg = 1 t (t = metric ton)
c. g=1Mg

OBJECTIVE 4 22. Complete the following relationships between units.

OBJECTIVE 6 e d L -1 b

OgJECTIVE 14 —8= & - —— = m
b. L=1uL e. Mg =1 t (t = metric ton)
C. m=1nm

OBJECTIVE 8 23. Would each of the following distances be closest to a millimeter, a centimeter, a

meter, or a kilometer?
a. the width of a bookcase
b. the length of an ant
c. the width of the letter “t” in this phrase
d. the length of the Golden Gate Bridge in San Francisco
24. Which is larger, a kilometer or a mile?
25. Which is larger, a centimeter or an inch?
26. Which is larger, a meter or a yard?
OBJECTIVE 9 27. Would the volume of each of the following be closest to a milliliter, a liter, or a
cubic meter?
a. avitamin tablet
b. a kitchen stove and oven

c. this book
28. Which is larger, a liter or a quart?



29.
30.

31.
32.
33.
34.

35.

36.
37.
38.

39

Which is larger, a milliliter or a fluid ounce?
Would the mass of each of the following be closest to a gram, a kilogram, or a
metric ton?

a. a Volkswagen Beetle

b. aTexas-style steak dinner

c. a pinto bean

Explain the difference between mass and weight.

Which is larger, a gram or an ounce?

Which is larger, a kilogram or a pound?

Which is larger, a metric ton or an English short ton? (There are 2000 pounds
per English short ton.)

On July 4, 1997, after a 7-month trip, the Pathfinder spacecraft landed on Mars
and released a small robot rover called Sojourner. The weight of an object on
Mars is about 38% of the weight of the same object on Earth.

a. Explain why the weight of an object is less on Mars than on Earth.

b. Describe the changes (if any) in the mass and in the weight of the rover
Sojourner as the Pathfinder spacecraft moved from Earth to the surface of
Mars. Explain your answer.

Which is larger, a degree Celsius or a degree Fahrenheit?

How does a degree Celsius compare to a kelvin?

Which is the smallest increase in temperature: 10 °C (such as from 100 °C to
110 °C), 10 K (such as from 100 K to 110 K), or 10 °F (such as from 100 °F to
110 °F)?

. Is the temperature around you now closer to 100 K, 200 K, or 300 K?

Section 1.5 Reporting Values from Measurements

40

41.

. You find an old bathroom scale at a garage sale on your way home from getting
a physical exam from your doctor. You step on the scale, and it reads 135 Ib. You
step off and step back on, and it reads 134 Ib. You do this three more times and
get readings of 135 Ib, 136 Ib, and 135 Ib.

a. What is the precision of this old bathroom scale? Would you consider this
adequate precision for the type of measurement you are making?

b. The much more carefully constructed and better-maintained scale at the
doctor’s office reads 126 Ib. Assuming that you are wearing the same clothes
that you wore when the doctor weighed you, do you think the accuracy of
the old bathroom scale is high or low?

Given the following values that are derived from measurements, what do you
assume is the range of possible values that each represents?

30.5 m (the length of a whale)

b. 612 g (the mass of a basketball)

c. 1.98 m (Michael Jordan’s height)

d. 9.1096 x 10728 g (the mass of an electron)

e. 1.5 x 108 m3 (the volume of the ocean)

o
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OBJECTIVE 13

OBJECTIVE 11

OBJECTIVE 12

OBJECTIVE 16
OBJECTIVE 16

OBJECTIVE 16

OBJECTIVE 17

OBJecTIVE 19



30

Chapter 1 ) An Introduction to Chemistry

OBJECTIVE 19 42. If you are given the following values that come directly or indirectly from

measurements, what will you assume is the range of possible values that they
represent?

a. 2.2 L (the volume of a basketball)
b. 3 pm (the diameter of a hair)
c. 2.0 x 107 nm (the diameter of a proton)
d. 1.98 x 10° kg (the mass of a whale)
43. The accompanying drawings show portions of metric rulers on which the

numbers correspond to centimeters. The dark bars represent the ends of objects
being measured.

OBJECTIVE 18

'I‘IIII|IIII‘IIII|IIII‘Illl 'I‘IIII|IIII‘IIII|IIII‘Illl
7 8 ) 7 8 )

a. Ifyou were not given any specific instructions for reporting your values, what
length would you record for each of these measurements?

b. If you were told that the lines on the ruler are drawn accurately to 0.1 cm,

how would you report these two lengths?
OsecTivE 18 44. 'The images below show a typical thermometer at two different temperatures. The

units are degrees Celsius.

— e WWe W

30 l 30

20 I 20

a. If you were not given any specific instructions for reporting your values, what
temperature would you record for each of these readings?
If you were told that the lines on the thermometer are drawn accurately to

+1 °C, how would you report these two temperatures?



45. At a track meet, three different timers report the times for the winner of a 100-m
sprint as 10.51 s, 10.32 s, and 10.43 s. The average is 10.42 s. How would
you report the time of the sprinter in a way that reflects the uncertainty of the
measurements?

46. Suppose that five students read a thermometer and reported temperatures of
86.6 °C, 86.8 °C, 86.6 °C, 86.8 °C, and 87.0 °C. The average of these values is
86.8 °C. How would you report this average to reflect its uncertainty?

47. The image below represents the digital display on a typical electronic balance.

(M3 15

a. If the reading represents the mass of a solid object that you carefully cleaned
and dried and then handled without contaminating it, how would you report
this mass?

b. Now assume that the reading is for a more casually handled sample of a liquid
and its container. Let’s assume not only that you were less careful with your
procedure this time but also that the liquid is evaporating rapidly enough
for the reading to be continually decreasing. In the amount of time that
the container of liquid has been sitting on the pan of the balance, the mass
reading has decreased by about 0.001 g. How would you report the mass?

Discussion Topic

48. Develop your own system of measurement for length, mass, and volume based
on the objects in your immediate surroundings. Your system should have clearly
defined units and abbreviations.

a. What unit could you use to measure the length of a desk?...the distance from
here to the moon?...the diameter of an atom? What abbreviations could you
use for each of these units?

b. What unit could you use to measure the mass of this book?...the mass of
Godgzilla?...the mass of a cat’s whisker? What abbreviations could you use for
each of these units?

c. What unit could you use to measure the volume of the water that a bathtub
holds?...the volume of the planet Jupiter?...the volume of a pencil? What
abbreviations could you use for each of these units?

Chapter Problems

OBJecTIVE 18

OBJecTIVE 18

OBJecTivE 19
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CHAPTER 2
THE STRUCTURE OF MATTER AND
THE CHEMICAL ELEMENTS

One doesn’t discover new lands without consenting to lose sight of
the shore for a very long time.

Andre Gide
French Novelist and Essayist

n this chapter, we begin the journey that will lead you to an understanding of
J chemistry. Perhaps your ultimate educational goal is to know how the human body

functions or to learn how the many parts of a shoreline ecosystem work together. You
won't get very far in these studies without a basic knowledge of the chemical principles
underlying them. Even before talking about basic chemical principles, though, you
must learn some of the language of chemistry and develop an image of the physical
world that will help you to think like a chemist.

Many important tasks in life require that you learn a new language and new skills.
When you are learning to drive a car, for example, your driving instructor might tell
you that when two cars reach a four-way stop at the same time, the driver on the
left must yield the right of way. This statement won't
mean anything to you unless you already know what
a “four-way stop” is and what is meant by “yield” and
“right of way”. To drive safely, you need to learn which
of the symbols you see on road signs means “lane merges
ahead” or “steep grade”. You need to learn procedures
that will help you make lane changes and parallel park.

Chemistry, like driving a car, uses a language and
skills of its own. Without a firm foundation in these
fundamentals, a true understanding of chemistry
is impossible. This chapter begins to construct that
foundation by introducing some key aspects of the
chemists’ view of matter.

Review Skills

The presentation of information in this chapter assumes that you can already perform
the tasks listed below. You can test your readiness to proceed by answering the Review
Questions at the end of the chapter. This might also be a good time to read the Chapter

Objectives, which precede the Review Questions.

m  Define matter. (Chapter 1 Glossary) m  Using everyday examples,
m  Write the SI base units for mass describe the general size of a
and length and their abbreviations. meter and a gram. (Section 1.4)

(Section 1.4)

2.1

2.2

2.3

2.4

2.5

T

Solids, Liquids, and
Gases

The Chemical
Elements

The Periodic Table of
the Elements

The Structure of the
Elements

Common Elements
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T 2.1 Solids, Liquids, and Gases

OBJECTIVE 2

OBJECTIVE 3

A chemist’s primary interest, as described in Chapter 1, is the behavior of matter, but
to understand the behavior of matter, we must first understand its internal structure.
What are the internal differences between the granite of Half Dome in Yosemite, the
olive oil added to your pasta sauce, and the helium in a child’s balloon? A simple model
of the structure of matter will help us begin to answer this question.

A model is a simplified approximation of reality. For example, architects
often build a model of a construction project before actual construction
begins. The architect’s model is not an exact description of the project, but
it is still very useful as a representation of what the structure will be like.
Scientific models are like the architects’ models; they are simplified but useful
representations of something real. In science, however, the models are not
always physical entities. Sometimes they are sets of ideas instead.

In the last hundred years, there has been a tremendous increase in our
understanding of the physical world, but much of that understanding is based on
extremely complicated ideas and mathematics. The application of the most sophisticated
forms of these modern ideas is difficult, and not very useful to those of us who are
not well trained in modern physics and high-level mathematics. Therefore, scientists
have developed simplified models for visualizing, explaining, and predicting physical
phenomena. For example, we are about to examine a model that will help you visualize
the tiny particles of the solid metal in a car’s engine block, the liquid gasoline in the
car’s tank, and the gaseous exhaust fumes that escape from its tail pipe. The model
will help you understand why solids have constant shape and volume at a constant
temperature, why liquids have a constant volume but can change their shape, and why
gases can easily change both their shape and volume. Our model of the structure of
solids, liquids, and gases says that

m  All matter is composed of tiny particles. (We will start by picturing these as
tiny spheres.)

m  These particles are in constant motion.

m  The amount of motion is related to temperature. Increased temperature
reflects increased motion.

m  Solids, gases, and liquids differ in the freedom of motion of their particles
and in how strongly the particles attract each other.

Solids

Why does the metal in a car’s engine block retain its shape as you drive down the road
while the fuel in the car’s gas tank conforms to the shape of the tank? What's happening
on the submicroscopic level when solid metal is melted to a liquid, and why can molten
metal take the shape of a mold used to form an engine block? Our model will help us
to answer these questions.

According to our model, the particles of a solid can be pictured as spheres held

closely together by strong mutual attractions. (Figure 2.1). All the particles are in
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motion, bumping and tugging one another. Because they’re so crowded and exert such
strong mutual attractions, however, they only jostle in place. Picture yourself riding on
particle 1 in Figure 2.1. An instant before the time captured in the figure, your particle
was bumped by particle 3 and sent toward particle 5. (The curved lines in the figure
represent the momentary direction of each particle’s motion and its relative velocity.)
This motion continues until the combination of a bump from particle 5 and tugging
from particles 2, 3, and 4 quickly bring you back toward your original position. Perhaps
your particle will now head toward particle 2 at a greater velocity than it had before,
but again, a combination of bumps and tugs will send you back into the small space
between the same particles. A ride on any of the particles in a solid would be a wild OsJECTIVE 4
one, with constant changes in direction and velocity, but each particle will occupy the
same small space and have the same neighbors.
When a solid is heated, the average speed of the moving particles increases. Faster- OBJECTIVE 5
moving particles collide more violently, causing each particle to push its neighbors
farther away. Therefore, an increase in temperature usually causes a solid to expand
somewhat (Figure 2.1).

Figure 2.1

OBJECTIVE 2 OBJECTIVE 4 OBJECTIVE 5 Particles of a Solid

.9
CXIC

Moving particles
bump and tug
one another but
stay in the same
small space.

e If the lubricating or
cooling system fails,
engine expansion
may cause a piston to

o Friction of moving jam in the cylinder.

parts causes
temperature to rise.

9 As temperature

rises, particles are leShCC? ﬁuth?d
move faster apart, and the soli
expands.

and bump harder.
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OBJECTIVE 6

OBJECTIVE 7

OBJECTIVE 2

OBJECTIVE 8

Figure 2.2
Particles of a Liquid

Liquids
If any solid is heated enough, the movements of the particles become sufficiently
powerful to push the other particles around them completely out of position. Look
again at Figure 2.1. If your particle is moving fast enough, it can push adjacent particles
out of the way entirely and move to a new position. For those adjacent particles to
make way for yours, however, they must push the other particles around them aside. In
other words, for one particle to move out of its place in a solid, all of the particles must
be able to move. The organized structure collapses, and the solid becomes a liquid.
Particles in a liquid are still close together, but there is generally more empty space
between them than in a solid. Thus, when a solid substance melts to form a liquid,
it usually expands to fill a slightly larger volume. Even so, attractions between the
particles keep them a certain average distance apart, so the volume of the liquid stays
constant at a constant temperature. On the other hand, because the particles in a
liquid are moving faster and there is more empty space between them, the attractions
are easily broken and reformed, and the particles change location freely. Eventually,
each particle gets a complete tour of the container. This freedom of movement allows
liquids to flow, taking on the shape of their container. It is this freedom of movement

that allows liquid metal to be poured into a mold where it takes the shape of an engine
block (Figure 2.2).

OBJECTIVE 2

Particles move fast
enough for
attractions to be
constantly broken
and reformed.

Particles are less
organized, with
slightly more space
between them than
in the solid.

» Particles move
throughout
the container.
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Gases

If you've ever spilled gasoline while filling your car, you know how quickly the smell
finds your nose. Our model can help you understand why.

Picture yourself riding on a particle in liquid gasoline. Because the particle is moving OBJECTIVE 9
throughout the liquid, it will eventually come to the liquid’s surface. Its direction of
movement may carry it beyond the surface into the space above the liquid, but the
attraction of the particles behind it will most likely draw it back again. On the other
hand, if your particle is moving fast enough, it can move far enough away from the
other particles to break the attractions pulling it back. This is the process by which
liquid is converted to gas. The conversion of liquid to gas is called vaporization or
evaporation (Figure 2.3).

You might also have noticed, while pumping gasoline, that the fumes smell stronger
on a hot day than on a cold day. When the gasoline’s temperature is higher, its particles
are moving faster and are therefore more likely to escape from the liquid, so that more
of them reach your nose.

It is traveling too

This particle is The kick

getting a sharp propels the \"r/ iiltrafcotiotgs to the

triple kick. particle = liquid particles to
?urf.eiice of / out of liquid. draw it back, so it
e is now a gas particle.

=
, J) \ OBJECTIVE 9
I

/ \ Figure 2.3

\ 4 The Process of Evaporation

The particles of a gas are much farther apart than in a solid or liquid. In the air around OBIECTIVE 2

us, for example, the average distance between particles is about ten times the diameter
of each particle. This leads to the gas particles themselves taking up only about 0.1%
of the total volume. The other 99.9% of the total volume is empty space. In contrast,
the particles of a liquid fill about 70% of the liquid’s total volume. According to the
model, each particle in a gas moves freely in a straight-line path until it collides with
another gas particle or with the particles of a liquid or solid. The particles are usually
moving fast enough to break any attraction that might form between them, so after
two particles collide, they bounce off each other and continue on their way alone.
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Because particles are so far apart,

there is usually no significant
attraction between them.
Particles move
in straight paths,
changing direction
and speed when
they collide.
Figure 2.4
Particles of a Gas OBIECTIVE2
OBJECTIVE 2 Picture yourself riding on a gas particle at the instant captured in Figure 2.4. You are

so far away from any other particles that you think you are alone in the container. An
instant later, you collide with a particle that seems to have come out of nowhere. The
collision changes your direction and velocity. In the next instant, you are again moving
freely, as if your particle was the only one in the universe.

OgJeCTIVE 10 Unlike the liquid, which has a constant volume, the rapid, ever-changing, and
unrestricted movement of the gas particles allows gases to expand to fill any shape or
volume of container. This movement also allows our cars’ exhaust gases to move freely

out of the cars and into the air we breathe.

You can review the information in this section and see particles of solids, liquids,

and gases in motion at the textbook’s Web site.

T 2.2 The Chemical Elements

Chemists, like curious children, learn about the world around them by taking things
apart. Instead of dissecting music boxes and battery-operated rabbits, however, they
attempt to dismantle matter, because their goal is to understand the substances from
which things are made. The model of the structure of matter presented in the last
section describes the behavior of the particles in a solid, a liquid, or a gas. But what
about the nature of the particles themselves? Are all the particles in a solid, liquid, or
gas identical? And what are the particles made of? We begin our search for the answers

to these questions by analyzing a simple glass of water with table salt dissolved in it.
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2.2 The Chemical Elements

We can separate this salt water into simpler components in a series of steps. First,
heating can separate the salt and the water; the water will evaporate, leaving the salt
behind. If we do the heating in what chemists call a distillation apparatus, the water
vapor can be cooled back to its liquid form and collected in a separate container (Figure
2.5). Next, the water can be broken down into two even simpler substances—hydrogen
gas and oxygen gas—by running an electric current through it. Also, we can melt the
dry salt and then run an electric current through it, which causes it to break down into
sodium metal and chlorine gas.

e Water evaporates
and water vapor
travels through here.

o Salt water is

placed in this
flask and heated. e Salt does not
evaporate, so it
remains here.
Water is
collected here.
Figure 2.5
Distillation

Water can be separated from salt water on a small scale using a laboratory distillation apparatus.

Thus the salt water can be converted into four simple substances: hydrogen, oxygen,
sodium, and chlorine (Figure 2.6 on the next page). Chemists are unable to convert
these four substances into simpler ones. They are four of the building blocks of matter
that we call elements, substances that cannot be chemically converted into simpler
ones. (We will get a more precise definition of elements after we have explored their
structure in more detail.)

The rest of this chapter is devoted to describing some common elements. Water,
which consists of the elements hydrogen and oxygen, and salt, which consists of
the elements sodium and chlorine, are examples of chemical compounds, which are
described in Chapter 3. The mixture of salt and water is an example of a solution.
Mixtures and solutions are described in Chapter 4.

39
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Salt water
|
Distillation
[
Salt
\ Water
| |
Electric current Electric current
| | |
These substances
are elements, because
(, they cannot be broken
down into simpler
substances by
Sodium Chlorine Hydrogen Oxygen chemical means.
metal gas gas gas |
Figure 2.6

Separation of Salt Water into Four Substances

Millions of simple and complex substances are found in nature or produced in the
chemical laboratory, but the total number of elements that combine to form these
substances is much, much smaller. By the year 2003, 114 elements had been discovered,
but 24 of these elements are not found naturally on the earth, and chemists do not
generally work with them. Of these 24 elements, 2 or 3 might exist in stars, but the
rest are not thought to exist outside the physicist’s laboratory. (See Special Topic 2.1:
Why Create New Elements?) Some of the elements found in nature are unstable; that
is, they exist for a limited time and then turn into other elements in a process called
radioactive decay. Of the 83 stable elements found in nature, many are rare and will
not be mentioned in this text. The most important elements for our purposes are listed
on Table 2.1.

Each of the elements is known by a name and a symbol. The names were assigned
in several ways. Some of the elements, such as francium and californium, were named
to honor the places where they were discovered. Some have been named to honor
important scientists. An element discovered in 1982 has been named meitnerium to
honor Lise Meitner (1878-1968), the Austrian-Swedish physicist and mathematician
who discovered the element protactinium and made major contributions to the



understanding of nuclear fission. Some names reflect the source from which
scientists first isolated the element. The name hydrogen came from the
combination of the Greek words for “water“(hydro) and “forming” (genes).
Some elements, such as the purple element iodine, are named for their
appearance. lodos means violet in Greek.

The symbols for the elements were chosen in equally varied ways. Some
are the first letter of the element’s name. For example, C represents carbon.
Other symbols are formed from the first letter and a later letter in the
name. When two letters are used, the first is capitalized and the second
remains lowercase. Cl is used for chlorine and Co for cobalt. Some of the
symbols come from earlier, Latin names for elements. For example, Na for
sodium comes from the Latin natrium, and Au for gold comes from the

Latin aurum, which means shining dawn. The most recently

discovered elements have not been officially named yet. They are

given temporary names and three-letter symbols.

In your study of chemistry, it will be useful to learn the names

and symbols for as many of the elements in Table 2.1 as you can.

Ask your instructor which of the element names and symbols

you will be expected to know for your exams.

Table 2.1

Common Elements

OBJecTivE 11

2.2 The Chemical Elements

Lise Meitner

Courtesy of Hahn-Meitner Institute

Jewelry can be made from the

elements gold, silver, copper, and

carbon in the diamond form.

ELEMENT | SymMBOL ELemeENT | SymBOL ELemeENT | SymBOL
aluminum Al gold Au oxygen @)
argon Ar helium He phosphorus P
barium Ba hydrogen H platinum Pt
beryllium Be iodine I potassium K
boron B iron Fe silicon Si
bromine Br lead Pb silver Ag
cadmium Cd lithium Li sodium Na
calcium Ca magnesium Mg strontium Sr
carbon C manganese Mn sulfur S
chlorine Cl mercury Hg tin Sn
chromium Cr neon Ne uranium U
copper Cu nickel Ni xenon Xe
fluorine F nitrogen N zinc Zn

You can practice converting between element names and symbols at the

textbook’s Web site.

41
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T 2.3 The Periodic Table of the Elements

Hanging on the wall of every chemistry laboratory, and emblazoned on many a
chemist’s favorite mug or T-shirt, is one of chemistry’s most important basic tools, the
periodic table of the elements (Figure 2.7). This table is like the map of the world on
the wall of every geography classroom. If a geography instructor points to a country
on the map, its location alone will tell you what the climate would be like and perhaps
some of the characteristics of the culture. Likewise, you may not be familiar with the
element potassium, but we shall see that the position of its symbol, K, on the periodic
table, tells us that this element is very similar to sodium and that it will react with the
element chlorine to form a substance that is very similar to table salt.

The elements are organized on the periodic table in a way that makes it easy to find
important information about them. You will quickly come to appreciate how useful

the table is when you know just a few of the details of its arrangement.

Figure 2.7
Periodic Table of the Elements
18
8A
1 2 ) 13 14 15 16 17 [ »
1A 2A 11y 3A 4A SA 6A  7A | He
3 4 5 6 7 8 9 | 10
2| Li | Be B|C|N|O]| F |Ne
1| 12 3 4 s 6 7 8 9 10 11 12 13] 14| 15] 16/ 17| 18
3| Na | Mg 3 48 SB 6B 7B 8B 8B 8B IB 2B | Al | Si | P | S | Cl | Ar
4 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti V | Ct | Mn| Fe | Co | Ni | Cu| Zn | Ga | Ge | As Se Br | Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
5 Rb | Sr Y Zr | Nb Mo | Tc | Ru | Rh | Pd | Ag | Cd | In | Sn | Sb | Te I Xe
6 55 56 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs | Ba Lu | Hf | Ta | W | Re | Os | Ir Pc | Au | Hg | TI | Pb | Bi | Po | At | Rn
7 87 88 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 | 114 | 115 | 116
Fr | Ra Lr | Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg | Uub | Uut | Uuq | Uup | Uuh
6 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La | Ce | Pr [ Nd|Pm|Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb
89 90 91 92 93 94 95 96 97 98 99 100 | 101 | 102
7 Ac Pa U |[Np|Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No

OBJECTIVE 12
OBJECTIVE 15
OBJECTIVE 17

OBJECTIVE 18

Metallic Elements Black symbols: solids

Metalloids or Semimetals

Flements Blue symbols: liquids

LEIE

Nonmetallic Elements Red symbols: gases
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The periodic table is arranged in such a way that elements in the same vertical column
have similar characteristics. Therefore, it is often useful to refer to all the elements in a
given column as a group or family. Each group has a number, and some have a group
name. For example, the last column on the right is group 18, and the elements in this
column are called noble gases.

In the United States, there are two common conventions for numbering the columns
(Figure 2.7). Check with your instructor to find out which numbering system you are
expected to know.

®m  Groups 1 to 18: The vertical columns can be numbered from 1 to 18. This
text will use this numbering convention most often.

®  Groups A and B: Some of the groups are also commonly described with a
number and the letter A or B. For example, sometimes the group headed
by N will be called group 15 and sometimes group 5A. The group headed
by Zn can be called 12 or 2B. Because this convention is useful and is
common, you will see it used in this text also. Some chemists use Roman
numerals with the A- and B-group convention.

In short, the group headed by N can be 15, 5A, or VA. The group headed by Zn can
be 12, 2B, or IIB.

The groups in the first two 18
8A

and last two columns are the D 17

ones that have names as well

as numbers. You should learn

these names; they are used
often in chemistry.

Halogens
Noble gases

w
=
L
E
3
=
<

)
<
I
v
=]
=
=
—
[+]
o
(9]
=1
=

<
=4
<

Most of the elements are
classified as metals, which
means they have the following

characteristics.

B Metals have a shiny metallic luster.
m  Metals conduct heat well and in the solid form conduct electric currents.

m  Metals are malleable, which means they are capable of being extended
or shaped by the blows of a hammer. (For example, gold, Au, can be
hammered into very thin sheets without breaking.)

There is more variation in the characteristics of the nonmetal elements. Some of
them are gases at room temperature and pressure, some are solids, and one is a liquid.
They have different colors and different textures. The definitive quality shared by all
nonmetals is that they do not have the characteristics mentioned above for metals. For
example, sulfur is a dull yellow solid that does not conduct heat or electric currents well
and is not malleable. It shatters into pieces when hit with a hammer.

OBJECTIVE 12

OBJecTIVE 13

OsJecTIvE 14
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Sulfur is brittle, not malleable.

When solid sulfur is hammered,
it shatters into many pieces

(far right).

Gold, like other metals, is
malleable; it can be hammered

into thin sheets (far right).

A few of the elements have some but not all of the characteristics of metals. These
elements are classified as metalloids or semimetals. Authorities disagree to some

]

Metalloids

—

Si

Nonmetals

Metals

Ge

As

Sb

Te

Po

At

OBJecTivE 15

Main-group or representative elements

[]

=

Transition metals

Inner transition metals

OBJECTIVE 16

extent concerning which elements belong in this
category, but the elements in yellow boxes in
the image on the left are commonly classified as
metalloids.

The portion of the periodic table that contains
the metallic elements is shown here in gray,
and the portion that contains the nonmetallic
elements is shown in light blue. The stair-step
line that starts between B and Al on the periodic
table and descends between Al and Si, Si and Ge,
and so on separates the metallic elements from
the nonmetallic elements. The metals are below
and to the left of this line, and the nonmetals are
above and to the right of it. Most of the elements
that have two sides of their box forming part of
the stair-step line are metalloids. Aluminum is
usually considered a metal.

It is often useful to refer to whole blocks of
elements on the periodic table. The elements
in groups 1, 2, and 13 through 18 (the “A”
groups) are sometimes called the representative
elements. They are also called the main-group
elements. The elements in groups 3 through 12
(the “B” groups) are often called the transition
metals. The 28 elements at the bottom of the
table are called inner transition metals.



2.3 The Periodic Table of the Elements

The horizontal rows on the periodic table are called periods. There are seven periods
in all. The first period contains only two elements, hydrogen', H, and helium, He.
The second period contains eight elements: lithium, Li, through neon, Ne. The fourth
period consists of eighteen elements: potassium, K, through krypton, Kt.

Note that the sixth period begins with cesium, Cs, which is element number 55,
and barium, Ba, which is number 56, and then

OBJECTIVE 17

there is a gap which is followed by lutetium, Periods Gases o
Lu, element 71. The gap represents the proper m ! /ﬁ) . gz
location of the first row of the inner transition = \ Liquids = =ire
metals—thatis, lanthanum, La, which iselement 4 [k ~ Br | Kr
number 57, through ytterbium, Yb, which Z — }\{ :;i
is element 70. These elements belong in the : Rz L: .

sixth period. Similarly, the second row of inner oo =
transition metals, the elements actinium, Ac, ; [A o

through nobelium, No, belong in the seventh
period between radium, Ra, and lawrencium, Lr.
At room temperature (20 °C) and normal pressures, most of the elements are solid,

two of them are liquid (Hg and Br), and eleven are gas (H, N, O, E CI, and the noble

gases).

Iodine Bromine Chlorine

lodine is a solid, bromine is a liquid, and chlorine is a gas. Most elements are solid at room temperature.

! The symbol for hydrogen is placed in different positions on different periodic tables. On some, it is
placed in group 1, and on other tables, it is found at the top of group 17. Although there are reasons
for placing it in these positions, there are also reasons why it does not belong in either position.

Therefore, on our periodic table, it is separate from both groups.

OBJecTIVE 18
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OBJECTIVE 12
OsBJecTIVE 15

OBJECTIVE 16
OBJecTIVE 17

OBJecTIVE 18

OsBJECTIVE 13

1

Exercise 2.1 - Elements and the Periodic Table
Complete the following table.

Name Symbol Group Metal, Representative Number Solid,
number nonmetal, or element, for liquid, or
metalloid? | transition metal, | period gas?d
or inner transition
metal?
Al
silicon
Ni
sulfur
F
potassium
Hg
uranium (no group
numbper
Mn
calcium
17
1B 5
14 nonmetal

At room temperature and pressure

1

Exercise 2.2 - Group Names and the Periodic Table

Write the name of the group on the periodic table to which each of the following
elements belongs.

a. helium

b. Cl

. magnesium

d. Na

A Scanning Tunneling
Microscope Image of
Silicon Atoms

Created by Benjamin Grosser,
Director of the Imaging Technology
Group at the Beckman Institute

from data supplied by Joe Lyding

T 2.4 The Structure of the Elements

What makes one element different from another? To understand the answer to this
question, you need to know about their internal structure. If you were to cut a piece
of pure gold in half, and then divide one of those halves in half again and divide one
of those halves in half, and continue to do that over and over, eventually the portion
remaining could not be further divided and still be gold. This portion is a gold atom.
The element gold consists of gold atoms, the element carbon consists of carbon atoms,
and so on. To understand what makes one element different from another, we need to

look inside the atom.

The Atom

The atom is the smallest part of the element that retains the chemical characteristics
of the element itself. (You will be better prepared to understand descriptions of the
elements’ chemical characteristics after reading more of this book. For now, it is enough
to know that the chemical characteristics of an element include how it combines with
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other elements to form more complex substances.) For our purposes, we can think of
the atom as a sphere with a diameter of about 107'° meters. This is about a million
times smaller than the diameter of the period at the end of this sentence. If the atoms
in your body were an inch in diameter, you would have to worry about bumping your
head on the moon.
Because atoms are so small, there are a tremendous number of them in even a small
sample of an element. A V5-carat diamond contains about 5 X 10*' atoms of carbon. If
these atoms, tiny as they are, were arranged in a straight line with each one touching its
neighbors, the line would stretch from here to the sun.
If we could look inside the gold atom, we would find that it is Phosphorus
composed of three types of particles: protons, neutrons, and electrons.” Gold atom atom
Every gold atom in nature, for example, has 79 protons, 79 electrons, 79 protons 15 protons

and 118 neutrons. Gold is different from phosphorus, because natural 118 neutrons 16 neutrons

phosphorus atoms have 15 protons, 15 electrons, and 16 neutrons. 79 electrons 15 electrons
The particles within the atom are extremely tiny. A 79 |\ 15

penny weighs about 2.5 grams, and a neutron, which is Au \ P

the most massive of the particles in the atom, weighs only \ 0 e

1.6750 X 10724 grams. The protons have about the same mass as the RN A

neutrons, but the electrons have about 2000 times less mass. Because [

the masses of the particles are so small, a more convenient unit of }\]\

measurement has been devised for them. An atomic mass unit (also

called the unified mass unit) is 1/12 the mass of a carbon atom that

has 6 protons, 6 neutrons, and 6 electrons. The modern abbreviation for atomic mass
unit is u, but amu is commonly used.
Protons have a positive charge, electrons have a negative charge, and neutrons have OsgJecTIVE 19

no charge. Charge, a fundamental property of matter, is difficult to describe. Most

definitions focus less on what it is than on what it does. For example, we know that

objects of opposite charge attract each other, and objects of the same charge repel each

other. An electron has a charge that is opposite but equal in magnitude to the charge

of a proton. We arbitrarily assign the electron a charge of —1, so the charge of a proton

is considered to be +1.

The Nucleus

Modern atomic theory tells us that even though the protons and neutrons represent
OsgsecTivE 20

most of the mass of the atom, they actually occupy a very small part of the volume

of the atom. These particles cling together to form the incredibly small core of the

atom called the nucleus. Compared to the typical atom’s diameter, which we described

earlier as being about 10719 meters, the diameter of a typical nucleus is about 10715

meters. Thus, almost all the mass of the atom and all of its positive charge are found

in a nucleus of about 1/100,000 the diameter of the atom itself. If an atom were the

size of the earth, the diameter of the nucleus would be just a little longer than the

length of a football field. If the nuclei of the atoms in your body were about an inch in

diameter, you'd have to stand on the dark side of the earth to avoid burning your hair

in the sun.

2 The physicists will tell you that the proton and neutron are themselves composed of simpler
particles. Because it is not useful to the chemist to describe atoms in terms of these more fundamental
particles, they will not be described here.
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OBJECTIVE 20

The Electron

If T seem unusually clear to you, you must have misunderstood what I said.
Alan Greenspan, Head of the Federal Reserve Board

Describing the modern view of the electron may not be as difficult as explaining the
U.S. Federal Reserve Board’s monetary policy, but it is still a significant challenge.
We do not think that electrons are spherical particles orbiting around the nucleus like

planets around the sun. Scientists agree that electrons are outside

It is probably as meaningless to discuss the nucleus, but how to describe what they are doing out there or
how much room an electron takes up even what they are turns out to be a difficult task. One way to deal

as to discuss how much room a fear, an
anxiety, or an uncertainty takes up.

Sir James Hopwood Jeans,

English mathematician, physicist and astronomer

(1877-1946)

Figure 2.8
The Carbon Atom

Carbon atom

6 protons
6 neutrons

with this difficulty is to disregard the question of what electrons are
and how they move and focus our attention only on the negative
charge that they generate. Chemists do this with the help of a
model in which each electron is visualized as generating a cloud of
negative charge that surrounds the nucleus. In Figure 2.8, we use
the element carbon as an example.

Most of the carbon atoms in a diamond in a necklace have 6 protons, 6 neutrons,
and 6 electrons. The protons and neutrons are in the nucleus, which is surrounded by
a cloud of negative charge created by the 6 electrons. You will learn more about the
shapes and sizes of different atoms’ electron clouds in Chapter 11. For now, we will

continue to picture the electron-charge clouds of all the atoms as spherical (Figure
2.8).

OBJecTIVE 19 OBJecTIvE 20 OBJecTIVE 21

Particle  Charge Mass

(in most carbon atoms) # proton +1 1.00728 u

6 electrons

(in uncharged atom)

6

C

p— ) (1.6726 X 1074 g)

Nucleus neutron 0 1.00867 u
(1.6750 X 10724 g)

By ¢ electron -1 0.000549 u
(9.1096 x 10728 g)

Cloud representing the —6

charge from six electrons

EEmEmmmEmmmEEn

Ions

Sometimes, when the elements form more complex substances, their atoms lose or
gain electrons. Before this change, the atoms have an equal number of protons and
electrons, and because protons and electrons have an equal but opposite charge, these
atoms are initially uncharged overall. When an uncharged atom gains or loses one or
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more electrons, it forms a charged particle, called an ion. For example, when an atom OBJECTIVE 22
loses one or more electrons, it will have more protons than electrons and more plus
charge than minus charge. Thus, it will have an overall positive charge. An atom that
becomes a positively charged ion is called a cation. For example, uncharged sodium
atoms have 11 protons and 11 electrons. They commonly lose one of these electrons
to form +1 cations. A sodium cation’s overall charge is +1 because its 11 protons have
a charge of +11, and its remaining 10 electrons have a charge of —10. The sum of
+11 and —10 is +1 (Figure 2.9). The symbol for a specific cation is written with the
charge as a superscript on the right side of the element symbol. If the charge is +1,
the convention is to write + (without the 1), so the symbol for the +1 sodium cation
is Na*. Aluminum atoms commonly lose 3 of their electrons to form +3 cations. The
cations are +3 because each aluminum cation has a charge of +13 from its 13 protons
and a charge of =10 from its 10 remaining electrons. The sum is +3. The symbol for
this cation is AlI>*. (Notice that the 3 comes before the +.)

Some atoms can gain electrons. When an atom gains one or more electrons, it will OBJECTIVE 22
have more electrons than protons and more minus charge than plus charge. An atom
that becomes negatively charged due to an excess of electrons is called an anion, a
negatively charged ion. For example, uncharged chlorine atoms have 17 protons and
17 electrons. They commonly gain 1 electron to form —1 anions. The anions are —1
because their 17 protons have a charge of +17, and their 18 electrons have a charge of
—18, giving a sum of —1. The anion’s symbol is Cl7, again without the 1. As illustrated
in Figure 2.9, oxygen atoms commonly form anions with a —2 charge, O%~, by gaining
2 electrons and therefore changing from eight protons and 8 electrons to 8 protons
(+8) and ten electrons (—10).

OBJECTIVE 22 Figure 2.9
Uncharged Sodium and Oxygen lons
sodium atom, Na ﬁ
11 protons +11 charge +11 charge
11 electrons in the Loss of in the nucleus
nucleus 1 electron
/ — __—10 charge from
10 el
- ~~ Cloud | - electrons
N representing +1 sodium ion, Na*
4 the —11 charge 11 .
from 11 electrons protons

10 electrons

f ]
+8 charge
b d in the nucleus

1 \ +8 charge

\ in the nucleus Gain of —10 charge
H_H_H_H_H_H_H_I \ \ 2 electrons - from 10

\ \ —8 charge — — electrons
\ from
8 8 electrons
\ O —— Uncharged —2 oxygen ion, 0%~
oxygen atom, O
8 protons
8 protons 10 electrons

8 electrons
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OBJECTIVE 22

b ExampLE 2.1 - Cations and Anions

Identify each of the following as a cation or an anion, and determine the charge on

each.

a. A nitrogen atom with 7 protons and 10 electrons.
b. A gold atom with 79 protons and 78 electrons.
Solution
a. 7 protons have a +7 charge, and 10 electrons have a —10 total charge for a sum
of —3. Therefore, a nitrogen atom with 7 protons and 10 electrons is an anion.
b. 79 protons have a total charge of +79, and 78 electrons have a =78 total charge
for a sum of +1. Therefore, a gold atom with 79 protons and 78 electrons is a

cation.

—&

Exercise 2.3 - Cations and Anions

Identify each of the following as a cation or an anion, and determine the charge on
each.

a. a magnesium atom with 12 protons and 10 electrons.

b. afluorine atom with 9 protons and 10 electrons.

Isotopes

Although all of the atoms of a specific element have the same number of protons (and
the same number of electrons in uncharged atoms), they do not necessarily all have the
same number of neutrons. For example, when the hydrogen atoms in a normal sample
of hydrogen gas are analyzed, we find that of every 5000 atoms, 4999 have 1 proton
and 1 electron, but 1 in 5000 of these atoms has 1 proton, 1 neutron, and 1 electron.
This form of hydrogen is often called deuterium. Moreover, if you collected water from
the cooling pond of a nuclear power plant, you would find that a very small fraction of
its hydrogen atoms have 1 proton, 2 neutrons, and 1 electron (Figure 2.10). This last
form of hydrogen, often called tritium, is unstable and therefore radioactive.

All of these atoms are hydrogen atoms because they have the chemical characteristics
of hydrogen. For example, they all combine with oxygen atoms to form water.
The chemical characteristics of an atom are determined by its number of protons
(which is equal to the number of electrons if the atom is uncharged) and not by its
number of neutrons. Because atoms are assigned to elements based on their chemical
characteristics, an element can be defined as a substance whose atoms have the same
number of protons. When an element has two or more species of atoms, each with the
same number of protons but a different number of neutrons, the different species are

called isotopes.
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All hydrogen atoms have Different isotopes have
1 electron and 1 proton. different numbers of neutrons.

/ /

- D —> D '\’J)

Jd

Nucleus: Nucleus:
1 proton 1 proton Nucleus:
1 neutron 1 proton
2 neutrons
Negative charge cloud for the
1 electron of each hydrogen atom
Figure 2.10

Isotopes of Hydrogen

Atomic Number and Mass Number

The number of protons in an atom—which is also the number of electrons in an
uncharged atom—is known as the element’s atomic number. The atomic number can
be found above each of the elements’ symbols on the periodic table. Because it displays
the atomic numbers, the periodic table can be used to determine the number of
protons and electrons in an uncharged atom of any element. For example, the atomic
number of phosphorus is 15, so we know there are 15 protons and 15 electrons in each
uncharged atom of phosphorus.

The sum of the numbers of protons and neutrons in the nucleus of an atom is
called the atom’s mass number. Isotopes have the same atomic number but different
mass numbers. To distinguish one isotope from another, the symbol for the element
is often followed by the mass number of the isotope. For example, the mass number
of the most common isotope of hydrogen, with one proton and no neutrons, is 1, so
its symbol is H-1. The other natural isotope of hydrogen, with one proton and one
neutron, has a mass number of 2 and a symbol of H-2. Tritium, H-3, the radioactive
form of hydrogen, has a mass number of 3. All of these isotopes of hydrogen have an
atomic number of 1.

Nineteen of the elements found in nature have only one naturally occurring form.

For example, all the aluminum atoms found in nature have 13 protons and 14 neutrons.
Their mass number is 27.

Mass Number
13 + 14 = 27

Number of Protons +  Number of Neutrons

The other naturally occurring elements are composed of more than one isotope.
For example, in a sample of the element tin, Sn, all the atoms have 50 protons, but
tin atoms can have 62, 64, 65, 66, 67, 68, 69, 70, 72, or 74 neutrons. Thus tin has 10

OBJECTIVE 23
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natural isotopes with mass numbers of 112, 114, 115, 116, 117, 118, 119, 120, 122,

and 124 (Figure 2.11).

Figure 2.11
Isotopes of Tin

Chapter 2 ) The Structure of Matter and the Chemical Elements

— Sn-112

Sn-124 0.97%

5.79% Sn-114
Sn-122 0.65% _sn-115
4.63% 0.34%

Sno117 14.53%
7.68%

Sn-118
24.23%

Sn-120
32.59%

Sn-119
8.59%

The tin in these tin cans is composed of ten different isotopes.

Learn about a special notation used to describe isotopes at the textbook’s Web

site.

SpPeEcIAL ToOPIC 2.1

At the Gesellschaft fur Schwerionenforschung (GSI), or Society
for Heavy-Ion Research, in Germany, scientists create new
elements by bombarding one kind of atom with another kind
in the expectation that some of them will fuse. For example,
for two weeks in 1994, the scientists bombarded a lead-208
target with a beam of nickel-62 atoms, producing four atoms
of element 110, with a mass number of 269. Likewise, during
18 days in December of that year, they bombarded a bismuth-
209 target with nickel-64 atoms, creating 3 atoms of element
111, with a mass number of 272.

Some of the best minds in physics are working on such
projects, and spending large amounts of money on the
necessary equipment. Yet the newly created atoms are so
unstable that they decay into other elements in less than a
second. Do these results justify all of the time, money, and
brainpower being poured into them? Would scientists’ efforts
be better spent elsewhere? Why do they do it?

One of the reasons these scientists devote themselves to the
creation of new elements is to test their theories about matter.
For example, the current model being used to describe the
nucleus of the atom suggests there are “magic” numbers of
protons and neutrons that lead to relatively stable isotopes. The
numbers 82, 126, and 208 are all magic numbers, exemplified
by the extreme stability of lead-208, which has 82 protons
and 126 neutrons. Other magic numbers suggest that an atom
with 114 protons and 184 neutrons would also be especially

Why Create New Elements?

stable.  Researchers at

the

of Nuclear Reactions in

Flerov = Laboratory
Dubna, Russia, were able
to make two isotopes of
element 114 (with 173
and 175 neutrons) by
bombarding  plutonium
targets with calcium atoms.
Both isotopes, particularly
the

significantly more stable

Society for Heavy-lon

heavier Research facility in Germany

one, were
than other isotopes of comparable size.

The technology developed to create these new elements is
also being used for medical purposes. In a joint project with
the Heidelberg Radiology Clinic and the German Cancer
Research Center, GSI has constructed a heavy-ion therapy
unit for the treatment of inoperable cancers. Here, the same
equipment used to accelerate beams of heavy atoms toward a
target in order to make new elements is put to work shooting
beams of carbon atoms at tumors. When used on deep-seated,
irradiation-resistant tumors, the carbon-particle beam is
thought to be superior to the traditional radiation therapy.
Because the heavier carbon atoms are less likely to scatter, and
because they release most of their energy at the end of their
path, they are easier to focus on the cancerous tumor.

Sn-116
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2.5 Common Elements T

Most people look at a gold nugget and see a shiny metallic substance that can be
melted down and made into jewelry. A chemist looks at a substance such as gold and
visualizes the internal structure responsible for those external characteristics. Now that
we have discussed some of the general features of atoms and elements, we can return to
the model of solid, liquid, and gas structures presented in Section 2.1 and continue in
our quest to visualize the particle nature of matter.

Gas, Liquid, and Solid Elements

In Section 2.1, we pictured gases as independent spherical particles moving in straight-

line paths in a container that is mostly empty space. This image is most accurate for the OBJECTIVE 24
noble gases (He, Ne, Ar, Kr, Xe, and Rn): each noble gas particle consists of a single

atom. When we picture the helium gas in a helium-filled balloon, each of the particles

in our image is a helium atom containing two protons and two neutrons in a tiny

nucleus surrounded by a cloud of negative charge generated by two electrons (Figure

2.12).

Figure 2.12
Helium Gas

OBJECTIVE 24

2 protons and
2 neutrons in

a tiny nucleus

He ~ charge cloud

~— from 2 electrons




54 Chapter 2 ) The Structure of Matter and the Chemical Elements

Figure 2.13
Hydrogen Electron Cloud

Hydrogen nuclei

/\

The two electrons
generate a charge
cloud surrounding
both nuclei.

OBJECTIVE 25

Figure 2.14
Molecular Models

Space-filling model

Empbhasizes
individual atoms

Ball-and-stick model
Emphasizes bond

Figure 2.15
Hydrogen Gas

OBJECTIVE 24

The particles in hydrogen gas are quite different. Instead of the single atoms found in
helium gas, the particles in hydrogen gas are pairs of hydrogen atoms. Each hydrogen
atom has only one electron, and single, or “unpaired,” electrons are less stable than
electrons that are present as pairs. (Stability is a relative term that describes the resistance
to change. A stable system is less likely to change than an unstable system.) To gain the
greater stability conferred by pairing, the single electron of one hydrogen atom can pair
up with a single electron of another hydrogen atom. The two electrons are then shared
between the two hydrogen atoms and create a bond that holds the atoms together.
Thus hydrogen gas is described as H;. We call this bond between atoms due to the
sharing of two electrons a covalent bond. The pair of hydrogen atoms is a molecule,
which is an uncharged collection of atoms held together with covalent bonds. Two
hydrogen atoms combine to form one hydrogen molecule.

The negative charge-cloud created by the electrons in the covalent bond between
hydrogen atoms surrounds both of the hydrogen nuclei (Figure 2.13). Even though
the shape depicted in Figure 2.13 is a better description of the H, molecule’s electron
cloud, there are two other common ways of illustrating the H, molecule. The first
image in Figure 2.14 shows a space-filling model. This type of model emphasizes
individual atoms in the molecule more than the image in Figure 2.13 does but still
provides a somewhat realistic idea of the electron-charge clouds that surround the
atoms. The second image in Figure 2.14 is a ball-and-stick model, in which balls
represent atoms and sticks represent covalent bonds. This model gives greater emphasis
to the bond that holds the hydrogen atoms together.

Combining space-filling molecular models with our gas model, Figure 2.15 depicts
hydrogen gas as being very similar to helium gas, except each of the particles is a

hydrogen molecule.

s\h//
7//\\§

Each particle is a
diatomic molecule.

\
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Because hydrogen molecules are composed of two atoms, they are called diatomic.
The elements nitrogen, oxygen, fluorine, chlorine, bromine, and iodine are also OBJECTIVE 26
composed of diatomic molecules, so they are described as Ny, O, Fy, Cl,, Bry, and I,.
Like the hydrogen atoms in H; molecules, the two atoms in each of these molecules
are held together by a covalent bond that is due to the sharing of two electrons.
Nitrogen, oxygen, fluorine, and chlorine are gases at room temperature and pressure,
so a depiction of gaseous Ny, Oy, F», and Cl; would be very similar to the image of
H; in Figure 2.15.
Bromine, which is a liquid at room temperature, is pictured like the liquid shown in
Figure 2.2, except that each of the particles is a diatomic molecule (Figure 2.16).

Figure 2.16
Liquid Bromine, Br,

OBJECTIVE 24

Each particle is a
35 diatomic molecule.

Br

Solid iodine consists of a very ordered arrangement of I, molecules. In order to OBJECTIVE 24
give a clearer idea of this arrangement, the first image in Figure 2.17 on the next page
shows each I, molecule as a ball-and-stick model. The second image shows the close
packing of these molecules in the iodine solid. Remember that the particles of any
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substance, including solid iodine, are in constant motion. The solid structure presented

in Figure 2.1 applies to iodine, except we must think of each particle in it as being an
I, molecule.

Figure 2.17
Solid lodine, I,

An I, molecule

OBJECTIVE 24

You can review the information in this section and see particles of neon, oxygen,

bromine, and iodine in motion at the textbook’s Web site.

Metallic Elements

The metallic elements are used for a lot more than building bridges and making jewelry.
Platinum is used in a car’s catalytic converter to help decrease air pollution. Titanium
is mixed with other metals to construct orthopedic appliances, such as artificial hip
joints. Zinc is used to make dry cell batteries. Some of the characteristics of metallic
elements that give them such wide applications can be explained by an expanded version
of the model of solids presented in Section 2.1. (One of the characteristics of a useful

model is that it can be expanded to describe, explain, and predict a greater variety of
phenomena.)
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According to the expanded model, each atom in a metallic solid has released one or
more electrons, and these electrons move freely throughout the solid. When the atoms

lose the electrons, they become cations. The cations form the structure we associate
with solids, and the released electrons flow between them like water flows between
islands in the ocean. This model, often called the sea of electrons model, can be used to
explain some of the definitive characteristics of metals. For example, the freely moving
electrons make metallic elements good conductors of electric currents.

Figure 2.18 shows a typical arrangement of atoms in a metallic solid and also shows
how you might visualize one plane of this structure. Try to picture a cloud of negative
charge, produced by mobile electrons, surrounding the cations in the solid.

Figure 2.18

OBJECTIVE 27
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Electrons move
freely, forming

negative charge.

Sea-of-Electrons Model

You have just completed your first big step on the road to understanding chemistry.
The new knowledge of the elements that you have gained from this chapter will help
you with Chapter 3, where you will learn how elements combine to form more complex
substances. An understanding of elements and the substances they form will prepare
you to learn about the chemical changes that these substances undergo in yourself and

in the world around you.

57
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Chapter Model A simplified approximation of reality.
Glossary Solid 'The state in which a substance has a definite shape and volume at a constant

temperature.

Liquid The state in which a substance has a constant volume at a constant temperature
but can change its shape.

Gas The state in which a substance can easily change shape and volume.

Evaporation or vaporization The conversion of a liquid to a gas.

Element A substance that cannot be chemically converted into simpler substances; a
substance in which all of the atoms have the same number of protons and therefore
the same chemical characteristics.

Group All the elements in a given column on the periodic table; also called a family.

Family All the elements in a given column on the periodic table; also called a group.

Metals The elements that (1) have a metallic luster, (2) conduct heat and electric
currents well, and (3) are malleable.

Malleable Capable of being extended or shaped by the blows of a hammer.

Nonmetals The elements that do not have the characteristics of metals. Some of the
nonmetals are gases at room temperature and pressure, some are solids, and one is
a liquid. Various colors and textures occur among the nonmetals.

Metalloids or semimetals The elements that have some but not all of the characteristics
of metals.

Representative elements The elements in groups 1, 2, and 13 through 18 (the “A”
groups) on the periodic table; also called main-group elements.

Main-group elements The elements in groups 1, 2, and 13 through 18 (the “A”
groups) on the periodic table; also called representative elements.

Transition metals The elements in groups 3 through 12 (the “B” groups) on the
periodic table.

Inner transition elements The 28 elements at the bottom of the periodic table.

Periods The horizontal rows on the periodic table.

Atom The smallest part of an element that retains the chemical characteristics of the
element.

Atomic mass unit (u or amu) Unit of measurement for the masses of particles; 1/12
the mass of a carbon atom that has 6 protons, 6 neutrons, and 6 electrons.

Proton A positively charged particle found in the nucleus of an atom.

Electron A negatively charged particle found outside the nucleus of an atom.

Neutron An uncharged particle found in the nucleus of an atom.

Nucleus The extremely small, positively charged core of the atom.

Ion Any charged particle, whether positively or negatively charged.

Cation An ion formed from an atom that has lost one or more electrons and thus has
become positively charged.

Anion An ion formed from an atom that has gained one or more electrons and thus
has become negatively charged.

Isotopes Atoms that have the same number of protons but different numbers of

neutrons. They have the same atomic number but different mass numbers.



Atomic number The number of protons in an atom’s nucleus. It establishes the
element’s identity.

Mass number The sum of the number of protons and neutrons in an atom’s nucleus.

Covalent bond A link between atoms that results from their sharing two electrons.

Molecule An uncharged collection of atoms held together with covalent bonds.

Space-filling model A way of representing a molecule to show a somewhat realistic
image of the electron-charge clouds that surround the molecule’s atoms.

Ball-and-stick model A representation of a molecule that uses balls for atoms and
sticks for covalent bonds.

Diatomic Composed of paired atoms. The diatomic elements are Hy, Ny, Oy, Fy,
Clz, Brz, and 12.

You can test yourself on the glossary terms at the textbook’s Web site.
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The goal of this chapter is to teach you to do the following.
1. Define all of the terms in the Chapter Glossary.

Section 2.1 Solids, Liquids, and Gases

2. Describe solids, liquids, and gases in terms of the particle nature of matter,

the degree of motion of the particles, and the degree of attraction between the
particles.

Describe the relationship between temperature and particle motion.

Explain why solids have a definite shape and volume at a constant temperature.
Explain why solids usually expand when heated.

AN N

Describe the structural changes that occur when a solid is converted into a liquid
by heating.

N

Explain why most substances expand when they change from a solid to a liquid.

®©

Explain why liquids adjust to take the shape of their container and why they have
a constant volume at a constant temperature.

9. Describe the structural changes that occur in the conversion of a liquid to a gas.
10. Explain why gases expand to take the shape and volume of their container.

Section 2.2 The Chemical Elements

11. Give the names and symbols for the common elements. (Check with your
instructor to find out which names and symbols you need to know.)

Section 2.3 The Periodic Table of the Elements

12. Given a periodic table, identify the number of the group to which each element
belongs. (Check with your instructor to find out which numbering system you
are expected to know.)

Chapter
Objectives
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13. Given a periodic table, identify the alkali metals, alkaline earth metals, halogens,
and noble gases.

14. List the characteristics of metals.

15. Given a periodic table, classify each element as a metal, nonmetal, or metalloid
(semimetal).

16. Given a periodic table, classify each element as a representative element (or main-
group element), a transition metal, or an inner transition metal.

17. Given a periodic table, write or identify the number of the period on the table to
which each element belongs.

18. Classify each element as a solid, liquid, or gas at room temperature.

Section 2.4 The Structure of the Elements

19. Give the abbreviations, charges, and relative masses of protons, neutrons, and
electrons.

20. Describe the nuclear model of the atom, including the general location of the
protons, neutrons, and electrons, the relative size of the nucleus compared to the
size of the atom, and the modern description of the electron.

21. Describe the carbon atom, including a rough sketch that shows the negative
charge created by its electrons.

22. Given the number of protons and electrons in a cation or anion, determine its
charge.

23. Given an isotope’s atomic number, state the number of protons in each of its
atoms, and vice versa.

Section 2.5 Common Elements

24. Describe the following substances in terms of the nature of the particles that form
their structure: the noble gases, hydrogen gas, nitrogen gas, oxygen gas, fluorine
gas, chlorine gas, bromine liquid, and iodine solid.

25. Describe the hydrogen molecule, including a rough sketch of the charge cloud
created by its electrons.

26. List the diatomic elements (H,, N,, O,, F,, Cl,, Br,, and I,).

27. Describe the “sea of electrons” model for metallic structure.

Review 1. Define the term matter.
Questions 2. Look around you. What do you see that has a length of about a meter? What do

you see that has a mass of about a gram?
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Complete the following statements by writing one of these words or phrases in each

blank.

10719 gas

1071 liquid

1/100,000 loses

24 molecule

114 motion

0.1% neutrons

70% particles

99.9% protons

atomic numbers rapid, ever-changing, and unrestricted
attract repel

chemical simplified but useful
cloud simpler

empty space single atom

escape solid

expand straight-line path
expands sun

extended or shaped temperature

flow ten times

gains vertical column

3. Scientific models are like architects’ models; they are

representations of something real.

4. According to the model presented in this chapter, all matter is composed of tiny

5. According to the model presented in this chapter, particles of matter are in
constant

6. According to the model presented in this chapter, the amount of motion of
particles is proportional to

7. Solids, gases, and liquids differ in the freedom of motion of their particles and in
how strongly the particles each other.

8. An increase in temperature usually causes a solid to somewhat.

9. Particles in a liquid are still close together, but there is generally more

between them than in a solid. Thus, when a solid substance

melts to form a liquid, it usually to fill a slightly larger volume.

10. The freedom of movement of particles in a liquid allows liquids to

, taking on the shape of their container.
11. When a liquid’s temperature is higher, its particles are moving faster and are
therefore more likely to from the liquid.

12. The average distance between particles in a gas is about the

diameter of each particle. This leads to the gas particles themselves taking up only
about of the total volume. The other of the

total volume is empty space. In contrast, the particles of a liquid fill about
of the liquid’s total volume.

Key Ideas T
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13. According to our model, each particle in a gas moves freely in a(n)
until it collides with another gas particle or with the particles of

a liquid or solid.
14. A liquid has a constant volume, but the movement of the gas
particles allows gases to expand to fill a container of any shape or volume.

15. Elements are substances that cannot be chemically converted into
ones.
16. By the year 2000, elements had been discovered, but
of these elements are not found naturally on the earth, and

chemists do not generally work with them.
17. The periodic table is arranged in such a way that elements in the same
have similar characteristics.

18. Metals are malleable, which means they are capable of being by
the blows of a hammer.

19. At room temperature (20 °C) and normal pressures, most of the elements are

, two of them are (Hg and Br), and eleven are

(H, N, O, E CI, and the noble gases).

20. For our purposes, we can think of the atom as a sphere with a diameter of about

meter.
21. A Vs-carat diamond contains about 5 X 10?! atoms of carbon. If these atoms, tiny

as they are, were arranged in a straight line with each one touching its neighbors,
the line would stretch from here to the .
22. We know that objects of opposite charge attract each other and that objects of the

same charge each other.

23. The diameter of a typical nucleus is about meter.

24. Nearly all the mass of the atom and all of its positive charge are found in a
nucleus of about the diameter of the atom itself.

25. Chemists use a model for electrons in which each electron is visualized as
generating a(n) of negative charge that surrounds the nucleus.

26. When an atom one or more electrons, it will have more protons

than electrons and more plus charge than minus charge. Thus it becomes a
cation, which is an ion with a positive charge.
27. When an atom one or more electrons, it then has more

electrons than protons and more minus charge than plus charge. Thus it becomes
an anion, which is an ion with a negative charge.

28. Although all of the atoms of a specific element have the same number of

(and the same number of electrons in uncharged atoms), they

do not necessarily all have the same number of

29. Atoms are assigned to elements on the basis of their

characteristics.
30. Because it displays the , the periodic table can be used to

determine the number of protons and electrons in an uncharged atom of any
element.
31. Each noble gas particle consists of a(n)

32. Hydrogen gas is very similar to helium gas, except that each of the particles is a
hydrogen
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Section 2.1 Solids, Liquids, and Gases

For each of the questions in this section, illustrate your written answers with simple

drawings of the particles that form the structures of the substances mentioned. You

do not need to be specific about the nature of the particles. Think of them as simple

spheres, and draw them as circles.

33.

34.

35.

36.

37.

38.

39.

If you heat white sugar very carefully, it will melt.

a. Before you begin to heat the sugar, the sugar granules maintain a constant
shape and volume. Why?

b. Asyou begin to heat the solid sugar, what changes are taking place in its
structure?

c. What happens to the sugar’s structure when sugar melts?

If the pistons and cylinders in your car engine get too hot, the pistons can get
stuck in the cylinders, causing major damage to the engine. Why does this
happen?

Ethylene glycol, an automobile coolant and antifreeze, is commonly mixed with
water and added to car radiators. Because it freezes at a lower temperature than
water and boils at a higher temperature than water, it helps to keep the liquid in
your radiator from freezing or boiling.

a. Ata constant temperature, liquid ethylene glycol maintains a constant
volume but takes on the shape of its container. Why?

b. The ethylene glycol-water mixture in your car’s radiator heats up as you
drive. What is happening to the particles in the liquid?

c. If you spill some engine coolant on your driveway, it evaporates without
leaving any residue. Describe the process of evaporation of liquid ethylene
glycol, and explain what happens to the ethylene glycol particles that you
spilled.

When a small container of liquid ammonia is opened in a classroom, in a short
time everyone in the room can smell it.

a. Describe the changes that take place when liquid ammonia vaporizes to
form a gas.

b. Why does the gaseous ammonia expand to fill the whole room?

c. Why does the gaseous ammonia occupy a much greater volume than the
liquid ammonia?

As the summer sun heats up the air at the beach, what is changing for the air
particles?

A drop of food coloring is added to water. With time, it spreads evenly through
the water so that the mixture is all the same color.

a. Describe what is happening to the food coloring and water particles as the
coloring spreads into the water.

b. When a drop of food coloring is added to two bowls of water, one at 20 °C
and the other at 30 °C, the coloring spreads more quickly in the bowl at
the higher temperature. Why?

A gaseous mixture of air and gasoline enters the cylinders of a car engine and is
compressed into a smaller volume before being ignited. Explain why gases can be
compressed.

Chapter
Problems

OBJECTIVE 2
OBJECTIVE 3
OBJECTIVE 4

OBJECTIVE 6

OBJECTIVE 5

OBJECTIVE 2
OBJECTIVE 3
OBJECTIVE 8

OBJECTIVE 9

OBJECTIVE 2
OBJECTIVE 9

OsJecTIVE 10
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OBJecTivE 11

OsBJecTiVE 11

OsJecTivE 11

OsBJecTiVE 11

OBJECTIVE 11

OsJecTivE 11

OsBJECTIVE 11
OBJECTIVE 12
OsBJecTivE 15
OBJECTIVE 16

OsBJECTIVE 17

OsJecTivE 11
OsuECTIVE 12
OsuiecTivE 15
OBJECTIVE 16
OsBJecTIVE 17

Section 2.2 The Chemical Elements and Section 2.3 The Periodic Table

40. Write the chemical symbols that represent the following elements.

a. chlorine c. phosphorus

b. zinc d. uranium

41. Write the chemical symbols that represent the following elements.

a. hydrogen c. mercury

b. calcium d. xenon
42. Write the chemical symbols that represent the following elements.
c. boron

b. platinum d. gold
43. Write the element names that correspond to the following symbols.

a. iodine

a. C b. Cu c. Ne d. K
44. Write the element names that correspond to the following symbols.
a. O b. Br c N d. Si
45. Write the element names that correspond to the following symbols.
a. Ba b. F c. Sr d. Cr
46. Complete the following table.
Group Representative
number on Metal, element,
Element Element periodic nonmetal, or transition metal, Number
name symbol table metalloid? | or inner transition metal? | for period
Na
tin
He
nickel
Ag
aluminum
Si
16 3
2B 6
47. Complete the following table.
Group Representative
number on Metal, element,
Element | Element periodic nonmetal, or transition metal, Number
name symbol table metalloid? | or inner transition metal? | for period
Mg
lead
argon
Cd
chromium
Fe
7B
1A
18




48.

49.

50.

51.

52.

53.

54.

55.

56

57
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Write the name of the group or family to which each of the following belongs. OsJecTIvE 13
a. bromine C. potassium
b. neon d. beryllium
Write the name of the group or family to which each of the following belongs. OssecTive 13
a. strontium c. iodine
b. lithium d. xenon
Identify each of the following elements as a solid, a liquid, or a gas at room OsJEcTIVE 18
temperature and pressure.
a. krypton, Kr d. F
b. Br e. germanium, Ge
c. antimony, Sb f. S
Identify each of the following elements as a solid, a liquid, or a gas at room OsuecTivE 18
temperature and pressure.
a. chlorine d W
b. Se e. xenon
c. mercury f. As

Which two of the following elements would you expect to be most similar:
lithium, aluminum, iodine, oxygen, and potassium?

Which two of the following elements would you expect to be most similar:
nitrogen, chlorine, barium, fluorine, and sulfur?

Write the name and symbol for the elements that fit the following descriptions.
a. the halogen in the third period
b. the alkali metal in the fourth period
c. the metalloid in the third period

Write the name and symbol for the elements that fit the following descriptions.
a. the noble gas in the fifth period
b. the alkaline earth metal in the sixth period
c. the representative element in group 3A and the third period

. Which element would you expect to be malleable, manganese or phosphorus?

Why?
. Which element would you expect to conduct electric currents well, aluminum or

iodine? Why?

Section 2.4 The Structure of the Elements

58.

59.
60.

Describe the nuclear model of the atom, including the general location of the OsJecTive 20
protons, neutrons, and electrons; the relative size of the nucleus compared to the

size of the atom; and the modern description of the electron.

Describe the carbon atom, and make a rough sketch. OgJECTIVE 21
Identify each of the following as a cation or an anion, and determine the charge OBJECTIVE 22
on each.

a. A lithium ion with 3 protons and 2 electrons

b. A sulfur ion with 16 protons and 18 electrons
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OBJECTIVE 22

OBJECTIVE 25

OBJECTIVE 24

OBJECTIVE 24

OBJECTIVE 27

61.

62.

63.

64.

65.
66.

67.

Identify each of the following as a cation or an anion, and determine the charge
on each.

a. An iodine ion with 53 protons and 54 electrons

b. An iron ion with 26 protons and 23 electrons
Write definitions of the terms atomic number and mass number. Which of these
can vary without changing the element? Why? Which of these cannot vary
without changing the element? Why?

Write the atomic number for each of the following elements.

a. oxygen d. Li
b. Mg e. lead
c. uranium f. Mn

Write the atomic number for each of the following elements.

a. sodium d. Pu
b. As e. iron
c. strontium f. Se

Explain how two atoms of oxygen can be different.

Write the name and symbol for the elements that fit the following descriptions.
a. 27 protons in the nucleus of each atom.
b. 50 electrons in each uncharged atom.
c. 18 electrons in each +2 cation.
d. 10 electrons in each -1 anion.

Write the name and symbol for the elements that fit the following descriptions.
a. 78 protons in the nucleus of each atom.

b. 42 electrons in each uncharged atom.

80 electrons in each +3 cation.

o

d. 18 electrons in each -2 anion.

Section 2.5 Common Elements

68.

69.

70.

71.

72.

Describe the hydrogen molecule, including a rough sketch of the electron-charge
cloud created by its electrons.

Write definitions for the terms azom and molecule and use them to explain the
difference between hydrogen atoms and hydrogen molecules.

Describe the structure of each of the following substances, including a description

of the nature of the particles that form each structure.
a. neon gas Cc. nitrogen gas

b. bromine liquid
Describe the structure of each of the following substances, including a description

of the nature of the particles that form each structure.
a. chlorine gas c. argon gas

b. iodine solid

Describe the sea-of-electrons model for metallic solids.
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Discussion Qtlestion

73. When you heat solid iodine, it goes directly from solid to gas. Describe the
process by which iodine particles escape from the solid to the gas form. What
characteristics must iodine particles have to be able to escape? Draw a picture to

illustrate your answer.



J CHAPTER 3

CHemicAL CoMPOUNDS

ook around you. Do you think you see anything composed of just one element...
any objects consisting only of carbon, or of gold, or of hydrogen? The correct
—— answer is almost certainly no. If you are lucky enough to have a diamond ring,
you have a piece of carbon that is almost pure (although a gemologist would tell you
that diamonds contain slight impurities that give each stone its unique character). If

3.1

3.2

you have a “gold” ring, you have a mixture of gold with other metals, added to give the | 3.3
ring greater strength.

Even though a few elements, such as carbon and gold, are sometimes found in
elemental form in nature, most of the substances we see around us consist of two
or more elements that have combined chemically to form more complex substances
called compounds. For example, in nature, the element hydrogen is combined with
other elements, such as oxygen and carbon, in compounds such as the water and

sugar used to make a soft drink. (Perhaps you

are sipping one while you read.) In this chapter,

you will learn to (1) define the terms mixture and

compound more precisely, (2) distinguish between

elements, compounds, and mixtures, (3) describe

how elements combine to form compounds, (4)
construct systematic names for some chemical

compounds, and (5) describe the characteristics of
certain kinds of chemical compounds. The chapter
will also expand your ability to visualize the basic
structures of matter.

Review Skills

3.4

3.5

The flecks of gold in this pan are
the only pure elements visible in this
scene.

The presentation of information in this chapter assumes that you can already perform

the tasks listed below. You can test your readiness to proceed by answering the Review

Questions at the end of the chapter. This might also be a good time to read the Chapter

Objectives, which precede the Review Questions.

Describe the particle nature of solids,
liquids, and gases. (Section 2.1)
Convert between the names and
symbols for the common elements.
(Table 2.1)

Given a periodic table, write the number
of the group to which each element
belongs. (Figure 2.3)

Given a periodic table, identify the
alkali metals, alkaline earth metals,
halogens, and noble gases. (Section 2.3)

Using a periodic table, classify elements
as metals, nonmetals, or metalloids.

(Section 2.3)

Describe the nuclear model of the atom.

(Section 2.4)

Define the terms ion, cation, and anion.

(Section 2.4)

Define the terms covalent bond,
molecule, and diatomic. (Section 2.5)
Describe the covalent bond in a
hydrogen molecule, H;. (Section 2.5)

Classification of
Matter

Compounds and
Chemical Bonds

Molecular
Compounds

Naming Binary
Covalent
Compounds

lonic Compounds

69
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T 3.1 Classification of Matter

OBJECTIVE 2

Figure 3.1

Before getting started on your chemistry homework, you go into the kitchen to make
some pasta for your six-year-old nephew. You run water into a pan, adding a few shakes
of salt, and while you’re waiting for it to boil, you pour a cup of coffee. When the water
begins to boil, you pour in the pasta. Then you add some sugar to your coffee.

Pure water, the sucrose in white sugar, and the sodium chloride in table salt are
all examples of chemical compounds. A compound is a substance that contains two
or more elements, with the atoms of those elements always combining in the same
whole-number ratio (Figure 3.1). There are relatively few chemical elements, but there
are millions of chemical compounds. Compounds in our food fuel our bodies, and the
compounds in gasoline fuel our cars. They can alter our moods and cure our diseases.

Water is composed of molecules that contain two atoms of hydrogen and one
atom of oxygen. We describe the composition of water with the chemical formula
H,O. White sugar is a highly purified form of sucrose, whose chemical formula is
C12H2,01;. Its molecules are composed of 12 carbon atoms, 22 hydrogen atoms, and
11 oxygen atoms. Sodium and chlorine atoms combine in a one-to-one ratio to form

sodium chloride, NaCl, which is the primary ingredient in table salt.

Elements Versus Compounds

ELEMENTS
Hydrogen is composed
of molecules with Neon is composed Silver exists as an
2 hydrogen atoms. of independent atoms. assembly of silver atoms.

¢

H, molecule ; Neon atom

Silver atom

COMPOUNDS
Water is composed of molecules Sodium chloride exists as an
that contain one oxygen atom assembly of sodium and chloride
and two hydrogen atoms. Water ions, always in a one-to-one ratio.

molecule, H,O

Sodium ion

Chloride ion
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Note that a chemical formula is a concise written description of the components OBJECTIVE 2

of a chemical compound. It identifies the elements in the compound by their symbols
and describes the relative number of atoms of each element with subscripts. If an
element symbol in a formula is not accompanied by a subscript, the relative number of
atoms of that element is assumed to be one.

Pure water, sodium chloride, and sucrose always have the composition described in
their chemical formulas. In other words, their composition is constant. Elements, too,
have a constant composition described by a chemical formula. (We have seen that the

formula for hydrogen is H,.) When a substance has a constant composition—when it OsJECTIVE 3

can be described by a chemical formula—it must by definition be either an element or

a compound, and it is considered a pure substance. For example, the symbol Na refers OBJECTIVE 4

to pure sodium. The formula Na,COj3 refers to pure sodium carbonate and tells us that
this compound is always composed of sodium, carbon, and oxygen in a constant atom
ratio of 2:1:3.

Mixtures are samples of matter that contain two or more pure substances and have OBJECTIVE 3

variable composition (Figure 3.2). For example, when salt, NaCl, and water, H,O, are
combined, we know the resulting combination is a mixture because we can vary the
percentage of these two pure substances. You can add one, two, or ten teaspoons of salt
to a pan of water, and the result will still be salt water.

Figure 3.2

Automobile Exhaust—a Mixture
The components and amounts vary.

OBJECTIVE 3

Unburned
gasoline Nitrogen oxides,

NO and NO,

Water, H,O

Carbon dioxide,
CcO,

71
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The following sample study sheet and Figure 3.3 show the questions you can ask to

discover whether a sample of matter is an element, a compound, or a mixture.

Sample Study Tipr-OoFF You are asked to classify a sample of matter as a pure substance or a
Sheet 3.1 mixture; or you are asked to classify a pure substance as an element or a compound.
Classification GENERAL STEPS The following general procedure is summarized in Figure 3.3.
of Matter m  To classify a sample of matter as a pure substance or a mixture, ask one or
OBsECTIVE 3 both of the following questions:
OBJECTIVE 4 Does it have a constant composition? If it does, it is a pure substance. If
it has variable composition, it is a mixture.
Can the sample as a whole be described with a chemical formula? 1f it
can, it is a pure substance. If it cannot, it is a mixture.
m  To classify a pure substance as an element or a compound, ask the
following question:
Can it be described with a single symbol? If it can, it is an element. If its
chemical formula contains two or more different element symbols, it
is a compound.
ExaMPLE See Example 3.1.
Figure 3.3

Classification of Matter

OsJecTIVE 3 Matter

OsJECTIVE 4 Does it have a constant composition?

Can it be described with a chemical formula?

Yes l l No

Pure Substance Mixture

Can it be described with a single symbol?

Yes l l No

Element Compound

) coffee with
‘ l ) p cream and sugar
hydrogen, Hj ?

water, H,O
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"
ExAmMPLE 3.1 - CLASSIFICATION OF MATTER
Many of us have a bottle in our medicine cabinet containing a mild disinfectant OsJECTIVE 3
consisting of hydrogen peroxide and water. The liquid is about 3% hydrogen peroxide, OBIECTIVE 4

H,0,, and about 97% water. Classify each of the following as a pure substance or a
mixture. If it is a pure substance, is it an element or a compound?

a. the liquid disinfectant
b. the hydrogen peroxide, H,O,, used to make the disinfectant
c. the hydrogen used to make hydrogen peroxide

Solution

a. We know that the liquid disinfectant is a mixture for two reasons. It is
composed of two pure substances (HyO, and H,O), and it has variable
composition.

b. Because hydrogen peroxide can be described with a formula, H,O, it must be
a pure substance. Because the formula contains symbols for two elements, it
represents a compound.

c. Hydrogen can be described with a single symbol, H or H», so it is a pure
substance and an element.

9
EXERCISE 3.1 - CLASSIFICATION OF MATTER
The label on a container of double-acting baking powder tells us that it contains OBJECTIVE 3
cornstarch, bicarbonate of soda (also called sodium hydrogen carbonate, NaHCO3), OBJECTIVE 4

sodium aluminum sulfate, and acid phosphate of calcium (which chemists call
calcium dihydrogen phosphate, Ca(H,;POy),). Classify each of the following as a

pure substance or a mixture. If it is a pure substance, is it an element or a compound?
a. calcium

b. calcium dihydrogen phosphate

c. double-acting baking powder

3.2 Compounds and Chemical Bonds T

The percentage of H,O; in the mixture of hydrogen peroxide and water that is used
as a disinfectant can vary, but the percentage of hydrogen in the compound water
is always the same. Why? One of the key reasons that the components of a given
compound are always the same, and present in the same proportions, is that the atoms
in a compound are joined together by special kinds of attractions called chemical
bonds. Because of the nature of these attractions, the atoms combine in specific ratios
that give compounds their constant composition. This section will introduce you to
the different types of chemical bonds and provide you with the skills necessary to
predict the types of chemical bonds between atoms of different elements.
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H;

OBJECTIVE 5

OBJECTIVE 7

Figure 3.4

Hydrogen Chloride Molecule

OBJECTIVE 5

Equal and Unequal Sharing of Electrons

Let’s first consider the compound hydrogen chloride, HCl. When HCl is dissolved in
water, the resulting mixture is called hydrochloric acid. Not only is this mixture a very
common laboratory agent, but it is also used in food processing and to treat the water
in swimming pools.

In Section 2.5, we learned about the bond between hydrogen atoms in H, molecules.
We saw that the two electrons in the H) molecule are shared equally between the atoms
and can be viewed as an electron-charge cloud surrounding the hydrogen nuclei. This
sharing creates a covalent bond that holds the atoms together. There is also a covalent
bond between the hydrogen atom and the chlorine atom in each molecule of HCI.
It is very similar to the covalent bond in hydrogen molecules, with one important
exception.

The difference between the H-Cl bond and the H-H bond is that the hydrogen
and chlorine atoms in HCI do not share the electrons in the bond equally. In the
hydrogen-chlorine bond, the two electrons are attracted more strongly to the chlorine
atom than to the hydrogen atom. The negatively charged electrons in the bond shift
toward the chlorine atom, giving it a partial negative charge, d—, and giving the
hydrogen atom a partial positive charge, 6+ (Figure 3.4). The lower case Greek delta,
d, is a symbol that represents partial or fractional.

When the electrons of a covalent bond are shared unequally, the bond is called a
polar covalent bond. Due to the unequal sharing of the electrons in the bond, a polar
covalent bond has one atom with a partial positive charge, &+, and one atom with a

partial negative charge, 0-.

Electrons shift toward the chlorine atom,
forming partial plus and minus charges.

o+ 0—
Hydrogen attracts electrons less. @ Chlorine attracts electrons more.

OBJECTIVE 7

If the electron-attracting ability of one atom in a bond is much greater than the
others, there is a large shift in the electron cloud, and the partial charges are large. If the
electron-attracting ability of one atom in a covalent bond is only slightly greater than
the others, there is not much of a shift in the electron cloud, and the partial charges
are small. When the difference in electron-attracting abilities is negligible (or zero), the
atoms in the bond will have no significant partial charges. We call this type of bond
a nonpolar covalent bond. The covalent bond between hydrogen atoms in Hj is an
example of a nonpolar covalent bond.
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Transfer of Electrons

Sometimes one atom in a bond attracts electrons so much more strongly than the
other that one or more electrons are fully transferred from one atom to another.
This commonly happens when metallic atoms combine with nonmetallic atoms. A
nonmetallic atom usually attracts electrons so much more strongly than a metallic
atom that one or more electrons shift from the metallic atom to the nonmetallic atom.
For example, when the element sodium combines with the element chlorine to form
sodium chloride, NaCl, the chlorine atoms attract electrons so much more strongly
than the sodium atoms that one electron is transferred from each sodium atom to a
chlorine atom.

When an electron is transferred completely from one uncharged atom to another,
the atom that loses the electron is left with one more proton than electron and acquires
a +1 charge overall. It therefore becomes a cation (Section 3.4). For example, when
an uncharged sodium atom with 11 protons and 11 electrons loses an electron, it is
left with 11 protons (a charge of +11) and 10 electrons (a charge of —10), yielding an
overall +1 charge.

Na - Nat + e
11p/11e” 11p/10e™

+114+(-11)=0 +11 4 (-10) = +1

In contrast, an uncharged atom that gains an electron will have one more electron
than proton, so it forms an anion with a —1 charge. When a chlorine atom gains an
electron from a sodium atom, the chlorine atom changes from an uncharged atom
with 17 protons and 17 electrons to an anion with 17 protons and 18 electrons and an

overall =1 charge.

Cl + e - Cl-
17p/17¢ 17p/18¢”
+174+(-17) =0 +17 4+ (-18) = -1

Atoms can transfer one, two, or three electrons. Thus cations can have
a+1, +2, or +3 charge, and anions can have a -1, =2, or =3 charge.

Because particles with opposite charges attract each other, there is an
attraction between cations and anions. This attraction is called an ionic
bond. For example, when an electron is transferred from a sodium atom
to a chlorine atom, the attraction between the +1 sodium cation and the
—1 chlorine anion is an ionic bond (Figure 4.5).

You will see as you read more of this book that substances that have
ionic bonds are very different from those that have all covalent bonds. For
example, compounds that have ionic bonds, such as the sodium chloride
in table salt, are solids at room temperature and pressure, but compounds

Dead Sea
with all covalent bonds, such as hydrogen chloride and water, can be gases

OBJECTIVE 6

OBJECTIVE 6

OBJECTIVE 6

The Salt-Encrusted Shore of The

Salt (sodium chloride) is an ionic

and liquids as well as solids. compound. Water is molecular.
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=
Sodium aton@

metallic element

Chlorine atom, Cl

nonmetallic element

Chlorine gas, Cl, J

o Each Na atom Each Cl atom
loses one electron gains one electron
and gets smaller and gets larger

Sodium metal, Na l
N ‘
3 Sodium ion, Na'— +( —= Chlorine ion, CI"
metallic cation | nonmetallic anion
Ionic bond, an attraction
between a cation and an anion
Figure 3.5 OBJECTIVE 6

lonic Bond Formation

OBJECTIVE 7

Summary of Covalent and Ionic Bond Formation

When atoms of different elements form chemical bonds, the electrons in the bonds
can shift from one bonding atom to another.

The atom that attracts electrons more strongly will acquire a negative charge, and
the other atom will acquire a positive charge.

The more the atoms differ in their electron-attracting ability, the more the electron
cloud shifts from one atom toward another.

If there is a large enough difference in electron-attracting ability, one, two, or three
electrons can be viewed as shifting completely from one atom to another. The
atoms become positive and negative ions, and the attraction between them is called
an jonic bond.

If the electron transfer is significant but not enough to form ions, the atoms acquire
partial positive and partial negative charges. The bond in this situation is called a
polar covalent bond.

If there is no shift of electrons or if the shift is negligible, no significant charges will
form, and the bond will be a nonpolar covalent bond.

It might help, when thinking about these different kinds of bonds, to compare

them to a game of tug-of-war between two people. The people are like the atoms with
a chemical bond between them, and the rope is like the electrons in the bond. If the
two people tugging have the same (or about the same) strength, the rope will not move

(or not move much). This leads to a situation that is like the nonpolar covalent bond.

If one person is stronger than the other person, the rope will shift toward that person,

the way the electrons in a polar covalent bond shift toward the atom that attracts them

more. If one person can pull a lot harder than the other person can, the stronger person

pulls the rope right out of the hands of the weaker one. This is similar to the formation

of ions and ionic bonds, when a nonmetallic atom pulls one or more electrons away

from a metallic atom.
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Figure 3.6 summarizes the general differences between nonpolar covalent bonds,

polar covalent bonds, and ionic bonds.

Figure 3.6
Nonpolar Covalent Bond Covalent and lonic Bonds
Equal sharring of elect
qual sharring of electrons T

Both atoms attract No significant
electrons equally charges form.
(or nearly so).

Polar Covalent Bond
Unequal sharing of electrons

This atom attracts
electrons more strongly.
Partial positive charge ———— @

Partial negative charge.

Ionic Bond
Strong attraction between positive and negative charges.

This atom attracts

This atom loses electrons so much more
one or more electrons e strongly than the other
and gains a positive atom that it gains one or
charge. more electrons and gains a

lonic bond negative charge.

Predicting Bond Type

The simplest way to predict whether a bond will be ionic or covalent is to apply the OgJECTIVE 8
following rules.

B When a nonmetallic atom bonds to another nonmetallic atom, the bond is
covalent.
®  When a metallic atom bonds to a nonmetallic atom, the bond is usually
ionic.
Some bonds between a metallic atom and a nonmetallic atom are better described as
covalent. For now, however, we will keep our guidelines simple. All nonmetal-nonmetal
combinations lead to covalent bonds, and except when you are told otherwise, you can

assume that all bonds between metallic atoms and nonmetallic atoms are ionic bonds.
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Classifying Compounds

OBJECTIVE 9 Compounds can be classified as molecular or ionic. Molecular compounds are
composed of molecules, which are collections of atoms held together by all covalent
bonds. Ionic compounds contain cations and anions held together by ionic bonds
(Figure 3.7). You will see some exceptions later in this text, but for now, if a formula
for a compound indicates that all the elements in it are nonmetals, you can assume that
all of the bonds are covalent bonds, which form molecules, and that the compound is a
molecular compound. We will assume that metal-nonmetal combinations lead to ionic
bonds and ionic compounds.

Figure 3.7

Classifying Compounds OsJECTIVE 9

Molecular compound
Hydrogen chloride, HCI, gas

Ionic compound

Sodium chloride, NaCl, solid

Nonmetallic
anions

HCI molecule

<@

Nonmetal Nonmetal

Covalent bond

Metallic

cations

Y

w
ExampPLE 3.2 - CLassIFYING CoOMPOUNDS

Classify each of the following as either a molecular compound or an ionic compound.
a. calcium chloride, CaCl; (used for de-icing roads)
b. ethanethiol, C;HsSH (a foul-smelling substance used to odorize natural gas)

OBJECTIVE 9

Solution

a. Calcium, Ca, is a metal, and chlorine, Cl, is a nonmetal. We expect the bonds
between them to be ionic, so calcium chloride is an ionic compound.

b. Carbon, hydrogen, and sulfur are all nonmetallic elements, so we expect the
bonds between them to be covalent bonds. The formula, C;HsSH, tells us that
ethanethiol is composed of molecules that each contain two carbon atoms, six
hydrogen atoms, and one sulfur atom. Ethanethiol is a molecular compound.

Exercise 3.2 - CLassIFYING COMPOUNDS

OBJECTIVE 9 Classify each of the following substances as either a molecular compound or an ionic
compound.

a. formaldehyde, CH,O (used in embalming fluids)

b. magnesium chloride, MgCl, (used in fireproofing wood and in paper

manufacturing)
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3.3 Molecular Compounds T

Have you ever wondered why salt dissolves so quickly in water but oil does not?...why
bubbles form when you open a soft drink can?... why a glass of water fizzes when an
Alka-Seltzer tablet is plopped into it? What’s going on at the submicroscopic level that
makes these things happen? To answer these questions, you need to know more about
the structure of water, including the spatial arrangement of atoms in water molecules.
The purpose of this section is to begin to describe the three-dimensional structure of
molecular compounds such as water.

Earlier we saw that when some elements form ionic and covalent bonds, their
atoms gain, lose, or share electrons. This suggests an important role for electrons in
chemistry. However, chemists have also found that for most elements, some electrons
are more influential in the formation of chemical bonds than others are. Of chlorine’s
17 electrons, for example, only seven are important in predicting how chlorine will
bond. Of sulfur’s 16 electrons, only six are important; of phosphorus’s 15 electrons,
only five are important. Chemists noticed that the important electrons, called valence OsecTivE 10
electrons, are equal in number to the element’s “A-group” number. For example, the
nonmetallic elements in group 7A (E Cl, Br, and I) have seven valence electrons, those
in group 6A (O, S, and Se) have six valence electrons, those in group 5A (N and P)
have five, and carbon (C) in group 4A has four.

A more precise definition of valence electrons, and an explanation for why chlorine
has seven, sulfur six, and so on, will have to wait until you learn more about atomic
theory in Chapter 11. For now, it is enough to know the numbers of valence electrons
for each nonmetallic atom and know how they are used to explain the bonding patterns
of nonmetallic atoms.

The valence electrons for an element can be depicted visually in an electron-dot
symbol. (Electron-dot symbols are known by other names, including electron-dot
structures, electron-dot diagrams, and Lewis electron-dot symbols.) An electron-dot
symbol that shows chlorine’s seven valence electrons is

Electron-dot symbols are derived by placing valence electrons (represented by dots) OssecTive 11
to the right, left, top, and bottom of the element’s symbol. Starting on any of these four
sides, we place one dot at a time until there are up to four unpaired electrons around
the symbol. If there are more than four valence electrons for an atom, the remaining
electrons are added one by one to the unpaired electrons to form up to four pairs.

XX X eXe iXe o :Xe XX
There is no set convention for the placement of the paired and unpaired electrons OssecTive 11
around the symbol. For example, the electron-dot symbol for chlorine atoms could

be

Cl- or «Cls or :(il: or :Cl:
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OBJecTIVE 11

OBJECTIVE 12

OBJECTIVE 12

OBJecTIvE 11

There seems to be something special about having eight valence electrons (often
called an octet of electrons). For example, the noble gases (group 8A) have an octet of
electrons (except for helium, which has only two electrons total), and they are so stable
that they rarely form chemical bonds with other atoms.

+Ne: r eKre e

When atoms other than the noble gas atoms form bonds, they often have eight
electrons around them in total. For example, the unpaired electron of a chlorine atom
often pairs with an unpaired electron of another atom to form one covalent bond. This
gives the chlorine atom an octet of eight electrons around it: two from the two-electron
covalent bond and six from its three lone pairs. This helps us explain why chlorine gas
is composed of Cl, molecules.

Note that each chlorine atom in Cl; has an octet of electrons. Apparently, the formation
of an octet of electrons leads to stability.

(B

This way of depicting a molecule—using the elements’ symbols to represent atoms
and using dots to represent valence electrons—is called a Lewis structure. Covalent
bonds are usually represented by lines in Lewis structures, so the Lewis structure of a
Cl, molecule can have either of two forms:

:Cl:Cl: or :Cl—ClI:

The nonbonding pairs of electrons are called lone pairs. Each atom of chlorine in a Cl,
molecule has 1 covalent bond and 3 lone pairs.

Lone pairs
(nonbonding electrons)

Lone pairs
(nonbonding electrons)

covalent bond

Some atoms do not form octets of electrons when they bond. For example, hydrogen
atoms form one bond, achieving a total of two electrons around them. The reason is
similar to the reason that chlorine atoms form one covalent bond and have three lone
pairs. Atoms of helium, which is one of the very stable noble gases, have two electrons.
When hydrogen atoms form one covalent bond, they get two electrons around them,
like helium atoms. Knowing that hydrogen atoms form one covalent bond and that
chlorine atoms form one bond and have three lone pairs helps us to build the Lewis
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structure for a hydrogen chloride molecule, HCI:
H. + -(:::l: — H:é::l: or H—é::l:

Like chlorine, the other elements in group 7A also have seven valence electrons, so
their electron-dot symbols are similar to that of chlorine. The unpaired dot can be
placed on any of the four sides of each symbol.

In order to obtain octets of electrons, these atoms tend to form compounds in
which they have one bond and three lone pairs. Note how the Lewis structures of
hydrogen fluoride, HF (used in the refining of uranium), hydrogen bromide, HBr (a
pharmaceutical intermediate), and hydrogen iodide, HI (used to make iodine salts)
resemble the structure of hydrogen chloride.

H—F: H—Br H—1:
Hydrogen fluoride =~ Hydrogen bromide ~ Hydrogen iodide

The nonmetallic elements in group 6A (oxygen, sulfur, and selenium) have atoms with
six valence electrons:

L] é L] .:S:. [ ] §? [ ]
(The unpaired dots can be placed on any two of the four sides of each symbol.) These

elements usually gain an octet by forming two covalent bonds and two lone pairs, as in
water, H>O, and hydrogen sulfide, H,S.

H—O—H H—S—H
Water Hydrogen sulfide

Nitrogen and phosphorus, which are in group 5A, have atoms with five valence

electrons:
L] .N.. L] [ ] .P.. [ ]

They form three covalent bonds to pair their three unpaired electrons and achieve an
octet of electrons around each atom. Ammonia, NH3, and phosphorus trichloride,
PCl3, molecules are examples.

H—$—H :@—?—@:
H Cl:
Ammonia Phosphorus trichloride

PCl; is used to make pesticides and gasoline additives.

OBJecTIVE 11

OBJecTIVE 11

OsJecTivE 11
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OsJecTivE 11

Web
Molecules

Carbon, in group 4A, has four unpaired electrons in its electron-dot symbol.

.g.
Predictably, carbon atoms are capable of forming four covalent bonds (with no lone
pairs). Examples include methane, CHy, the primary component of natural gas, and

ethane, C;Hg, and propane, C3Hg, which are also found in natural gas, but in smaller

quantities.
| ol Ty
H H H H H H
Methane Ethane Propane

Methane, ethane, and propane are hydrocarbons, compounds that contain only
carbon and hydrogen. Fossil fuels that we burn to heat our homes, cook our food,
and power our cars, are primarily hydrocarbons. For example, natural gas is a mixture
of hydrocarbons with from one to four carbons, and gasoline contains hydrocarbon
molecules with from six to twelve carbons. Like the hydrocarbons described above,
many of the important compounds in nature contain a backbone of carbon-carbon
bonds. These compounds are called organic compounds, and the study of carbon-

based compounds is called organic chemistry.

Propane, CsHg

\

Butane, C4Hy

Figure 3.8
Household Hydrocarbon
Liquid petroleum gas is a mixture of the hydrocarbons propane and butane.

Table 3.1 shows electron-dot symbols for the nonmetallic atoms and lists their most
common bonding patterns. Note that the sum of the numbers of bonds and lone
pairs is always four for the elements in this table.
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Table 3.1
Electron-Dot Symbols and Usual Numbers of Bonds and Lone Pairs for Nonmetallic Elements
Group 4A Group 5A Group 6A Group 7A
4 valence electrons | 5 valence electrons | 6 valence electrons | 7 valence electrons
.g. .g. .X. :x.
4 bonds | No lone | 3bonds | 1lone | 2bonds | 2lone | 1bond | 3 lone
pairs pair pairs pairs
carbon-C nitrogen-N oxygen-O fluorine-F
oo K- ~G- -
| | o0
phosphorus-P sulfur-S chlorine-Cl
— °P|'— S - —ClIs
selenium-Se bromine-Br
g i
iodine-I
—I:

Atoms can form double bonds, in which four electrons are shared between atoms.
Double bonds are represented by double lines in a Lewis structure. For example, in a
carbon dioxide molecule, CO,, each oxygen atom has two bonds to the central carbon
atom.

0=C=0Q;

Note that each atom in COj, still has its most common bonding pattern. The carbon
atom has four bonds and no lone pairs, and the oxygen atoms have two bonds and two
lone pairs.

Triple bonds, in which six electrons are shared between two atoms, are less common
than double bonds, but they do exist in molecules like the diatomic nitrogen molecule,
Nj. This triple bond gives each nitrogen atom its most common bonding pattern of
three bonds and one lone pair.

‘N=N?

This text describes two ways to construct Lewis structures from chemical formulas.
In this chapter, you will find that Lewis structures for many common substances can
be drawn by giving each type of atom its most common number of covalent bonds
and lone pairs. You will learn a more widely applicable procedure for drawing Lewis
structures in Chapter 12.

To illustrate how Lewis structures can be drawn using the information on Table 3.1,
let’s figure out the Lewis structure of methanol, CH30OH, which is often called methyl
alcohol or wood alcohol. Methanol is a poisonous liquid that is used as a solvent.

OBJecTIVE 13
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When drawing its Lewis structure, we assume that the carbon atom will have four
bonds (represented by four lines), the oxygen atom will have two bonds and two lone
pairs, and each hydrogen atom will have one bond. The Lewis structure below meets
these criteria.

i
H—C—QO—H
| (X ]
OsBJECTIVE 14 H
OgsecTivE 15 Methanol, CH3;0H
(methyl alcohol)

Methanol is an alcohol, which is a category of organic compounds, not just the
intoxicating compound in certain drinks. Alcohols are organic compounds that possess
one or more —OH groups attached to a hydrocarbon group (a group that contains only
carbon and hydrogen). Ethanol, C;HsOH, is the alcohol in alcoholic beverages (see
Special Topic 3.1: Intoxicating Liquids and the Brain), while the alcohol in rubbing
alcohol is usually 2-propanol (Figure 3.9). These alcohols are also called methyl alcohol,
CH30H, ethyl alcohol, C;H5OH, and isopropyl alcohol, C3H;OH.

OBJecTIvE 15

:0—H
T

.o | |
H—C—C—0—H  H-C-C—C—H

Web | | | | |

Molecules H H H H H

OsJecTive 14 Ethanol, C;HsOH 2-propanol, C;H;OH

OsJecTivE 15 (ethyl alcohol) (isopropyl alcohol)

Check to see that each of these compounds follows our guidelines for drawing Lewis
structures.

Figure 3.9
Products Containing Alcohols

>

methanol, CH30H

) : l A poison

Ethanol, C2HsOH
An intoxicant

\
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ExamvpPLE 3.3 - DRAWING LEWIS STRUCTURES FROM FORMULAS

Draw a Lewis structure for each of the following formulas:
a. phosphine, PHj3 (used to make semiconductors)

b. hypochlorous acid, HOCI (used to bleach textiles)
c. CFC-11, CCI3F (used as a refrigerant)

d. CyH,, acetylene (burned in oxyacetylene torches)

Solution

a. Phosphorus atoms usually have three covalent bonds and one lone pair, and
hydrogen atoms have one covalent bond and no lone pairs. The following Lewis

structure for PHj gives each of these atoms its most common bonding pattern.

H—?—H
H

b. Hydrogen atoms have one covalent bond and no lone pairs, oxygen atoms
usually have two covalent bonds and two lone pairs, and chlorine atoms usually

have one covalent bond and three lone pairs.
H—O—Cl:

c. Carbon atoms usually have four covalent bonds and no lone pairs. Fluorine
and chlorine atoms usually have one covalent bond and three lone pairs. The

fluorine atom can be put in any of the four positions around the carbon atom.

:F:

s

d. Carbon atoms form four bonds with no lone pairs, and hydrogen atoms form
one bond with no lone pairs. To achieve these bonding patterns, there must be

a triple bond between the carbon atoms.

H—C=C—H

9

ExercISe 3.3 - DrRAWING LEWIS STRUCTURES FROM FORMULAS

Draw a Lewis structure for each of the following formulas:
a. nitrogen triiodide, NI (explodes at the slightest touch)
b. hexachloroethane, C,Clg (used to make explosives)

o

hydrogen peroxide, H,O, (a common antiseptic)

o

ethylene (or ethene), CoHy (used to make polyethylene)

OBJECTIVE 16

OBJECTIVE 16
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OsBJecTIVE 17

OBJECTIVE 18

OsBJEcTIVE 19

Molecular Shape

Lewis structures are useful for showing how the atoms in a molecule are connected by
covalent bonds, but they do not always give a clear description of how the atoms are
arranged in space. For example, the Lewis structure for methane, CHy, shows the four

covalent bonds connecting the central carbon atom to the hydrogen atoms:

However, this Lewis structure seems to indicate that the five atoms are all located in
the same plane and that the angles between the atoms are all 90° or 180°. This is not
true. The actual shape of a molecule can be more accurately predicted by recognizing
that the negatively charged electrons that form covalent bonds and lone pairs repel each
other. Therefore, the most stable arrangement of the electron-groups is the molecular
shape that keeps the groups as far away from each other as possible.

The best way to keep the negative charges for the four covalent bonds in a methane
molecule as far apart as possible is to place them in a three-dimensional molecular

shape called tetrahedral, with angles of 109.5° between the bonds.

H  The shaded shape is a

‘ regular tetrahedron.

AR

The angle formed by straight lines (representing bonds) connecting the nuclei of
three adjacent atoms is called a bond angle.

Three ways to represent the methane molecule are shown in Figure 3.10. The
first image, a space-filling model, provides the most accurate representation of the
electron-charge clouds for the atoms in CHy. A ball-and-stick model, the second
image, emphasizes the molecule’s correct molecular shape and shows the covalent
bonds more clearly. The third image, a geometric sketch, shows a simple technique for
describing three-dimensional tetrahedral structures with a two-dimensional drawing.
Two hydrogen atoms are connected to the central carbon atom with solid lines. Picture
these as being in the same plane as the carbon atom. A third hydrogen atom, connected
to the central carbon with a solid wedge, comes out of the plane toward you. The
fourth hydrogen atom, connected to the carbon atom by a dashed wedge, is situated

back behind the plane of the page.



3.3 Molecular Compounds

Extends
away from H  bond angle
viewer /
109.5°
Extends R
toward H T~H
viewer
Space-filling model Ball-and-stick model Geometric Sketch
Figure 3.10
OsBJeCTIVE 19 OBJECTIVE 20 Three Ways to Describe

a Methane Molecule

The nitrogen atom in an ammonia molecule, NH3, forms three covalent bonds
and in addition has a lone pair of electrons. A lone pair on a central atom must be
considered in predicting a molecule’s shape.

H—$—H
H

Like the carbon atom in a methane molecule, the nitrogen atom has four electron-groups
around it, so the ammonia molecule has a shape that is very similar to the shape of
a CHy4 molecule. However, the lone pair on the nitrogen atom repels neighboring
electron-groups more strongly than the bond pairs do, so the lone pair in the ammonia
molecule pushes the bond pairs closer together than the bond pairs for methane. The
bond angle is about 107° instead of 109.5°. Figure 3.11 shows three ways to represent
the ammonia molecule.

H.m\\\\“ N~_
Q % ~— H OsJecTive 20
H 1070

Figure 3.11
Three Ways to Describe
an Ammonia Molecule

Space-filling model Ball-and-stick model Geometric sketch

Liquid Water

A chemist’s-eye view of the structure of liquid water starts with the prediction of the
molecular shape of each water molecule. The Lewis structure of water shows that the
oxygen atom has four electron-groups around it: two covalent bonds and two lone
pairs.

We predict that the four groups would be distributed in a tetrahedral arrangement
to keep their negative charges as far apart as possible. Because the lone pairs are more
repulsive than the bond pairs, the angle between the bond pairs is less than 109.5°. In
fact, it is about 105° (Figure 3.12).
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Figure 3.12
Three ways to Describe
a Water Molecule

H
|~05°

HO)

o0 \H

OgJecTIVE 20

Space-filling model Ball-and-stick model Geometric Sketch

Because oxygen atoms attract electrons much more strongly than do hydrogen
atoms, the O-H covalent bond is very polar, leading to a relatively large partial minus

MO\IAelilljleS charge on the oxygen atom (represented by a 0-) and a relatively large partial plus
charge on the hydrogen atom (represented by a d+).
H o+
-0
T~ &+
OsJecTive 21 The attraction between the region of partial positive charge on one water molecule
and the region of partial negative charge on another water molecule tends to hold
water molecules close together (Figure 3.13). Remember that opposite charges attract
each other and like charges repel each other.
Figure 3.13
Attractions Between
water Molecules Attraction between partial positive

charge and partial negative charge
OsJecTivE 21

OBJECTIVE 22 As in other liquids, the attractions between water molecules are strong enough to
keep them the same average distance apart, but they are weak enough to allow each
molecule to be constantly breaking the attractions that momentarily connect it to
some molecules and forming new attractions to other molecules (Figure 3.14). In other
chapters, you will find this image of the structure of water useful in developing your
understanding of what is happening when salt dissolves in your pasta water and when
bubbles form in a soft drink or in a glass of Alka-Seltzer and water.
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Attractions exist between hydrogen
and oxygen atoms of different water
molecules.

Molecules break old attractions and
make new ones as they tumble
throughout the container.

Figure 3.14

OBJeCTIVE 22 Liquid Water

The Shockwave animation at the textbook’s Web site will help you to visualize the
structure of water.

o

SPECIAL TOPIC 4.1

Molecular Shapes, Intoxicating

Liquids, and the Brain

Even if we do not all have firsthand experience with
alcoholic beverages, we all know that their consumption
slows brain activity. Ethanol, or ethyl alcohol, is the
chemical in alcoholic beverages that causes this change.

H H

[
H—?—C—O—H

H H

Ethanol, C2H5OH

Information is transferred through our nervous system when
one nerve cell causes the next nerve cell to fire. This firing is
regulated by the attachment of molecules with specific shapes
to large protein molecules that form part of the nerve cell’s
membrane. When certain small molecules of the correct
shape attach to the protein structures in the cell membranes,
the cell is caused to fire. When certain other molecules
attach, the firing of the cell is inhibited. For example, when
a molecule called gamma-aminobutanoic acid, or GABA,
attaches to a protein molecule in certain nerve cells, it causes

changes that inhibit the firing of the cell.
s
H-N-C—C—C—-C—-0O—-H GABA

[
H H H H

The GABA molecules are constantly attaching to the
protein and then leaving again. When the GABA molecules
are attached, the information transfer between nerve cells is
inhibited. Anything that would make it easier for the GABA
molecules to attach to the protein would lead to a slowing of
the transfer of information between nerve cells.

Ethanol molecules can attach to the same protein as the
GABA molecules, but they attach to a different site on the
protein molecule. They change the shape of the protein in
such a way that it becomes easier for the GABA molecules
to find their position on the protein. Thus, when ethanol is
present, the GABA molecules will become attached to the
protein more often, inhibiting the firing of the cell. In this
way, ethanol helps to slow the transfer of nerve information.

This slowing of the transfer of nerve information to the
brain may not be a big problem to someone having a glass
of wine with dinner at home, but when a person has a few
drinks and drives a car, the consequences can be serious. If a
deer runs in front of the car, we want the “put on the brake”
signal sent from eyes to brain and then from brain to foot as
quickly as possible.
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T 3.4 Naming Binary Covalent Compounds

OBJECTIVE 23

OBJECTIVE 23

Please excuse Lisa for being absent; she was sick and I had her shot.

A note to the teacher to explain why a child was absent

We can probably assume that the parent who wrote this note meant the child was
taken to the doctor for an injection, but who knows? Like everyone else, chemists need
to be careful about how they use language, and the names and formulas for chemical
compounds form the core of the language of chemistry. The purpose of this section is
to describe the guidelines for constructing the names for binary covalent compounds,
which are pure substances that consist of two nonmetallic elements. The water, H,O,
you boil to cook your eggs and the methane, CHy, in natural gas that can be burned

to heat the water are examples of binary covalent compounds.

Memorized Names

Some binary covalent compounds, such as water, H,O, and ammonia, NH3, are known
by common names that chemists have used for years. There is no systematic set of rules
underlying these names, so each must simply be memorized. Organic compounds,
such as methane, CHy, ethane, C,Hg, and propane, C3Hg, are named by a systematic
procedure that you might learn later in your chemical education, but for now, it will be

useful to memorize some of their names and formulas also (Table 3.2).

Table 3.2

Names and Formulas of some Binary Covalent Compounds
Name Formula Name Formula
water H,O ammonia NH;
methane CHy ethane C,Hg
propane CsHg

Systematic Names

There are many different types of chemical compounds, and each type has its own set
of systematic guidelines for writing names and chemical formulas. Thus, to write the
name that corresponds to a formula for a compound, you need to develop the ability
to recognize the formula as representing a specific type of compound. Likewise, to
write a formula from a name, you need to recognize the type of compound the name
represents. You also need to learn the guidelines for converting between names and
formulas for that type of compound. You can recognize binary covalent compounds
from their formulas, which contain symbols for only two nonmetallic elements. The

general pattern of such formulas is A,By,, where “A” and “B” represent symbols for
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nonmetals, and “a” and “b” represent subscripts (remember that if one of the subscripts
is absent, it is understood to be 1). For example, because nitrogen and oxygen are
nonmetallic elements, the formula N,O3 represents a binary covalent compound.

Nonmetallic elements

Binary covalent compound ——— A,By OsuecTIVE 24

\

Subscripts (may be absent)

Follow these steps to write the names for binary covalent compounds. OsJECTIVE 28

m  If the subscript for the first element is greater than one, indicate the identity
of the subscript using prefixes from Table 3.3. We do not write mono- at the
beginning of a compound’s name (see Example 3.4).

Example: We start the name for N,O3 with di-.

Table 3.3

Prefixes Used in the Names of Binary Covalent Compounds OsJECTIVE 25

Number of Prefix Number of Prefix
atoms atoms
1 mon(o) 6 hex(a)
2 di 7 hept(a)
3 tri 8 oct(a)
4 tetr(a) 9 non(a)
5 pent(a) 10 dec(a)

m  Actach the selected prefix to the name of the first element in the formula. If
no prefix is to be used, begin with the name of the first element.

Example: We indicate the N, portion of N,Oj3 with dinitrogen.

m  Select a prefix to identify the subscript for the second element (even if its
subscript is understood to be one). Leave the # off the end of the prefixes
that end in # and the 0 off of mono- if they are placed in front of an element
whose name begins with a vowel (oxygen or iodine).

Example: The name of N,O3 grows to dinitrogen tri-.

m  Write the root of the name of the second element in the formula as shown

in Table 3.4 on the next page.
Example: The name of N,O3 becomes dinitrogen triox-.
m  Add -ide to the end of the name.

Example: The name of N,Oj is dinitrogen trioxide.
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Table 3.4

Roots for Names of the Nonmetal Elements

Element | Root |Element| Root | Element| Root |Element| Root
C carb N nitr O ox F Auor
P phosph S sulf Cl chlor
Se selen Br brom
I iod

Y

w
ExampPLE 3.4 - NaminG BINARY CovaLENT COMPOUNDS

Write the names that correspond to the formulas (a) N,Os, (b) NO,, and (c) NO.
Solution

These formulas are in the form of A, By, where A and B represent symbols for nonmetallic
elements, so they are binary covalent compounds.

a. The first subscript in N,Os is 2, so the first prefix is 7. The first symbol, N,
represents nitrogen, so the name for N,Os begins with dinitrogen. The second
subscript is 5, and the second symbol, O, represents oxygen. Therefore, the
prefix pent combines with the root of oxygen, ox , and the usual ending, ide, to
give pentoxide for the second part of the name. N,Os is dinitrogen pentoxide.
Notice that the a is left off penza, because the root ox begins with a vowel.

b. NO; is nitrogen dioxide. We leave mono off the first part of the name.

c. NO is nitrogen monoxide. We leave mono off the first part of the name, but we

start the second part of the name with mon. The o in mono is left off before the

root ox.

Hydrogen atoms always form one covalent bond, and halogen atoms (group 17 or
7A) usually form one bond. Thus hydrogen reacts with halogens to form compounds
with the general formula of HX, with the X representing the halogen. Because this
is common knowledge among scientists and science students, these compounds are
often named without prefixes. For example, HF can be named hydrogen fluoride or
hydrogen monofluoride. Likewise, HCI can be named hydrogen chloride or hydrogen
monochloride, HBr can be named hydrogen bromide or hydrogen monobromide, and
HI can be named hydrogen iodide or hydrogen moniodide. For similar reasons, H,S

can be named hydrogen sulfide or dihydrogen monosulfide.

y

ExercISE 3.4 - NamING oF BINARY CovaLENT COMPOUNDS

Write names that correspond to the following formulas: (a) P,Os, (b) PCl3, (c) CO,
(d) H,S, and (e) NHj.
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Converting Names of Binary Covalent Compounds to Formulas

Now let’s go the other way and convert from systematic names to chemical formulas.
The first step in writing formulas when given the systematic name of a binary covalent OBJECTIVE 24
compound is to recognize the name as representing a binary covalent compound. It

will have one of the following general forms.

prefix(name of nonmetal) prefix(root of name of nonmetal)ide

(for example, dinitrogen pentoxide)

or (name of nonmetal) prefix(root of name of nonmetal)ide

(for example, carbon dioxide)

or (name of nonmetal) (root of nonmetal)ide
(for example, hydrogen fluoride)

Follow these steps for writing formulas for binary covalent compounds when you are
. . . .. OsBJecTIVE 28
given a systematic name. Notice that they are the reverse of the steps for writing names

from chemical formulas.

m Write the symbols for the elements in the order mentioned in the name.

m Write subscripts indicated by the prefixes. If the first part of the name has no

prefix, assume it is mono-.

Remember that HE HCI, HBr, HI, and H,S are often named without prefixes. You
will also be expected to write formulas for the compounds whose nonsystematic names

are listed in Table 3.2.

.

ExampPLE 3.5- WRITING FOrRMULAS FOR BINARY CovaLENT COMPOUNDS

Write the formulas that correspond to the following names: (a) dinitrogen tetroxide, OBJECTIVE 28

(b) phosphorus tribromide, (c) hydrogen iodide, and (d) methane.
Solution

a. Because the name dinitrogen tetroxide has the following form, it must be

binary covalent.
prefix(name of nonmetal) prefix(root of name of nonmetal)ide

The di- tells us there are two nitrogen atoms, and the tetr- tells us there are four

oxygen atoms. Dinitrogen tetroxide is NpOy.

b. Because the name phosphorus tribromide has the following form, it must be

binary covalent.
(name of nonmetal) prefix(root of name of nonmetal)ide

Because there is no prefix attached to phosphorus, we assume there is one

phosphorus atom. Phosphorus tribromide is PBrs.



94 Chapter 3 ) Chemical Compounds

There is a tutorial
on the textbook’s
Web site that
provides practice
converting
between names
and formulas of
binary covalent
compounds.
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c. Because the name hydrogen iodide has the following form, it must be binary

covalent.
(name of nonmetal) (root of name of nonmetal)ide

This is one of the binary covalent compounds that do not require prefixes.
lodine usually forms one bond, and hydrogen always forms one bond, so
hydrogen iodide is HI.

d. Methane is on our list of binary covalent compounds with names you should

memorize. Methane is CHy.

Exercise 3.5 - WRITING ForMuLAS FOR BINARY CovALENT COMPOUNDS

Write formulas that correspond to the following names: (a) disulfur decafluoride, (b)
nitrogen trifluoride, (c) propane, and (d) hydrogen chloride.

T 3.5 lonic Compounds

lonic compounds play
an important role in
creating the excitement
of a Fourth of July
celebration.

Ionic compounds are substances composed of ions attracted to each other by ionic
bonds. Let’s consider how they play a part in a “typical” family’s Fourth of July.

Before the family leaves the house to go to the holiday picnic, the kids are sent off
to brush their teeth and change into clean clothes. Their toothpaste contains sodium
fluoride, a common cavity-fighting ionic compound. The white shirts in their red,
white, and blue outfits were bleached with the ionic compound sodium hypochlorite,
the stains on their red pants were removed by potassium oxalate, and dyes were fixed
to their blue hats by aluminum nitrate.

While the kids are getting ready, dad and mom get the picnic dinner together. The
hot dogs they are packing are cured with the ionic compound sodium nitrite, and
the buns contain calcium acetate as a mold inhibitor and calcium iodate as a dough
conditioner. The soft drinks have potassium hydrogen carbonate to help trap the
bubbles, the mineral water contains magnesium sulfate, and the glass for the bottles
was made with a variety of ionic compounds. Because it will be dark before they get

home, Mom packs a flashlight as well. Its rechargeable
batteries contain the ionic compounds cadmium hydroxide
and nickel hydroxide.

When our family gets to the park, they find themselves
a place on the lawn, which was fertilized with a mixture of
ionic compounds, including iron(II) sulfate. They eat their
dinner and play in the park until it’s time for the fireworks.
The safety matches used to light the rockets contain barium
chromate, and ionic compounds in the fireworks provide the
colors: red from strontium chlorate, white from magnesium
nitrate, and blue from copper(II) chloride.
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3.5

Cations and Anions

Remember the sodium fluoride in the kids’ toothpaste? It could be made from the
reaction of sodium metal with the nonmetallic atoms in fluorine gas. As you discovered
in Section 3.2, metallic atoms hold some of their electrons relatively loosely, and as a
result, they tend to lose electrons and form cations. In contrast,
nonmetallic atoms attract electrons more strongly than metallic
atoms, and so nonmetals tend to gain electrons and form anions.
Thus, when a mertallic element and a nonmetallic element
combine, the nonmetallic atoms often pull one or more electrons
far enough away from the metallic atoms to form ions. The positive
cations and the negative anions then attract each other to form
ionic bonds. In the formation of sodium fluoride from sodium
metal and fluorine gas, each sodium atom donates one electron
to a fluorine atom to form a Na™ cation and an F~ anion. The F~
anions in toothpaste bind to the surface of your teeth, making
them better able to resist tooth decay. This section provides you  guqium fluoride is
with more information about other cations and anions, including  added to toothpaste
how to predict their charges and how to convert between their to help fight tooth

names and formulas. decay.

Predicting Ionic Charges

It is useful to be able to predict the charges the atoms of each element are most likely
to attain when they form ions. Because the periodic table can be used to predict ionic
charges, it is a good idea to have one in front of you when you study this section.

We discovered in Chapter 2 that the atoms of the noble gases found in nature are
uncombined with other atoms. The fact that the noble gas atoms do not gain, lose, or
share their electrons suggests there must be something especially stable about having 2
(helium, He), 10 (neon, Ne), 18 (argon, Ar), 36 (krypton, Kr), 54 (xenon, Xe), or 86
(radon, Rn) electrons. This stability is reflected in the fact that nonmetallic atoms form
anions in order to get the same number of electrons as the nearest noble gas.

All of the halogens (group 17) have one less electron than the nearest noble gas.
When halogen atoms combine with metallic atoms, they tend to gain one electron
each and form —1 ions (Figure 3.15). For example, uncharged chlorine atoms have 17
protons and 17 electrons. If a chlorine atom gains one electron, it will have 18 electrons
like an uncharged argon atom. With a —18 charge from the electrons and a +17 charge
from the protons, the resulting chlorine ion has a —1 charge. The symbol for this anion

< »

is CI". Notice that the negative charge is indicated with a “~” not “~1” or “ 1—

cl + 1le — CCI”
17p/17e 17p/18¢~

The nonmetallic atoms in group 16 (oxygen, O, sulfur, S, and selenium, Se) have
two fewer electrons than the nearest noble gas. When atoms of these elements combine
with metallic atoms, they tend to gain two electrons and form -2 jons (Figure 3.15).
For example, oxygen, in group 16, has atoms with eight protons and eight electrons.
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Each oxygen atom can gain two electrons to achieve ten, the same number as its nearest
noble gas, neon. The symbol for this anion is O?~. Notice that the charge is indicated

with “2=” not “=2”.

O + 22 — 0
8p/8e” 8p/10e™

Nitrogen, N, and phosphorus, P, have three fewer electrons than the nearest noble

gas. When atoms of these elements combine with metallic atoms, they tend to gain
three electrons and form —3 ions (Figure 3.15). For example, nitrogen atoms have
seven protons and seven electrons. Each nitrogen atom can gain three electrons to

achieve ten, like neon, forming a N3~ anion.

- N
7p/10e”

N + 3¢
7pl7e”

Hydrogen has one less electron than helium, so when it combines with metallic

a

toms, it forms a —1 ion, H™ (Figure 4.15). Anions like H™, CI7, 027, and N3,

which contain single atoms with a negative charge, are called monatomic anions.

Figure 3.15
The Making of an Anion

When a
hydrogen
atom gains
lelectron,

1 +e—
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or when an or when an or when an it has the same
atom in atom in atom number of
group 15 group 16 in group 17 electrons as an
gains gains gains atom of the
3 electrons, 2 electrons, 1 electron, nearest noble gas.
18
_ 2
H 15 16 17 He
7 8 9 10 — Aromic
N | t+3e- 3— O 5 F Ne number
15 16 | 225 ~o— |17 ~ 18 | equals
P LS Cl | X x— [[Ar | number of
\ | 34 35 36 electrons.
\ Il Se Br Kr
| 53 54
/ / I Xe

[T

Some metallic atoms lose enough electrons to create a cation that has the same
number of electrons as the nearest smaller noble gas. For example, the alkali metals
in group 1 all have one more electron than the nearest noble gas. When they react
with nonmetallic atoms, they lose one electron and form +1 ions (Figure 3.16). For
example, sodium has atoms with 11 protons and 11 electrons. If an atom of sodium
loses one electron, it will have ten electrons like uncharged neon. With a —10 charge
from the electrons and a +11 charge from the protons, the sodium ions have a +1
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overall charge. The symbol for this cation is Na*. Notice that the charge is indicated
with a “+” instead of “+1” or “1+”.

Na — Nat + le”
11p/11e” 11p/10e™

The alkaline earth metals in group 2 all have two more electrons than the nearest
noble gas. When they react with nonmetallic atoms, they tend to lose two electrons
and form +2 ions (Figure 3.16). For example, calcium has atoms with 20 protons
and 20 electrons. Each calcium atom can lose two electrons to achieve 18, the same
number as its nearest noble gas, argon. The symbol for this cation is Ca%*. Note that
the charge is indicated with “2+” not “+2”.

Ca — GCa** + 2e
20p/20€_ 20p/ 18e™

Aluminum atoms and the atoms of the group 3 metals have three more electrons
than the nearest noble gas. When they react with nonmetallic atoms, they tend to lose
three electrons and form +3 ions (Figure 3.16). For example, uncharged aluminum
atoms have 13 protons and 13 electrons. Each aluminum atom can lose three electrons
to achieve ten, like neon, forming an AI** cation.

Al — APt 4+ 36
13p/13e™ 13p/10e”
Cations like Nat, Ca2*, and AI3*, which are single atoms with a positive charge, are
called monatomic cations.
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Figure 3.16

The Making of a Cation
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Figure 3.17
Common Monatomic lons
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The metallic elements in groups other than 1, 2, or 3 also lose electrons to form
cations, but they do so in less easily predicted ways. It will be useful to memorize some
of the charges for these metals. Ask your instructor which ones you will be expected
to know. To answer the questions in this text, you will need to know that iron atoms
form both Fe?* and Fe?*, copper atoms form Cu* and Cu?", zinc atoms form Zn?",
cadmium atoms form Cd?*, and silver atoms form Ag*. Figure 3.17 summarizes the

charges of the ions that you should know at this stage.

18
8A
1 2 - 13 14 15 16 17
1A 2A 3 4A  SA G6A  7A
Lit | Be2t N3—| O+ | F-
3 4 5 6 7 8 9 10 11 12
2 3+ 3= 2— =
Na* Mg 35 45 sp 68 7B 8B 8B 8B 1B 2B | P 1 B I
2+ +
Rb* | Sr2* | | Y3+ Ag* |Cd? I~
Cs* | Ba*
Frt |Ra2*
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Naming Monatomic Anions and Cations

The monatomic anions are named by adding -ide to the root of the name of the
nonmetal that forms the anion. For example, N3~ is the nitride ion. The roots of the
nonmetallic atoms are listed in Table 3.4, and the names of the anions are displayed in

Table 3.5.

Table 3.5
Names of the Monatomic Anions
Anion Name Anion Name Anion Name
N3- nitride 0% oxide H~ hydride
p3- phosphide | $?~ sulfide F~ fluoride
Se?~ selenide Cl~ chloride
Br~ bromide
- iodide
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The names of monatomic cations always start with the name of the metal, sometimes
followed by a Roman numeral to indicate the charge of the ion. For example, Cu*
is copper(l), and Cu?* is copper(I). The Roman numeral in each name represents
the charge on the ion and allows us to distinguish between more than one possible
charge. Notice that there is no space between the end of the name of the metal and the
parentheses with the Roman numeral.

If the atoms of an element always have the same charge, the Roman numeral is
unnecessary (and considered to be incorrect). For example, all cations formed from
sodium atoms have a +1 charge, so Na* is named sodium ion, without the Roman
numeral for the charge. The following elements have only one possible charge, so it OsuecTive 31
would be incorrect to put a Roman numeral after their name.

m  The alkali metals in group 1 are always +1 when they form cations.
m  The alkaline earth metals in group 2 are always +2 when they form cations.

®m  Aluminum and the elements in group 3 are always +3 when they form

cations.
®m  Zinc and cadmium always form +2 cations.

Although silver can form both +1 and +2 cations, the +2 is so rare that we usually
name Ag" as silver ion, not silver(l) ion. Ag** is named silver(Il) ion.

We will assume that all of the metallic elements other than those mentioned above
can have more than one charge, so their cation names will include a Roman numeral.
For example, Mn?* is named manganese(II). We know to put the Roman numeral in

the name because manganese is not on our list of metals with only one charge.

9
ExampLE 3.6 - NamiNng MonATOMIC |ONS

Write names that correspond to the following formulas for monatomic ions: (a) Ba?t, OsjecTIVE 31

(b) S27, and (c) Cr3*.
Solution

a. Because barium is in group 2, the only possible charge is +2. When there is
only one possible charge, metallic ions are named with the name of the metal.
Therefore, Ba?" is barium ion.

b. Monatomic anions are named with the root of the nonmetal and -ide, so S*~ is
sulfide ion.

c. Because chromium is not on our list of metals with only one possible charge,
we need to indicate the charge with a Roman numeral. Therefore, Cr3* is

chromium(III) ion.

Exercise 3.6 - Naming MonaToMIC |ONS

Write names that correspond to the following formulas for monatomic ions: (a) Mg?*, OsecTive 31

(b) F~, and (c) Sn**.
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ExampLE 3.7 - FORMULAS FOR MoNATOMIC IONS

Write formulas that correspond to the following names for monatomic ions:
(a) phosphide ion, (b) lithium ion, and (c) cobalt(Il) ion.

Solution

a. We know this is a monatomic anion because it has the form, (nonmetal root)ide.
Phosphorus atoms gain three electrons to get 18 electrons like the noble gas
argon, Ar. Phosphide ion is pP3-.

b. Lithium atoms lose one electron to get two electrons, like the noble gas helium.
Lithium ion is Li™.

c. The Roman numeral indicates that the cobalt ion has a +2 charge. Note that

we would not have been able to determine this from cobalt’s position on the

periodic table. Cobalt(II) is Co?*.

—&

ExercISE 3.7 - FORMULAS FOR MoNATOMIC IONS

Write formulas that correspond to the following names for monatomic ions:
(a) bromide ion, (b) aluminum ion, and (c) gold(I) ion.

Several of the monatomic cations play important roles in our bodies. For example,
we need calcium ions in our diet for making bones and teeth. Iron(Il) ions are found in
hemoglobin molecules in red blood cells that carry oxygen from our lungs to the tissues
of our bodies. Potassium, sodium, and chloride ions play a crucial role in the transfer
of information between nerve cells. Enzymes (chemicals in the body that increase the
speed of chemical reactions) often contain metallic cations, such as manganese(Il) ions,
iron(III) ions, copper(Il) ions, and zinc ions. For example, Zn?* ions are in the center
of the enzyme alcohol dehydrogenase, which is the enzyme in our livers that accelerates
the breakdown of the ethanol consumed in alcoholic beverages.

Structure of Ionic Compounds

Figure 3.18 shows the solid structure of the ionic compound sodium chloride, NaCl.
We have already seen that the particles that form the structure of ionic compounds are
cations and anions, and the attractions that hold them together are ionic bonds. When
atoms gain electrons and form anions, they get larger. When atoms lose electrons and
form cations, they get significantly smaller. Thus the chloride ions are larger than the
sodium ions. The ions take the arrangement that provides the greatest cation-anion
attraction while minimizing the anion-anion and cation-cation repulsions. Each
sodium ion is surrounded by six chloride ions, and each chloride ion is surrounded by
six sodium ions.

Any ionic compound that has the same arrangement of cations and anions as NaCl
is said to have the sodium chloride crystal structure. The ionic compounds in this
category include AgE AgCl, AgBr, and the oxides and sulfides of the alkaline earth
metals, such as MgO, CaS, etc. The sodium chloride crystal structure is just one of
many different possible arrangements of ions in solid ionic compounds.
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Each chloride anion
is surrounded by
6 cations.

Each sodium cation
is surrounded by
6 anions.

Ball-and-stick model S Space-filli
Salt (sodium chloride)
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Polyatomic Ions

When an electric current is run through a purified saltwater solution (brine), hydrogen
gas, chlorine gas, and an ionic compound called sodium hydroxide, NaOH, form. The
sodium hydroxide, commonly called caustic soda or lye, is a very important compound
that is used in paper production, vegetable oil refining, and to make many different
compounds, such as soap and rayon. Like sodium chloride, NaCl, sodium hydroxide,
NaOH, contains a cation and an anion, but unlike the monatomic CI™ anion in NaCl,
the hydroxide ion, OH™, in NaOH is a polyatomic ion, a charged collection of atoms
held together by covalent bonds. To show the charge, Lewis structures of polyatomic
ions are often enclosed in brackets, with the charge indicated at the top right. The
Lewis structure for hydroxide is

[:Q—H B
hydroxide

Note in the Lewis structure above that the oxygen atom does not have its most common
bonding pattern, two bonds and two lone pairs. The gain or loss of electrons in the
formation of polyatomic ions leads to one or more atoms in the ions having a different
number of bonds and lone pairs than is predicted on Table 3.1.

The Lewis structure of the ammonium ion, NH4*, the only common polyatomic
cation, is

H +

ammonium ion

The ammonium ion can take the place of a monatomic cation in an ionic crystal
structure. For example, the crystal structure of ammonium chloride, NH4Cl, which is
found in fertilizers, is very similar to the crystal structure of cesium chloride, CsCl, which
is used in brewing, mineral waters, and to make fluorescent screens. In each structure,
the chloride ions form a cubic arrangement with chloride ions at the corners of each

lonic Compounds 101
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Figure 3.18
Sodium Chloride Structure
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Figure 3.19

cube. In cesium chloride, the cesium ions sit in the center of each cube, surrounded
by eight chloride ions. Ammonium chloride has the same general structure as cesium
chloride, with ammonium ions playing the same role in the NH4CI structure as
cesium jons play in CsCl. The key idea is that because of its overall positive charge, the
polyatomic ammonium ion acts like the monatomic cesium ion, Cs* (Figure 3.19).

Cesium Chloride Crystal Structure

OBJECTIVE 33

Cesium

chloride

Ammonium

chloride
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Each Cs* cation
is surrounded by
eight Cl™ anions.

Each Cl™ anion
is surrounded by
eight Cs™ cations.

Each NH4t cation
is surrounded by
eight Cl~ anions.

Each CI™ anion
is surrounded by
eight NH4™ cations.

There are many polyatomic anions that can take the place of monatomic anions.
For example, zinc hydroxide, used as an absorbent in surgical dressings, has a similar
structure to zinc chloride, which is used in embalming and taxidermists fluids. The
hydroxide ion, OH™, plays the same role in the structure of Zn(OH); as the chloride
ion, CI7, plays in ZnCl,. (Note that to show that there are two hydroxide ions for each
zinc ion, the OH is in parentheses, with a subscript of 2.)

It is very useful to be able to convert between the names and formulas of the common
polyatomic ions listed in Table 3.6. Check with your instructor to find out which of
these you will be expected to know and whether there are others you should know as

well.
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Table 3.6

Common Polyatomic lons OsJecTIVE 34

Ion Name Ion Name Ion Name

NH,4* ammonium | PO~ phosphate SO4% sulfate

OH~ hydroxide NO;3~ nitrate Cy,H30,™ | acetate

CO3* carbonate

Some polyatomic anions are formed by the attachment of one or more hydrogen OsJecTivE 35

atoms. In fact, it is common for hydrogen atoms to be transferred from one ion or
molecule to another ion or molecule. When this happens, the hydrogen atom is usually
transferred without its electron, as H*. If an anion has a charge of =2 or -3, it can gain
one or two H* ions and still retain a negative charge. For example, carbonate, CO3%",
can gain an H* ion to form HCO3~, which is found in baking soda. The sulfide ion,
S%, can gain one H" ion to form HS™. Phosphate, PO43, can gain one H" ion and form
HPO4%, or it can gain two H* ions to form H,PO4 ™. Both HPO4?~ and H,PO4™ are
found in flame retardants. These polyatomic ions are named with the word /ydrogen in
front of the name of the anion if there is one H* ion attached and dibydrogen in front

of the name of the anion if two H* ions are attached.
HCOs3™ is hydrogen carbonate ion.
HS™ is hydrogen sulfide ion.
HPO4* is hydrogen phosphate ion.
H,PO4 is dihydrogen phosphate ion.
Some polyatomic ions also have nonsystematic names that are often used. For
example, HCO3™ is often called bicarbonate instead of hydrogen carbonate. You OBJECTIVE 36

should avoid using this less accepted name, but because many people still use it, you

should know it.

You can find a more comprehensive description of polyatomic ions, including a
longer list of their names and formulas at the textbook’s Web site.
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Converting Formulas to Names

As we noted earlier, chemists have established different sets of rules for writing the
OBJECTIVE 37 names and formulas of different types of chemical compounds, so the first step in
writing a name from a chemical formula is to decide what type of compound the
formula represents. A chemical formula for an ionic compound will have one of the

following forms.

B Metal-nonmetal: Ionic compounds whose formula contains one symbol for
a metal and one symbol for a nonmetal are called binary ionic compounds.
Their general formula is M,Ayp, with M representing the symbol of a
metallic element, A representing the symbol for a nonmetallic element, and
lowercase 2 and & representing subscripts in the formula (unless one or more
of the subscripts are assumed to be 1). For example, NaF (used to fluoridate
municipal waters), MgCl, (used in floor sweeping compounds), and Al,O3

(in ceramic glazes) represent binary ionic compounds.

Metallic element Nonmetallic element
Binary ionic compound —— M,Ap

Subscripts (may be absent)

®  Metal-polyatomic ion: Polyatomic ions can take the place of monatomic
anions, so formulas that contain a symbol for a metallic element and the
formula for a polyatomic ion represent ionic compounds. For example,
NaNOs (in solid rocket propellants) and Al;(SOy4)3 (a foaming agent in fire

foams) represent ionic compounds.

®  Ammonium-nonmetal or ammonium-polyatomic ion: Ammonium ions,
NH,", can take the place of metallic cations in an ionic compound, so
chemical formulas that contain the formula for ammonium with either
a symbol for a nonmetallic element or a formula for a polyatomic ion
represent ionic compounds. For example, NH4Cl (in dry cell batteries),
(NHy),S (used to color brass), and (NHy)2SOj (in fertilizers) represent

ionic compounds.

OsJecTIVE 37 The names of ionic compounds consist of the name for the cation followed by the
name for the anion. Tables 3.7 and 3.8 summarize the ways cations and anions are

named.
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Table 3.7
Summary of the Ways Cations Are Named

Type of cation General name Example

(groups 1, 2, 3—Al, Zn, and Cd)

metal with one possible charge name of metal Mg2+ is magnesium.

metal with more than one possible charge | name of metal Cu?* is copper(Il).
(the rest of the metallic elements) (Roman numeral)
polyatomic cations name of NH4* is ammonium.
(for us, only ammonium) polyatomic cation
Table 3.8
Summary of the Ways Anions Are Named
Type of anion General name Example
monatomic anions (root of nonmetal)ide 02 is oxide.
polyatomic anions name of polyatomic anion NOs3 is nitrate.

As an example of the thought-process for naming ionic compounds, let’s write the
name for MnO (used as a food additive and dietary supplement). Our first step is
to identify the type of compound it represents. Because it is composed of a metallic
element and a nonmetallic element, we recognize it as ionic. Thus we must write the
name of the cation followed by the name of the anion. Manganese is not on our list of
metallic elements with only one possible charge, so the cation’s name is the name of the
element followed by a Roman numeral that represents the charge. Therefore, our next
step is to determine the charge on each manganese cation in MnO.

When the cation in an ionic formula is created from a metallic element whose atoms
can have more than one charge, you can discover the cation’s charge by identifying the
charge on the anion and then figuring out what charge the cation must have to yield
a formula that is uncharged overall. To discover the charge on the manganese ions in
MnO, you first determine the charge on the anions. A glance at the periodic table
shows oxygen to be in group 16, or 6A, whose nonmetallic members always form
—2 jons. With x representing the charge on the manganese ion, the charge on the

manganese cation can be figured out as follows:

total cation charge + total anion charge = 0
x+(-2)=0
X=42

Each manganese cation must therefore be +2 to balance the —2 of the oxide to yield an
uncharged ionic formula. The systematic name for Mn?* is manganese(Il). Monatomic
anions are named with the root of the nonmetal followed by —ide, so O% is oxide.

MnO is named manganese(II) oxide. Example 3.8 provides other examples.

OBJECTIVE 37

OBJecTIvE 37
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OsgJecTivE 37

CoCl, is used to make
vitamin B-12.

OsgJecTivE 37

¢

ExampPLE 3.8 - NaminG loNic CoMPOUNDS

Write the names that correspond to the following formulas: (a) MgO (used to make
aircraft windshields), (b) CoCl, (used to manufacture vitamin B-12), (¢) NH4NOj3
(used to make explosives), and (d) Fe,O3 (in paint pigments).

Solution

a.

The compound MgO includes the cation Mg?* and the anion O%". Magnesium
cations are always +2, so the name of the cation is the same as the name of the
metallic element. The anion O? is monatomic, so it is named by combining
the root of the name of the nonmetal with -ide. Therefore, MgO is magnesium
oxide.
Cobalt is not on our list of metallic elements that form ions with only one
charge, so we assume it can form ions with more than one possible charge.
Therefore, we need to show the charge on the cobalt ion with a Roman
numeral in parentheses after the name cobalt. The cobalt ion must be +2 to
balance the —2 from the two —1 chloride ions.

Total cation charge + total anion charge = 0

x+2(-1)=0

X =42
The anion CI~ is monatomic, so its name includes the root of the name of the
nonmetal and -ide. Therefore, CoCl, is cobalt(II) chloride.
The compound NH4NOj3 includes the cation NH4* and the anion NO3™.
Both of these ions are polyatomic ions with names you should memorize. The
name of NH4NO3 is ammonium nitrate.
Iron is not on our list of metallic elements that form ions with only one charge,
so we need to show the charge on the iron ion with a Roman numeral. Because
oxygen atoms have two fewer electrons than the nearest noble gas, neon, they
form -2 ions. In the following equation, x represents the charge on each iron
ion. Because there are two iron ions, 2x represents the total cation charge.
Likewise, because there are three oxygen ions, the total anion charge is three
times the charge on each oxygen ion.

total cation charge + total anion charge = 0

2x+3(-2) =0

x=43
The iron ions must be +3 in order for them to balance the —6 from three —2
oxide ions, so the cation name is iron(III). Because O%~ is a monatomic anion,
its name includes the root of the name of the nonmetal and -ide. Therefore,
Fe,Oj3 is iron(III) oxide.

—&

Exercise 3.8 - NaminG lonic ComPOUNDS

Write the names that correspond to the following formulas: (a) LiCl (used in soft
drinks to help reduce the escape of bubbles), (b) Cry(SO4)3 (used in chrome plating),
and (c) NH4HCO3 (used as a leavening agent for cookies, crackers, and cream puffs).
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Converting Names of Ionic Compounds to Formulas

Before you can write a chemical formula from the name of a compound, you need to
recognize what type of compound the name represents. For binary ionic compounds,
the first part of the name is the name of a metallic cation. This may include a Roman
numeral in parentheses. The anion name starts with the root of the name of a nonmetal
and ends with -idk.

(name of metal)(maybe Roman numeral) (root of nonmetal)ide

For example, aluminum fluoride (used in the production of aluminum) and tin(I)
chloride (used in galvanizing tin) are binary ionic compounds.

You can identify other names as representing ionic compounds by recognizing that
they contain the names of common polyatomic ions. For example, ammonium chloride
and iron(III) hydroxide are both ionic compounds. Many of the polyatomic ions that
you will be expected to recognize end in -ate, so this ending tells you that the name
represents an ionic compound. Copper(Il) sulfate is an ionic compound.

Follow these steps to write formulas for ionic compounds.

STEP 1 Write the formula, including the charge, for the cation. (See Figure
3.17 to review the charges on monatomic cations.)
STEP 2 Write the formula, including the charge, for the anion. (See Figure
3.17 to review the charges on monatomic anions. See Table 3.6 to review
polyatomic ion formulas.)
STEP 3 Write subscripts for each formula so as to yield an uncharged
compound. Table 3.9 shows examples.
m  Use the lowest whole number ratio for the subscripts.
m If the subscript for a polyatomic ion is higher than one, place the
formula for the polyatomic ion in parentheses and put the subscript
outside the parentheses.

Table 3.9
Possible Cation-Anion Ratios (X represents the cation, and Y represents the anion.)

lonic charges General formula | Example ions Example formula
X*and Y™ XY Na* and CI~ NaCl
X* and Y2~ XoY NH4* and SO4* (NH4),SO4
X* and Y3 X3Y Li* and PO Li;PO4
X2+ and Y- XY, Mgt and NO5~ | Mg(NO3),
X%t and Y2~ XY Ca?* and CO32~ CaCOs3
X%+ and Y3~ X3Y, Ba?* and N3~ BazN,
X3+ and Y~ XY3 AP and F~ AlF;
X3t and Y2~ X5Y3 Sc3t and S%° ScS3
X3+ and Y3~ XY Fe3* and PO43~ FePOy

OsgJecTIVE 37

OsgJecTivE 37

OsgJecTIvE 37
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OBJECTIVE 37

Cr,03 is a pigment
used for coloring
pottery glazes.

There is a tutorial
on the textbook’s
Web site that
provides practice
converting
between names
and formulas of

ionic compounds.

OBJecTIVE 37

9

ExamvpPLE 3.9 - FormuLASs oF lonic CoMPOUNDS

Write the chemical formulas that correspond to the following names: (a) aluminum
chloride (used in cosmetics), (b) chromium(III) oxide (a pigment for coloring pottery
glazes), (c) calcium nitrate (provides a red-orange color in fireworks), and (d) ammonium
sulfide (used to make synthetic flavors).

Solution

a.

Aluminum chloride has the form (name of metal) (root of nonmetal)ide, so we
recognize it as a binary ionic compound. Because aluminum atoms have three
more electrons than the nearest noble gas, neon, they lose three electrons and
form +3 ions. Because chlorine atoms have one fewer electron than the nearest
noble gas, argon, they gain one electron to form —1 ions. The formulas for the
individual ions are AlI>* and CI™. It would take three chlorides to neutralize the
+3 aluminum ion, so the formula for the compound is AICl;.
Chromium(III) oxide has the form (name of metal)(Roman numeral) (root of
nonmetal)ide, so it represents a binary ionic compound. The (77]) tells you that
the chromium ions have a +3 charge. Because oxygen atoms have two fewer
electrons than the nearest noble gas, neon, they gain two electrons to form
—2 ions. The formulas for the ions are Cr>* and O?~. When the ionic charges
are +3 and -2 (or +2 and —3), a simple procedure will help you to determine
the subscripts in the formula. Disregarding the signs of the charges, use the
superscript on the anion as the subscript on the cation, and use the superscript
on the cation as the subscript on the anion.

Cri=—ai
Chromium(III) oxide is Cr,O3.
Calcium nitrate has the form (name of metal) (name of a polyatomic ion), so it
represents an ionic compound. (The -afe at the end of nitrate tells us that it is a
polyatomic ion.) Calcium is in group 2 on the periodic table. Because all metals
in group 2 have two more electrons than the nearest noble gas, they all lose two
electrons and form 42 ions. Nitrate is NO3™, so two nitrate ions are needed to
neutralize the charge on the Ca?". Calcium nitrate is Ca(NO3),. Notice that in
order to show that there are two nitrate ions, the formula for nitrate is placed in
parentheses.

. Ammonium sulfide has the form ammonium (root of a nonmetal)ide, so

it represents an ionic compound. You should memorize the formula for
ammonium, NH4*. Sulfur has two fewer electrons than the noble gas, argon,
so it gains two electrons and forms a —2 anion. Two ammonium ions would be
necessary to neutralize the =2 sulfide. Ammonium sulfide is (NHy),S.

—&

Exercise 3.9 - FormuLAs oF lonic CoMPOUNDS

Write the formulas that correspond to the following names: (a) aluminum oxide
(used to waterproof fabrics), (b) cobalt(IlI) fluoride (used to add fluorine atoms
to compounds), (c) iron(II) sulfate (in enriched flour), (d) ammonium hydrogen

phosphate (coats vegetation to retard forest fires), and (e) potassium bicarbonate (in

fire extinguishers).
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Compound A substance that contains two or more elements, the atoms of these
elements always combining in the same whole-number ratio.

Chemical formula A concise written description of the components of a chemical
compound. It identifies the elements in the compound by their symbols and
indicates the relative number of atoms of each element with subscripts.

Pure substance A sample of matter that has constant composition. There are two types
of pure substances, elements and compounds.

Mixture A sample of matter that contains two or more pure substances and has variable
composition.

Chemicalbond An attraction between atoms or ions in chemical compounds. Covalent
bonds and ionic bonds are examples.

Polar covalent bond A covalent bond in which electrons are shared unequally, leading
to a partial negative charge on the atom that attracts the electrons more and to a
partial positive charge on the other atom.

Nonpolar covalent bond A covalent bond in which the difference in electron-attracting
ability of two atoms in a bond is negligible (or zero), so the atoms in the bond have
no significant charges.

Ionic bond The attraction between a cation and an anion.

Molecular compound A compound composed of molecules. In such compounds, all
of the bonds between atoms are covalent bonds.

Ionic Compound A compound that consists of ions held together by ionic bonds.

Valence electrons The electrons that are most important in the formation of chemical
bonds. The number of valence electrons for the atoms of an element is equal to the
element’s A-group number on the periodic table. (A more comprehensive definition
of valence electrons appears in Chapter 12.)

Electron-dot symbol A representation of an atom that consists of its elemental symbol
surrounded by dots representing its valence electrons.

Lewis structure A representation of a molecule that consists of the elemental symbol
for each atom in the molecule, lines to show covalent bonds, and pairs of dots to
indicate lone pairs.

Lone pair Two electrons that are not involved in the covalent bonds between atoms
but are important for explaining the arrangement of atoms in molecules. They are
represented by pairs of dots in Lewis structures.

Hydrocarbons Compounds that contain only carbon and hydrogen.

Organic chemistry The branch of chemistry that involves the study of carbon-based
compounds.

Double bond A link between atoms that results from the sharing of four electrons. It
can be viewed as two 2-electron covalent bonds.

Triple bond A link between atoms that results from the sharing of six electrons. It can
be viewed as three 2-electron covalent bonds.

Alcohols Compounds that contain a hydrocarbon group with one or more -OH
groups attached.

Tetrahedral The molecular shape that keeps the negative charge of four electron groups
as far apart as possible. This shape has angles of 109.5° between the atoms.

Bond angle The angle formed by straight lines (representing bonds) connecting the
nuclei of three adjacent atoms.

Chapter
Glossary
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Binary covalent compound A compound that consists of two nonmetallic elements.

Monatomic anions Negatively charged particles, such as CI7, 0?7, and N3, that
contain single atoms with a negative charge.

Monatomic cations Positively charged particles, such as Na*, Ca?*, and AIP*, that
contain single atoms with a positive charge.

Polyatomicion A charged collection of atoms held together by covalent bonds.

Binary ionic compound An ionic compound whose formula contains one symbol for

a metal and one symbol for a nonmetal.

You can test yourself on the glossary terms at the textbook’s Web site.

Chapter
Objectives

The goal of this chapter is to teach you to do the following.
1. Define all of the terms in the Chapter Glossary.

Section 3.1 Classification of Matter

2. Convert between a description of the number of atoms of each element found in
a compound and its chemical formula.

3. Given a description of a form of matter, classify it as a pure substance or mixture.

4. Given a description of a pure substance, classify it as an element or compound.

Section 3.2 Chemical Compounds and Chemical Bonds

5. Describe the polar covalent bond between two nonmetallic atoms, one of which
attracts electrons more than the other one does. Your description should include
a rough sketch of the electron-cloud that represents the electrons involved in the
bond.

6. Describe the process that leads to the formation of ionic bonds between metallic
and nonmetallic atoms.

7. Describe the difference between a nonpolar covalent bond, a polar covalent
bond, and an ionic bond. Your description should include rough sketches of the
electron-clouds that represent the electrons involved in the formation of each
bond.

8. Given the names or formulas for two elements, identify the bond that would
form between them as covalent or ionic.

9. Given a formula for a compound, classify it as either a molecular compound or
an ionic compound.

Section 3.3 Molecular Compounds

10. Determine the number of valence electrons for the atoms of each of the
nonmetallic elements.

11. Draw electron-dot symbols for the nonmetallic elements and use them to explain
why these elements form the bonding patterns listed in Table 3.1.

12. Give a general description of the information provided in a Lewis structure.


http://www.preparatorychemistry.com/Bishop_Glossary_3_frames.htm

13.

14.
15.
16.
17.
18.
19.
20.

21.
22.

Chapter Objectives

Identify the most common number of covalent bonds and lone pairs for the
atoms of each of the following elements: hydrogen, the halogens (group 17),
oxygen, sulfur, selenium, nitrogen, phosphorus, and carbon.

Convert between the following systematic names and their chemical formulas:
methanol, ethanol, and 2-propanol.

Given one of the following names for alcohols, write its chemical formula: methyl
alcohol, ethyl alcohol, and isopropyl alcohol.

Given a chemical formula, draw a Lewis structure for it that has the most
common number of covalent bonds and lone pairs for each atom.

Describe the tetrahedral molecular shape.

Explain why the atoms in the CH4 molecule have a tetrahedral molecular shape.
Describe the information given by a space-filling model, a ball-and-stick model,
and a geometric sketch.

Draw geometric sketches, including bond angles, for CH4, NH3, and H,O.
Describe attractions between H,O molecules.

Describe the structure of liquid water.

Section 3.4 Naming Binary Covalent Compounds

23.

24.

25.

26.

27.

28.

Convert between the names and chemical formulas for water, ammonia,
methane, ethane, and propane.

Given a formula or name for a compound, identify whether it represents a binary
covalent compound.

Write or identify prefixes for the numbers 1-10. (For example, mono- represents
one, di- represents two, etc.)

Write or identify the roots of the names of the nonmetallic elements. (For
example, the root for oxygen is ox-).

Convert among the complete name, the common name, and the chemical
formula for HE, HCI, HBr, HI, and H,S.

Convert between the systematic names and chemical formulas for binary covalent

compounds.

Section 3.5 Ionic Compounds

29.
30.

31.

Explain why metals usually combine with nonmetals to form ionic bonds.
Write the ionic charges acquired by the following elements:

group 17 — halogens

oxygen, sulfur, and selenium

nitrogen and phosphorus

hydrogen

group 1 - alkali metals

group 2 - alkaline earth metals

group 3 elements

e e U

aluminum
i. iron, silver, copper, and zinc
Convert between the names and chemical formulas for the monatomic ions.

111
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32. Describe the crystal structure of sodium chloride, NaCl.

33. Describe the similarities and differences between the ionic structure of cesium
chloride and ammonium chloride.

34. Convert between the names and chemical formulas for common polyatomic
ions such as hydroxide, ammonium, acetate, sulfate, nitrate, phosphate, and
carbonate. Be sure to check with your instructor to determine which polyatomic ions
you will be expected to know for your exams.

35. Convert between the names and chemical formulas for the polyatomic anions
that are derived from the additions of H* ions to anions with —2 or —3 charges.
For example, H,PO;™ is dihydrogen phosphate.

36. Write the chemical formula corresponding to the common name bicarbonate.

37. Convert between the names and chemical formulas for ionic compounds.

Review
Questions

For problems 1-6, write in each blank the word or words that best complete each

sentence.

1. An atom or group of atoms that has lost or gained one or more electrons to create

a charged particle is called a(n)

2. An atom or collection of atoms with an overall positive charge is a(n)

3. An atom or collection of atoms with an overall negative charge is a(n)

4. A(n) bond is a link between atoms that results from

the sharing of two electrons.

5. A(n) is an uncharged collection of atoms held

together with covalent bonds.

6. A molecule like Hy, which is composed of two atoms, is called

7. Describe the particle nature of solids, liquids, and gases. Your description should
include the motion of the particles and the attractions between the particles.

8. Describe the nuclear model of the atom.

9. Describe the hydrogen molecule, H,. Your description should include the nature
of the link between the hydrogen atoms and a sketch that shows the two electrons

in the molecule.



10. Complete the following table.

Element Name Element symbol Group number of | Metal, nonmetal,
periodic table or metalloid?
Li
carbon
Cl
oxygen
Cu
calcium
Sc
11. Write the name of the group to which each of the following belongs.
a. chlorine c. sodium
b. xenon d. magnesium

Key ldeas 113

Complete the following statements by writing one of these words or phrases in each

blank.
o+ lose
o— molecular
anion-anion and cation-cation repulsions molecules
anions monatomic cations
arranged in space negative
binary negligible (or zero)
cation-anion attraction noble gas
cations nonmetallic
compounds octet

constant composition
constantly breaking
covalent

double

eight valence
electron-charge clouds
forming new attractions
four

four electrons

gain

gases

H+

larger

liquids

partial negative

partial positive

positive

repel

same average distance apart
smaller

solids

specific type of compound
strongly

subscripts

symbols

usually ionic

variable

whole-number ratio

12. A compound is a substance that contains two or more elements, the atoms of

those elements always combining in the same

13. There are relatively few chemical elements, but there are millions of chemical

Key Ideas T
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14. A chemical formula is a concise written description of the components of a

15.

16.

17.

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

chemical compound. It identifies the elements in the compound by their

and indicates the relative number of atoms of each element with

When a substance has a(n) , it must by definition be either an

element or a compound, and it is considered a pure substance.
Mixtures are samples of matter that contain two or more pure substances and

have composition.

When the difference in electron-attracting ability between atoms in a chemical

bond is , the atoms in the bond will have no significant partial

charges. We call this type of bond a nonpolar covalent bond.
Because particles with opposite charges attract each other, there is an attraction
between and . This attraction is called an ionic

bond.

Compounds that have ionic bonds, such as the sodium chloride in table salt,

are at room temperature and pressure, but compounds with all

covalent bonds, such as hydrogen chloride and water, can be

and as well as solids.

The atom in a chemical bond that attracts electrons more strongly acquires a(n)

charge, and the other atom acquires a(n)

charge. If the electron transfer is significant but not enough to form ions, the

atoms acquire and charges. The bond in this
situation is called a polar covalent bond.

When a nonmetallic atom bonds to another nonmetallic atom, the bond is

When a metallic atom bonds to a nonmetallic atom, the bond is

compounds are composed of , which are
collections of atoms held together by all covalent bonds.
The noble gases (group 8A) have a(n) of electrons (except for

helium, which has only two electrons total), and they are so stable that they rarely
form chemical bonds with other atoms.
When atoms other than the noble-gas atoms form bonds, they often have

electrons around them in total.

The sum of the numbers of covalent bonds and lone pairs for the most common
bonding patterns of the atoms of nitrogen, phosphorus, oxygen, sulfur, selenium,

and the halogens is

Atoms can form double bonds, in which are shared between
atoms. Double bonds are represented by lines in a Lewis
structure.

Lewis structures are useful for showing how the atoms in a molecule are

connected by covalent bonds, but they do not always give a clear description of

how the atoms are




29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Chapter Problems

The actual shape of a molecule can be predicted by recognizing that the
negatively charged electrons that form covalent bonds and lone pairs

each other. Therefore, the most stable arrangement of the

electron groups is the molecular shape that keeps the groups as far away from
each other as possible.
A space-filling model provides the most accurate representation of the

for the atoms in CHy.

Because oxygen atoms attract electrons much more than do

hydrogen atoms, the O—H covalent bond is very polar, leading to a relatively

large partial negative charge on the oxygen atom (represented by a(n)

) and a relatively large partial positive charge on the hydrogen

atom (represented by a(n) ).

As in other liquids, the attractions between water molecules are strong enough to

keep them the but weak enough to allow each molecule to be

the attractions that momentarily connect it to some molecules

and to other molecules.

To write the name that corresponds to a formula for a compound, you need to

develop the ability to recognize the formula as representing a(n)

You can recognize binary covalent compounds from their formulas, which

contain symbols for only two elements.

Metallic atoms hold some of their electrons relatively loosely, and as a result, they

tend to electrons and form cations. In contrast, nonmetallic

atoms attract electrons more strongly than metallic atoms, so nonmetals tend to

electrons and form anions.

Nonmetallic atoms form anions to get the same number of electrons as the

nearest

The names of always start with the name of the metal,

sometimes followed by a Roman numeral to indicate the charge of the ion.

When atoms gain electrons and form anions, they get . When

atoms lose electrons and form cations, they get significantly

The ions in ionic solids take the arrangement that provides the greatest

while minimizing the
It is common for hydrogen atoms to be transferred from one ion or molecule
to another ion or molecule. When this happens, the hydrogen atom is usually

transferred without its electron, as

Tonic compounds whose formula contains one symbol for a metal and one

symbol for a nonmetal are called ionic compounds.
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Chapter
Problems

OBJECTIVE 3

OBJECTIVE 4

OBJECTIVE 3

OBJECTIVE 4

OBJECTIVE 5

Section 3.1 Classification of Matter

42.

43.

1.

45.

Classify each of the following as a pure substance or a mixture. If it is a pure
substance, is it an element or a compound? Explain your answer.
a. apple juice
b. potassium (A serving of one brand of apple juice provides 6% of the
recommended daily allowance of potassium.)
c. ascorbic acid (vitamin C), CcHgOg, in apple juice
Classify each of the following as a pure substance or a mixture. If it is a pure
substance, is it an element or a compound? Explain your answer.
a. fluorine (used to make fluorides, such as those used in toothpaste)
b. toothpaste
c. calcium fluoride, CaF,, from the naturally occurring ore fluorite (It is
used to make sodium monofluorophosphate, which is added to some
toothpastes.)
Write the chemical formula for each of the following compounds. List the
symbols for the elements in the order that the elements are mentioned in the
description.
a. a compound with molecules that consist of two nitrogen atoms and three
oxygen atoms.
b. a compound with molecules that consist of one sulfur atom and four
fluorine atoms.
c. a compound that contains one aluminum atom for every three chlorine
atoms.
d. a compound that contains two lithium atoms and one carbon atom for
every three oxygen atoms.
Write the chemical formula for each of the following compounds. List the
symbols for the elements in the order that the elements are mentioned in the
description.

a. a compound with molecules that consist of two phosphorus atoms and five

oxygen atoms.
b. a compound with molecules that consist of two hydrogen atoms and one
sulfur atom.
c. a compound that contains three calcium atoms for every two nitrogen
atoms.

d. a compound with molecules that consist of 12 carbon atoms, 22 hydrogen

atoms, and 11 oxygen atoms.

Section 3.2 Chemical Compounds and Chemical Bonds

46.

Hydrogen bromide, HBr, is used to make pharmaceuticals that require bromine

in their structure. Each hydrogen bromide molecule has one hydrogen atom
bonded to one bromine atom by a polar covalent bond. The bromine atom
attracts electrons more than does the hydrogen atom. Draw a rough sketch of

the electron-cloud that represents the electrons involved in the bond.



47.

48.

49.

50.

51.

52.

53.

54.

55.

Chapter Problems

lIodine monochloride, IC, is a compound used to make carbon-based (organic)
compounds that contain iodine and chlorine. It consists of diatomic molecules
with one iodine atom bonded to one chlorine atom by a polar covalent bond.
The chlorine atom attracts electrons more than does the iodine atom. Draw a
rough sketch of the electron-cloud that represents the electrons involved in the
bond.

Atoms of potassium and fluorine form ions and ionic bonds in a very similar
way to atoms of sodium and chlorine. Each atom of one of these elements loses
one electron, and each atom of the other element gains one electron. Describe
the process that leads to the formation of the ionic bond between potassium and
fluorine atoms in potassium fluoride. Your answer should include mention of
the charges that form on the atoms.

Atoms of magnesium and oxygen form ions and ionic bonds in a similar way to
atoms of sodium and chlorine. The difference is that instead of having each atom
gain or lose one electron, each atom of one of these elements loses two electrons,
and each atom of the other element gains two electrons. Describe the process
that leads to the formation of the ionic bond between magnesium and oxygen
atoms in magnesium oxide. Your answer should include mention of the charges
that form on the atoms.

Explain how a nonpolar covalent bond, a polar covalent bond, and an ionic
bond differ. Your description should include rough sketches of the electron-
clouds that represent the electrons involved in the formation of each bond.
Wrrite a chemical formula that represents both a molecule and a compound.
Write a formula that represents a compound but not a molecule.

Would you expect the bonds between the following atoms to be ionic or covalent

bonds?

a. N-O b. Al-Cl
Would you expect the bonds between the following atoms to be ionic or covalent
bonds?

a. Li-F b. C-N
Classify each of the following as either a molecular compound or an ionic
compound.

a. acetone, CH3COCH3 (a common paint solvent)

b. sodium sulfide, Na,S (used in sheep dips)
Classify each of the following as either a molecular compound or an ionic
compound.

a. cadmium fluoride, CdF; (a starting material for lasers)

b. sulfur dioxide, SO, (a food additive that inhibits browning and bacterial

growth)

OBJECTIVE 5

OBJECTIVE 6

OBJECTIVE 6

OBJECTIVE 7

OBJECTIVE 8

OBJECTIVE 8

OBJECTIVE 9

OBJECTIVE 9
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OsJecTive 10

OsJecTive 10

OBJecTIVE 11

OsJecTIVE 11

OBJECTIVE 12

OBJECTIVE 12

OBJECTIVE 13

OBJecTIvE 13

OBJECTIVE 16

Section 3.3 Molecular Compounds

56.

57.

58.

59.

60.

61

62.

63.

64.

How many valence electrons does each atom of the following elements have?
a. Cl
b. C
How many valence electrons does each atom of the following elements have?
a. N
b. S
Draw electron-dot symbols for each of the following elements and use them to
explain why each element has the bonding pattern listed in Table 3.1.

a. oxygen c. carbon

b. fluorine d. phosphorus
Draw electron-dot symbols for each of the following elements and use them to
explain why each element has the bonding pattern listed in Table 3.1.

a. iodine

b. nitrogen

c. sulfur
The following Lewis structure is for CFC-12, which is one of the
ozone-depleting chemicals that has been used as an aerosol can propellant and as
a refrigerant. Describe the information given in this Lewis structure.

:'1|5:
:é::1_$ F
:Cl:

. Describe the information given in the following Lewis structure for methylamine,

a compound used to make insecticides and rocket propellants.

i
H—C—N—H
|
H H

Write the most common number of covalent bonds and lone pairs for atoms of
each of the following nonmetallic elements.

a. H c. sulfur
b. iodine d N

Write the most common number of covalent bonds and lone pairs for atoms of
each of the following nonmetallic elements.

a. C c. oxygen
b. phosphorus d. Br
Draw a Lewis structure for each of the following formulas.
a. oxygen difluoride, OF, (an unstable, colorless gas)
b. bromoform, CHBr3 (used as a sedative)

c. phosphorus triiodide, PI5 (used to make organic compounds)



Chapter Problems

65. Draw a Lewis structure for each of the following formulas. OBJECTIVE 16
a. nitrogen trifluoride, NF3 (used in high-energy fuels)
b. chloroethane, C;H5Cl (used to make the gasoline additive tetraethyl lead)
c. hypobromous acid, HOBr (used as a wastewater disinfectant)
66. Draw Lewis structures for the following compounds by adding any necessary OsJECTIVE 16
lines and dots to the skeletons given.

a. hydrogen cyanide, HCN (used to manufacture dyes and pesticides)
H—C—N
b. dichloroethene, CyCly (used to make perfumes)

CI_$_(|:_CI
Ccl d

67. Draw Lewis structures for the following compounds by adding any necessary OsJECTIVE 16

lines and dots to the skeletons given.

a. formaldehyde, H,CO (used in embalming fluids)
O
H— (ll —H
b. 1-butyne, C4Hg (a specialty fuel)

H H

68. Write two different names for each of the following alcohols. OsJecTIVE 14
OsBJecTIVE 15

:0O—H
PR

c H—-C—C—-—C—H
| | |
H H H
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OBJecTIVE 18

OBJECTIVE 19
OsJecTivE 20

OBJecTivE 19

OBJECTIVE 20

OsBJECTIVE 19

OBJecTivE 20

OBJECTIVE 21
OBJECTIVE 22

OBJECTIVE 28

OBJECTIVE 28

1

°
305

OBJECTIVE 28

B

7
v

OBJECTIVE 28

69.

70.

71.

72.

73.

74.

Explain why the atoms in the CH4 molecule are arranged with a tetrahedral
molecular shape.

Compare and contrast the information given in the Lewis structure, the
space-filling model, the ball-and-stick model, and the geometric sketch of a
methane molecule, CHy.

Compare and contrast the information given in the Lewis structure, the
space-filling model, the ball-and-stick model, and the geometric sketch of an
ammonia molecule, NH3.

Compare and contrast the information given in the Lewis structure, the
space-filling model, the ball-and-stick model, and the geometric sketch of a
water molecule, H,O.

What are the particles that form the basic structure of water? Describe the
attraction that holds these particles together. Draw a rough sketch that shows the
attraction between two water molecules.

Describe the structure of liquid water.

Section 3.4 Naming Binary Covalent Compounds

75.

76.

77.

78.

80.

What is wrong with using the name nitrogen oxide for NO? Why can’t you be
sure of the formula that corresponds to the name phosphorus chloride?

The compound represented by the ball-and-stick model to the left is used in

the processing of nuclear fuels. Although bromine atoms most commonly form
one covalent bond, they can form five bonds, as in the molecule shown here,

in which the central sphere represents a bromine atom. The other atoms are
fluorine atoms. Write this compound’s chemical formula and name. List the
bromine atom first in the chemical formula.

The compound represented by the ball-and-stick model to the left is used to add
chlorine atoms to other molecules. Write its chemical formula and name. The
central ball represents an oxygen atom, and the other atoms are chlorine atoms.
List the chlorine atom first in the chemical formula. = OsiecTive 28

The compound represented by the space-filling model to the left is used to
vulcanize rubber and harden softwoods. Write its chemical formula and name.
The central ball represents a sulfur atom, and the other atoms are chlorine

atoms. List the sulfur atom first in the chemical formula. =~ OsiecTive 28

. The compound represented by the space-filling model to the left is used in

processing nuclear fuels. The central sphere represents a chlorine atom, which in
most cases would form one covalent bond but is sometimes able to form three
bonds. The other atoms are fluorine atoms. Write this compound’s chemical
formula and name. List the chlorine atom first in the chemical formula.
Write the name for each of the following chemical formulas.

a. I,Os (an oxidizing agent)

b. BrF; (adds fluorine atoms to other compounds)

c. IBr (used in organic synthesis)

d. CHyg (a primary component of natural gas)

e. HBr (used to make pharmaceuticals)



81. Write the name for each of the following chemical formulas.
a. ClO; (a commercial bleaching agent)
b. C,Hg (in natural gas)
c. HI (when dissolved in water, used to make pharmaceuticals)
d. P3Ns (for doping semiconductors)
e. BrCl (an industrial disinfectant)
82. Write the chemical formula for each of the following names.
a. propane (a fuel in heating torches)
b. chlorine monofluoride (a fluorinating agent)
c. tetraphosphorus heptasulfide (dangerous fire risk)
d. carbon tetrabromide (used to make organic compounds)
e. hydrogen fluoride (an additive to liquid rocket propellants)
83. Write the chemical formula for each of the following names.
a. ammonia (a household cleaner when dissolved in water)
b. tetraphosphorus hexasulfide (used in organic chemical reactions)
c. iodine monochloride (used for organic synthesis)

d. hydrogen chloride (used to make hydrochloric acid)

Section 3.5 Ionic Compounds

84. Explain why metals usually combine with nonmetals to form ionic bonds.

85. How may protons and electrons do each of the following ions have?

a. Be?t
b. $%-
86. How may protons and electrons do each of the following ions have?
a. N3~
b. Ba?*
87. Write the name for each of these monatomic ions.
a. Ca®" e. Ag"
b. Li* f. S3*
c. Cr*t g P~
d. F~ h. Pb2*
88. Write the name for each of these monatomic ions.
a. Nat e. Se?”
b. Br~ f. Zn?*
c. A¥* g. Crot
d. Mn?*

89. Write the formula for each of these monatomic ions.

a. magnesium ion
b. sodium ion

c. sulfide ion

d. iron(IIl) ion

e. scandium ion
f. nitride ion
g. manganese(III) ion

h. zinc ion

Chapter Problems

OBJECTIVE 28

OBJECTIVE 28

OBJECTIVE 28

OBJECTIVE 29

OsgJecTivE 30

OsgJecTive 30

OsgJecTive 30

OsJecTIVE 31
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OsJecTIVE 30 90. Write the formula for each of these monatomic ions.
OssecTive 31 a. strontium ion f. oxide ion
b. aluminum ion g. chloride ion
c. silver ion h. copper(I) ion
d. nickel(II) ion i. mercury(Il) ion

e. potassium ion
OsJECTIVE 32 91. Silver bromide, AgBr, is the compound on black and white film that causes the
color change when the film is exposed to light. It has a structure similar structure
to that of sodium chloride. What are the particles that form the basic structure
of silver bromide? What type of attraction holds these particles together? Draw a
rough sketch of the structure of solid silver bromide.
OssecTive 33 92. Describe the crystal structures of cesium chloride and ammonium chloride. How

are they similar, and how are they different?

OgJECTIVE 34 93. Write the name for each of these polyatomic ions.
OBJECTIVE 35 a. NH4+ c. HSO
b. C,H30,~
OBJECTIVE 34 94. Write the name for each of these polyatomic ions.
OBJecTIVE 35 2. OH™ . HCO{
b. COz2
OgJECTIVE 34 95. Write the formula for each of these polyatomic ions.

OsuecTIVE 35 . . .
a. ammonium ion c. hydrogen sulfate ion

S b. bicarbonate ion
OsJecTivE 37 96. Write the name for each of these chemical formulas.
a. NayO (a dehydrating agent)
b. NiyO3 (in storage batteries)
c. Pb(NO3); (in matches and explosives)
d. Ba(OH); (an analytical reagent)
e. KHCOj3 (in baking powder and fire-extinguishing agents)
OsuecTive 37 97. Write the name for each of these chemical formulas.
a. CdI; (a nematocide—that is, it kills certain parasitic worms.)
b. CasP; (in signal flares)
c. Au(OH)3 (used in gold plating)
d. FeCl; (in pharmaceutical preparations)
e. NH4HSOy (in hair wave formulations)
OsJecTIVE 37 98. Write the chemical formula for each of the following names.
a. potassium sulfide (a depilatory)
b. zinc phosphide (a rodenticide)

o

nickel(II) chloride (used in nickel electroplating)

i

magnesium dihydrogen phosphate (used in fireproofing wood)

e. lithium bicarbonate (in mineral waters)



99. Write chemical formulas for each of the following names.

a. barium chloride (used in manufacture of white leather)
cobalt(III) oxide (used in coloring enamels)
manganese(Il) chloride (used in pharmaceutical preparations)
iron(III) acetate (a medicine)

chromium(III) phosphate (in paint pigments)

-0 a0 o

magnesium hydrogen phosphate (a laxative)

100. The ionic compounds CuF,, NH4CI, CdO, and HgSOy are all used to make
batteries. Write the name for each of these compounds.

101. The ionic compounds MgF,, NH4,OH, Ba(NO3),, Na,HPOy, and Cu,O are
all used to make ceramics. Write the name for each of these compounds.

102. The ionic compounds copper(II) chloride, lithium nitrate, and cadmium
sulfide are all used to make fireworks. Write the chemical formulas for these
compounds.

103. The ionic compounds barium bromide, silver phosphate, and ammonium
iodide are all used in photography. Write the chemical formulas for these

compounds.

Discussion Topic

104. It has been suggested that there is really only one type of chemical bond—
that ionic and covalent bonds are not really fundamentally different. What

arguments can be made for and against this position?

Chapter Problems

OBJECTIVE 37

OsBJecTIVE 37

OBJECTIVE 37

OBJeCTIVE 37

OBJecTIVE 37
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CHAPTER 4
AN INTRODUCTION TO CHEMICAL REACTIONS

of substances, you are ready to begin learning about the chemical changes that and Chemical

take place as one substance is converted into another. Chemical changes are Equations
chemists’ primary concern. They want to know what, if anything, happens when one |, Solubility of lonic
substance encounters another. Do the substances change? How and why? Can the Compounds and
conditions be altered to speed the changes up, slow them down, or perhaps reverse Precipitation
them? Once chemists understand the nature of one chemical change, they begin to g tons
explore the possibilities that arise from causing other similar changes.

For example, let’s pretend that you just bought an old house as is, with the water
turned off. On moving day, you twist the hot water tap as far as it will go, and all
you get is a slow drip, drip, drip. As if the lack of hot water werent enough to ruin
your day, you also have a toothache because of a cavity that you haven't had time to
get filled. As a chemist in training, you want to know what chemical changes have
caused your troubles. In this chapter, you will read about the
chemical change that causes a solid to form in your hot water
pipes, eventually blocking the flow of water through them.
In Chapter 5, you will find out about a chemical change that
will dissolve that solid, and a similar change that dissolves
the enamel on your teeth. Chapter 5 will also show you how
fluoride in your toothpaste makes a minor chemical change
in your mouth that can help fight cavities.

Chemical changes, like the ones mentioned above, are
described with chemical equations. This chapter begins
with a discussion of how to interpret and write chemical  jids to form in hot water
equations. pipes.

J\ ow that you understand the basic structural differences between different kinds T, 1 chemical Reactions

A chemical reaction causes

Review Skills

The presentation of information in this chapter assumes that you can already perform
the tasks listed below. You can test your readiness to proceed by answering the Review
Questions at the end of the chapter. This might also be a good time to read the Chapter

Objectives, which precede the Review Questions.

m  Write the formulas for the diatomic m  Describe the structure of liquid water.
elements. (Section 2.5) (Section 3.3)

m  Predict whether a bond between two m Convert between the names and
atoms of different elements would formulas for alcohols, binary covalent
be a covalent bond or an ionic bond. compounds, and ionic compounds.
(Section 3.2) (Sections 3.3-3.5)

m Describe attractions between H,O
molecules. (Section 3.3)
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T 4.1 Chemical Reactions and Chemical Equations

Chemical changes

lead to the formation of
substances that help
grow our food, make our
lives more productive,
and cure our heartburn.

Figure 4.1

A chemical change or chemical reaction is a process in which one or more pure
substances are converted into one or more different pure substances. Chemical changes
lead to the formation of substances that help grow our food, make our lives more
productive, cure our heartburn, and much, much more. For example, nitric acid,
HNO3, which is used to make fertilizers and explosives, is formed in the chemical
reaction of the gases ammonia, NH3, and oxygen, O,. Silicon dioxide, SiO;, reacts
with carbon, C, at high temperature to yield silicon, Si—which can be used to make
computers—and carbon monoxide, CO. An antacid tablet might contain calcium
carbonate, CaCO3, which combines with the hydrochloric acid in your stomach to
yield calcium chloride, CaCl,, water, and carbon dioxide. The chemical equations for
these three chemical reactions are below.

NHg(g) +202(g) —> HNOg(aq) + HQO(/)
SiOy() + 2C() 220°C,  Si() + 2CO(g)

CaCO3(s) + 2HCl(zg) — CaCly(ag) + H,0(/) + COy(g)

Once you know how to read these chemical equations, they will tell you many details
about the reactions that take place.

Interpreting a Chemical Equation

In chemical reactions, atoms are rearranged and regrouped through the breaking and
making of chemical bonds. For example, when hydrogen gas, H,(g), is burned in the
presence of gaseous oxygen, O;(g), a new substance, liquid water, HyO(/), forms. The
covalent bonds within the Hy molecules and O, molecules break, and new covalent
bonds form between oxygen atoms and hydrogen atoms (Figure 4.1).

The Formation of Water from Hydrogen and Oxygen

hydrogen

+ oxygen q water

These covalent bonds break. New covalent bonds form.

oo QD=

The atoms are

rearranged. # l I
H,0

H,0O
| I |

Same numbers and kinds of |

atoms on each side of the arrow




4.1 Chemical Reactions and Chemical Equations

A chemical equation is a shorthand description of a chemical reaction. The following
equation describes the burning of hydrogen gas to form liquid water.

Chemical equations give the following information about chemical reactions. OBJECTIVE 2

m  Chemical equations show the formulas for the substances that take part in the
reaction. The formulas on the left side of the arrow represent the reactants, the
substances that change in the reaction. The formulas on the right side of the
arrow represent the products, the substances that are formed in the reaction. If
there are more than one reactant or more than one product, they are separated by
plus signs. The arrow separating the reactants from the products can be read as
<« » «_ - » <« »

goes to” or “yields” or “produces.

m  The physical states of the reactants and products are provided in the equation. A OBJECTIVE 3
(g) following a formula tells us the substance is a gas. Solids are described with
(5). Liquids are described with (/). When a substance is dissolved in water, it is
described with (aq) for agueous, which means “mixed with water.”

m  The relative numbers of particles of each reactant and product are indicated by
numbers placed in front of the formulas. These numbers are called coeflicients.
An equation containing correct coeflicients is called a balanced equation. For
example, the 2’s in front of Hy and H,O in the equation we saw above are
coefhicients. If a formula in a balanced equation has no stated coeflicient, its
coefhicient is understood to be 1, as is the case for oxygen in the equation above

(Figure 4.2).

Coefficient Coefficient
"Goes to"

|
|— Physical states _I Physical state

JJJJ*“ *';)"J

Figure 4.2

The Chemical Equation for
the Formation of Water from
Hydrogen and Oxygen

m If special conditions are necessary for a reaction to take place, they are often
specified above the arrow. Some examples of special conditions are electric

current, high temperature, high pressure, and light.
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The burning of hydrogen gas must be started with a small flame or a spark, but that
is not considered a special condition. There is no need to indicate it above the arrow
in the equation for the creation of water from hydrogen and oxygen. However, the
conversion of water back to hydrogen and oxygen does require a special condition—
specifically, exposure to an electric current:

A special condition

Electric current

2H,0(/) 2Hy(g) + Oa(g)

To indicate that a chemical reaction requires the continuous addition of heat in order
to proceed, we place an upper case Greek delta, A, above the arrow in the equation.
For example, the conversion of potassium chlorate (a fertilizer and food additive) to
potassium chloride and oxygen requires the continuous addition of heat:

/— This indicates the continuous addition of heat.

KCIO3() —2 2KCI() + 302(9)

Balancing Chemical Equations

In chemical reactions, atoms are neither created nor destroyed; they merely change
partners. Thus the number of atoms of an element in the reaction’s products is equal
to the number of atoms of that element in the original reactants. The coefficients we
often place in front of one or more of the formulas in a chemical equation reflect this
fact. They are used whenever necessary to balance the number of atoms of a particular
element on either side of the arrow.

For an example, let’s return to the reaction of hydrogen gas and oxygen gas to form
liquid water. The equation for the reaction between H,(g) and O,(g) to form H,O(/)
shows there are two atoms of oxygen in the diatomic O, molecule to the left of the
arrow, so there should also be two atoms of oxygen in the product to the right of the
arrow. Because each water molecule, H,O, contains only one oxygen atom, two water
molecules must form for each oxygen molecule that reacts. The coefhicient 2 in front of
the HyO(/) makes this clear. But two water molecules contain four hydrogen atoms,
which means that two hydrogen molecules must be present on the reactant side of the
equation for the numbers of H atoms to balance (Figure 4.2 on the previous page).

Note that we do not change the subscripts in the formulas, because that would change
the identities of the substances. For example, changing the formula on the right of
the arrow in the equation above to H,O, would balance the atoms without using
coeflicients, but the resulting equation would be incorrect.

Hy(g) + Oa(g) — EBOy)

Water is H,O, whereas H,O; is hydrogen peroxide, a very different substance from
water. (You add water to your hair to clean it; you add hydrogen peroxide to your hair
to bleach it.)
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The following sample study sheet shows a procedure that you can use to balance

chemical equations. It is an approach that chemists often call balancing equations “by
inspection.” Examples 4.1 through 4.5, which follow the study sheet, will help to
clarify the process.

Tir-OoFF You are asked to balance a chemical equation.

GENERAL STEPS

Consider the first element listed in the first formula in the equation.

If this element is mentioned in two or more formulas on the same side of the
arrow, skip it until after the other elements are balanced. (See Example 4.2.)

If this element is mentioned in one formula on each side of the arrow, balance it
by placing coeflicients in front of one or both of these formulas.

Moving from left to right, repeat the process for each element.

When you place a number in front of a formula that contains an element you tried

to balance previously, recheck that element and put its atoms back in balance. (See

Examples 4.2 and 4.3.)

Continue this process until the number of atoms of each element is balanced.

The following strategies can be helpful for balancing certain equations.

STRATEGY 1 Often, an element can be balanced by using the subscript for this
element on the left side of the arrow as the coefficient in front of the formula
containing this element on the right side of the arrow, and vice versa (using the
subscript of this element on the right side of the arrow as the coeflicient in front
of the formula containing this element on the left side). (See Example 4.3.)

STRATEGY 2 It is sometimes easiest, as a temporary measure, to balance the
pure nonmetallic elements (Hy, O, Na, F, Cly, Bry, I, Sg, Ses, and P4) with
a fractional coefficient (12, 32, %2, etc.). If you do use a fraction during the
balancing process, you can eliminate it later by multiplying each coefficient in
the equation by the fraction’s denominator (which is usually the number 2). (See

Example 4.4.)

STRATEGY 3 If polyatomic ions do not change in the reaction, and therefore
appear in the same form on both sides of the chemical equation, they can be
balanced as though they were single atoms. (See Example 4.5.)

STRATEGY 4 If you find an element difficult to balance, leave it for later.

ExaMPLE See Examples 4.1 to 4.5.

Sample Study
Sheet 4.1
Balancing
Chemical
Equations

OBJECTIVE 4
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OBJECTIVE 4

Y ExawpLe 4.1 - Balancing Equations

Balance the following equation so that it correctly describes the reaction for the
formation of dinitrogen oxide (commonly called nitrous oxide), an anesthetic used in
dentistry and surgery.

NHis(g) + Oax(g) — NO(g) + H,O(/)

Solution

The following table shows that the atoms are not balanced yet.

Element Left Right
N 1 2
H 3 2
O 2 2

Nitrogen is the first element in the first formula. It is found in one formula on each
side of the arrow, so we can try to balance it now. There are two nitrogen atoms on
the right side of the equation and only one on the left; we bring them into balance by
placing a 2 in front of NH3.

2NH3(g) + Oz(g) —> N20(g) + HzO(Z)

There are now six hydrogen atoms on the left side of the arrow (in the two NHj
molecules) and only two H’s on the right, so we balance the hydrogen atoms by placing
a 3 in front of the H,O. This gives six atoms of hydrogen on each side.

ZNHg(g) + Oz(g) —> NzO(g) + 3H20(Z)

There are now two oxygen atoms on the left and four on the right (in one N,O and
three H,O’), so we balance the oxygen atoms by placing a 2 in front of the O,.

2NH3(g) + 202(g') —> NzO(g) + 3H20(1)

The following space-filling models show how you might visualize the relative number
of particles participating in this reaction. You can see that the atoms regroup but are
neither created nor destroyed.

D @B
Q+‘£ ‘Iimo 331{0

The following table shows that the atoms are now balanced.

2NHj3

Element Left Right
N 2 2
H 6 6

O 4 4
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9

ExavpLE 4.2 - Balancing Equations

Balance the following equation.

NoH4(/) + NaO4(/) —  Na(g) + HO()
Solution

Nitrogen is the first element in the equation; however, because nitrogen is found in
two formulas on the left side of the arrow, we will leave the balancing of the nitrogen
atoms until later.

Balance the hydrogen atoms by placing a 2 in front of H,O.
NoH4(/) + NoO4(/) — Na(g) + 2H,0()

Balance the oxygen atoms by changing the 2 in front of H,O to a 4.
NoH4(Z) + NoOy(/) —  Na(g) + 4H,0(/)

Because we unbalanced the hydrogen atoms in the process of balancing the oxygen
atoms, we need to go back and re-balance the hydrogen atoms by placing a 2 in front

of the NHy.
2N H4(/) + NoO4(/) — Na(g) + 4H,0(/)

Finally, we balance the nitrogen atoms by placing a 3 in front of N,.
2N,H4(1) + NO4(/) — 3Na(g) + 4H,0(/)

The following table shows that the atoms are now balanced.

Element Left Right
N 6 6
H 8 8
(@) 4 4

ExavpLE 4.3 - Balancing Equations

Balance the following equation so that it correctly describes the reaction for the
formation of tetraphosphorus trisulfide (used in the manufacture of matches).

P4(s) + Sgls) —  P4S3(s)
Solution

The phosphorus atoms appear to be balanced at this stage.

We can balance the sulfur atoms by using the subscript for the sulfur on the right (3)
as the coeflicient for Sg on the left and using the subscript for the sulfur on the left (8)
as the coefficient for the sulfur compound on the right. (Strategy 1)

Do) +SH) - VPSY0)
P4(s) + 3Sg(s) —  8P4S3(s)

We restore the balance of the phosphorus atoms by placing an 8 in front of Py4.
8P4(s) + 3Sg(s) — 8P4S3(s)

9

OBJECTIVE 4

OBJECTIVE 4

Tetraphosphorus trisulfide
is used to make matches.
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OBJECTIVE 4

OBJECTIVE 4

Zinc phosphate is used
to galvanize nails.

Y

Y ExavpLE 4.4 - Balancing Equations

Balance the following equation so that it correctly describes the reaction for the
formation of aluminum oxide (used to manufacture glass).

Al(s) + Oz(g) e d Aleg(S)

Solution
Balance the aluminum atoms by placing a 2 in front of the Al

ZAI(S) + Oz(g) —d Aleg(S)

There are three oxygen atoms on the right and two on the left. We can bring them into
balance by placing 3% in front of the O;. Alternatively, we could place a 3 in front of
the O, and a 2 in front of the Al,O3, but that would un-balance the aluminum atoms.
By inserting only one coefhicient, in front of the O, to balance the oxygen atoms, the
aluminum atoms remain balanced. We arrive at 32 by asking what number times the
subscript 2 of the O, would give us three atoms of oxygen on the left side: 35 times 2
is 3. (Strategy 2)

ZAJ(S) + 3/2()2(({) —> Aleg,(S)

It is a good habit to eliminate the fraction by multiplying all the coefficients by the
denominator of the fraction, in this case 2. (Some instructors consider fractional
coefficients to be incorrect, so check with your instructor to find out if you will be
allowed to leave them in your final answer.)

4Al($) + 302(g) - 2A1203(S)

ExampLE 4.5 - Balancing Equations

Balance the following equation for the chemical reaction that forms zinc phosphate
(used in dental cements and for making galvanized nails).

Zn(NO3)a(aq) + NazPOg4laq) — Zn3(POg4)a(s) + NaNOs3(ag)
Solution
Balance the zinc atoms by placing a 3 in front of Zn(NO3),.
3Zn(NO3)a(ag) + NazPOg4lag) — Znz(POy)a(s) + NaNOj3(ag)

The nitrate ions, NO3~, emerge unchanged from the reaction, so we can balance them
as though they were single atoms. There are six NO3™ ions in three Zn(NOj3),. We
therefore place a 6 in front of the NaNNOj3 to balance the nitrates. (Strategy 3)

3ZH(N03)2(ﬂq) + NagPO4(dq) —> an(PO4)2(s) + 6NaNO3(ﬂq)
Balance the sodium atoms by placing a 2 in front of the Na3PO,.
3ZH(NO3)2(ﬂq) + 2N33PO4(dq) —> Zn3(PO4)2(.v) + 6NaN03(ﬂq)

The phosphate ions, PO43~, do not change in the reaction, so we can balance them as
though they were single atoms. There are two on each side, so the phosphate ions are

balanced. (Strategy 3)
3Zn(NO3)2(aq) + 2NazPO4(aq) — Znz(POy4)x(s) + 6NaNO3(aq)
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Exercise 4.1 - Balancing Equations ¢

Balance the following chemical equations. OguECTIVE 4

a. P4(s) + Cla(g) — PCl3(/)

Phosphorus trichloride, PCls, is an intermediate for the production of
pesticides and gasoline additives.

b. PbO(s) + NH3(g) — Pb(s) + Niy(g) + H,O(/)

Lead, Pb, is used in storage batteries and as radiation shielding.

C. P40]0(S) + HzO(/) —> H3PO4(dq)

Phosphoric acid, H3POy, is used to make fertilizers and detergents.

d. Mn(s) + CrCl3(aq) — MnCly(ag) + Cr(s)

Manganese(II) chloride, MnCly, is used in pharmaceutical preparations.

e. CHy(g) + Oax(g) — COy(g) + HO(/)

Acetylene, C;Hy, is used in welding torches.

f. Co(NO3)a(aq) + NazPOylag) — Co3(POyg)a(s) + NaNOj3(ag)
Cobalt phosphate, Co3(POy),, is used to color glass and as an additive to
animal feed.

g. CH3NHy(g) + Ox(g) — COs(g) + HyO@) + Ny(g)
Methylamine, CH3NHp, is a fuel additive.

h. FCS(S) + Oz(g) + HzO(/) —> F€203(S) + HzSO4(ﬂq)

Iron(IlI) oxide, Fe,O3, is a paint pigment.

You can find a computer tutorial that will provide more practice balancing
equations at the textbook’s Web site.

4.2 Solubility of lonic Compounds and Precipitation Reactions T

The reaction that forms the scale in hot water pipes, eventually leading to major
plumbing bills, belongs to a category of reactions called precipitation reactions. So does
the reaction of calcium and magnesium ions with soap to create a solid scum in your
bathtub and washing machine. Cadmium hydroxide, which is used in rechargeable
batteries, is made from the precipitation reaction between water solutions of cadmium
acetate and sodium hydroxide. To understand the changes that occur in precipitation
reactions, to predict when they will take place, and to describe them correctly using
chemical equations, we first need a way of visualizing the behavior of ionic compounds
in water.

Water Solutions of Ionic Compounds

A solution, also called a homogeneous mixture, is a mixture whose particles are so
evenly distributed that the relative concentrations of the components are the same
throughout. When salt dissolves in water, for example, the sodium and chloride ions  An aqueous solution
from the salt spread out evenly throughout the water. Eventually, every part of the fodr(rjnsdv;/hen tdye(l'sﬂ)

) ! . added to water (left).
solution has the same proportions of water molecules and ions as every other part  gyon the mixture will be

(Figure 4.3). Ionic compounds are often able to mix with water in this way, in which  homogeneous (right).
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case we say they are “soluble in water.” Many of the chemical reactions we will study
take place in water solutions—that is, solutions in which the substances are dissolved

in water. Chemists refer to these as aqueous solutions.

All parts have the All parts taste

same composition. equally salty.
Sodium ion ,

Chloride

on

Water

molecules

In a salt water solution, the water,
sodium ions, and chloride ions
are mixed evenly throughout.

Figure 4.3
Solution (Homogeneous Mixture)

Remember how a model made it easier for us to picture the structures of solids,
liquids, and gases in Chapter 2? In order to develop a mental image of the changes
that take place on the microscopic level as an ionic compound dissolves in water,
chemists have found it helpful to extend that model. We will use table salt or sodium
chloride, NaCl, as an example in our description of the process through which an ionic
compound dissolves in water. Before you read about this process, you might want to
return to the end of Section 3.3 and review the description of the structure of liquid
water.

OBJECTIVE 5 When solid NaCl is first added to water, it settles to the bottom of the container.

Like the particles of any solid, the sodium and chloride ions at the solid’s surface are
constantly moving, although their mutual attractions are holding them more or less in
place. For example, if you were riding on a sodium ion at the surface of the solid, you
might move out and away from the surface and into the water at one instant, and back
toward the surface at the next (pulled by the attractions between your sodium ion and
the chloride ions near it). When you move back toward the surface, collisions there
might push you away from the surface once again. In this way, all of the ions at the
solid’s surface, both sodium ions and chloride ions, can be viewed as repeatedly moving
out into the water and returning to the solid’s surface (Figure 4.4).

OBJECTIVE 5 Sometimes when an ion moves out into the water, a water molecule collides with it,

pushing the ion out farther into the liquid and helping to break the ionic bond. Other
water molecules move into the space between the ion and the solid and shield the ion
from the attractions exerted by the ions at the solid’s surface (Figure 4.4). The ions that
escape the solid are then held in solution by attractions between their own charge and
the partial charges of the polar water molecules. The negative oxygen ends of the water
molecules surround the cations, and the positive hydrogen ends surround the anions

(Figure 4.5).
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OBJECTIVE 5

Figure 4.4
Sodium Chloride Dissolving in Water This shows the mixture immediately after sodium chloride has been
added to water. Certain water molecules are highlighted to draw attention to their role in the process.

OBJECTIVE 5

Figure 4.5
Aqueous Sodium Chloride  This image shows a portion of the solution that forms when sodium chloride
dissolves in water. Certain water molecules are highlighted to draw attention to their role in the process.
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OBJECTIVE 6

Figure 4.6

You can find an animation that illustrates the process by which sodium chloride
dissolves at the textbook’s Web site.

The substances that mix to make a solution, such as our solution of sodium chloride
and water, are called the solute and the solvent. In solutions of solids dissolved in
liquids, we call the solid the solute and the liquid the solvent. Therefore, the NaCl
in an aqueous sodium chloride solution is the solute, and the water is the solvent.
In solutions of gases in liquids, we call the gas the solute and the liquid the solvent.
Therefore, when gaseous hydrogen chloride, HCl(g), is dissolved in liquid water to
form a mixture known as hydrochloric acid, HCl(ag), the hydrogen chloride is the
solute, and water is the solvent. In other solutions, we call the minor component the

solute and the major component the solvent. For example, in a mixture that is 5%
liquid pentane, CsHj,, and 95% liquid hexane, C¢H14, the pentane is the solute, and
the hexane is the solvent (Figure 4.6).

Pentane, the minor
component, is the solute.

Hexane, the major
component, is the solvent.

Liquid-Liquid Solution The carbon atoms in the pentane molecules are shown OBJECTIVE 6
in green to distinguish them from the hexane molecule.

OBJECTIVE 7

Precipitation Reactions

Precipitation reactions, such as the ones we will see in this section, belong to a general class
of reactions called double-displacement reactions. (Double displacement reactions are
also called double-replacement, double-exchange, or metathesis reactions.) Double
displacement reactions have the following form, signifying that the elements in two
reacting compounds change partners.

AB + COD —> AD + CB
o

Precipitation reactions take place between ionic compounds in solution. For
example, in the precipitation reactions that we will see, A and C represent the cationic
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(or positively charged) portions of the reactants and products, and B and D represent
the anionic (or negatively charged) portions of the reactants and products. The cation
of the first reactant (A) combines with the anion of the second reactant (D) to form
the product AD, and the cation of the second reactant (C) combines with the anion of
the first reactant to form the product CB.

Sometimes a double-displacement reaction has one product that is insoluble in water.
As that product forms, it emerges, or precipitates, from the solution as a solid. This
process is called precipitation, such a reaction is called a precipitation reaction, and
the solid is called the precipitate. For example, when water solutions of calcium nitrate
and sodium carbonate are mixed, calcium carbonate precipitates from the solution
while the other product, sodium nitrate, remains dissolved.

This solid precipitates from
the solution. It is a precipitate.

/
Ca(NO3)2(aq) + Na2C03(ﬂq) - CaC03(S) + 2NaN03(¢q)

One of the goals of this section is to help you to visualize the process described by this
equation. Figures 4.7, 4.8, and 4.9 will help you do this.

First, let us imagine the particles making up the Ca(NO3); solution. Remember that
when ionic compounds dissolve, the ions separate and become surrounded by water
molecules. When Ca(NO3), dissolves in water (Figure 4.7), the Ca®" ions separate
from the NO3™ ions, with the oxygen ends of water molecules surrounding the calcium
ions, and the hydrogen ends of water molecules surrounding the nitrate ions.

Figure 4.7
OBJECTIVE 8 Aqueous Calcium Nitrate

OBJECTIVE 8

137

There are twice as many -1 nitrate ions as +2 calcium ions.
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OBJECTIVE 8

Figure 4.8

Mixture of Ca(NO3)2(aqg) and NapCO3(aq) at the Instant They Are Combined

OBJECTIVE 8

An aqueous solution of sodium carbonate also consists of ions separated and
surrounded by water molecules, much like the solution of calcium nitrate. If time
were to stop at the instant that the solution of sodium carbonate was added to aqueous
calcium nitrate, there would be four different ions in solution surrounded by water
molecules: Ca?*, NO3~, Na*, and CO3%". The oxygen ends of the water molecules
surround the calcium and sodium ions, and the hydrogen ends of water molecules
surround the nitrate and carbonate ions. Figure 4.8 shows the system at the instant just
after solutions of calcium nitrate and sodium carbonate are combined and just before
the precipitation reaction takes place. Because a chemical reaction takes place as soon
as the Ca(NO3); and NayCOj solutions are combined, the four-ion system shown in
this figure lasts for a very short time.

OBJECTIVE 8

The ions in solution move in a random way, like any particle in a liquid, so they
will constantly collide with other ions. When two cations or two anions collide, they
repel each other and move apart. When a calcium ion and a nitrate ion collide, they
may stay together for a short time, but the attraction between them is too weak to keep
them together when water molecules collide with them and push them apart. The same
is true for the collision between sodium ions and carbonate ions. After colliding, they
stay together for only an instant before water molecules break them apart again.

When calcium ions and carbonate ions collide, however, they stay together longer
because the attraction between them is stronger than the attractions between the other
pairs of ions. They might eventually be knocked apart, but while they are together,
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other calcium ions and carbonate ions can collide with them. When another Ca®* or
CO3% ion collides with a CaCO3 pair, a trio forms. Other ions collide with the trio to
form clusters of ions that then grow to become small crystals—solid particles whose
component atoms, ions, or molecules are arranged in an organized, repeating pattern.
Many crystals form throughout the system, so the solid CaCO3 at first appears as a
cloudiness in the mixture. The crystals eventually settle to the bottom of the container

(Figures 4.8 and 4.9).

OBJECTIVE 8

Figure 4.9

Product Mixture for the
Reaction of Ca(NO3),(aq)
and Na,CO3(aq)

The equation that follows, which is often called a complete ionic equation, describes
the forms taken by the various substances in solution. The ionic compounds dissolved in
the water are described as separate ions, and the insoluble ionic compound is described
with a complete formula.

/ Described as separate ions Solid precipitate  Described as separate ions

| N N / |

Ca®*(ag) + 2NO3 (ag) + 2Na*(ag) + CO327(aq) — CaCOs(s) + 2Na*(ag) + 2NO; (ag)

The sodium and nitrate ions remain unchanged in this reaction. They were separate
and surrounded by water molecules at the beginning, and they are still separate and
surrounded by water molecules at the end. They were important in delivering the calcium
and carbonate ions to solution (the solutions were created by dissolving solid calcium
nitrate and solid sodium carbonate in water), but they did not actively participate in

the reaction. When ions play this role in a reaction, we call them spectator ions.

139
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Because spectator ions are not involved in the reaction, they are often left out of
the chemical equation. The equation written without the spectator ions is called a net

ionic equation.

Spectator ions are eliminated. Spectator ions

Ca2+(aq) +2NO37(ag) + 2Na*(aq) + CO32_(aq) — CaCOs(s) + 2Na*(ag) + 2NO3 ™ (a9)
Net ionic equation: Ca**(ag) + CO327(ag) — CaCOjs(s)

We call the equation that shows the complete formulas for all of the reactants and

products the complete equation, or, sometimes, the molecular equation.

Ca(NO3)2(aq) + Na2C03(aq) —> CaCO3(5) + 2NaNO3(¢q)

You can find an animation that shows this precipitation reaction at the textbook’s
Web site.

Predicting Water Solubility

In order to predict whether a precipitation reaction will take place when two aqueous
ionic compounds are mixed, you need to be able to predict whether the possible
products of the double-displacement reaction are soluble or insoluble in water.

When we say that one substance is soluble in another, we mean that they can be
mixed to a significant degree. More specifically, chemists describe the solubility of a
substance as the maximum amount of it that can be dissolved in a given amount of
solvent at a particular temperature. This property is often described in terms of the
maximum number of grams of solute that will dissolve in 100 milliliters (or 100 grams)
of solvent. For example, the water solubility of calcium nitrate is 121.2 g Ca(NO3);
per 100 mL water at 25 °C. This means that when calcium nitrate is added steadily to
100 mL of water at 25 °C, it will dissolve until 121.2 g Ca(NO3), have been added.
If more Ca(NO3), is added to the solution, it will remain in the solid form.

When we say an ionic solid is insoluble in water, we do not mean that none of
the solid dissolves. There are always some ions that can escape from the surface of an
ionic solid in water and go into solution. Thus, when we say that calcium carbonate

is insoluble in water, what we really mean is that the solubility is very low (0.0014 g
CaCOj3 per 100 mL H,O at 25 °C).
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Solubility is difficult to predict with confidence. The most reliable way to obtain

a substance’s solubility is to look it up on a table of physical properties in a reference

book. When that is not possible, you can use the following guidelines for predicting OBJECTIVE 9

whether some substances are soluble or insoluble in water. They are summarized in

Table 4.1.

m Jonic compounds with group 1 (or 1A) metallic cations or ammonium

cations, NHy4*, form soluble compounds no matter what the anion is.
®  Jonic compounds with acetate, CoH30;7, or nitrate, NO37, ions form

soluble compounds no matter what the cation is.

m  Compounds containing chloride, CI7, bromide, Br~, or iodide, I", ions are
water-soluble except with silver ions, Ag"™ and lead(II) ions, Pb2*.

m  Compounds containing the sulfate ion, SO4%, are water-soluble except with
barium ions, Ba?*, and lead(Il) ions, Pb**.

m  Compounds containing carbonate, CO3%~, phosphate, PO4>~, or hydroxide,
OH~, ions are insoluble in water except with group 1 metallic ions and

ammonium ions.

Table 4.1 Water Solubility of lonic Compounds OBJECTIVE 9
Category Tons Except with these ions Examples
Soluble Group 1 metallic ions No exceptions Na,COj3, LiOH, and (NHy),S
cations and ammonium, NH4* are soluble.
Soluble NOj3™ and C,H30,~ No exceptions Bi(NO3)3, and Co(CyH30,),
anions are soluble.
Usually Cl,Br,and I” Soluble with some CuCl, is water soluble,
soluble exceptions, including but AgCl is insoluble.
anions with Ag™ and Pb?*
SO+ Soluble with some FeSOy is water soluble,
exceptions, including but BaSOy is insoluble.
with Ba%* and Pb%*
Usually CO3%7, PO4’, and OH™ | Insoluble with some CaCO3, Ca3(POy),, and
insoluble exceptions, including Mn(OH), are insoluble in
with group 1 elements water, but (NH4),COj3, LizPOy,
and NH4* and CsOH are soluble.
o — 9
Exercise 4.2 - Predicting Water Solubility OBJECTIVE 9
Predict whether each of the following is soluble or insoluble in water.
a. Hg(NO3); (used to manufacture felt) l
b. BaCOj3 (used to make radiation resistant glass for color TV tubes)
c. K3POy4 (used to make liquid soaps) Sodium ohosohat
d. PbCl, (used to make other lead salts) tric; Olgir:”? p(;f)Zp?] ;t e(;r
e. Cd(OH); (in storage batteries)

NazPOy, is an all-
purpose cleaner.

You can find a computer tutorial that will provide more practice predicting

water solubility at the textbook’s Web site.
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Sample Study
Sheet 4.2
Predicting
Precipitation
Reactions
and Writing
Precipitation
Equations

OsJecTive 10

Tir-oFF You are asked to predict whether a precipitation reaction will take place
between two aqueous solutions of ionic compounds, and if the answer is yes, to write
the complete equation for the reaction.

GENERAL STEPS

Step 1 Determine the formulas for the possible products using the general
double-displacement equation. (Remember to consider ion charges when writing
your formulas.)

AB + CD — AD + CB

STEP 2 Predict whether either of the possible products is water-insoluble. If either
possible product is insoluble, a precipitation reaction takes place, and you may
continue with step 3. If neither is insoluble, write “No reaction.”

STEP 3 Follow these steps to write the complete equation.
Write the formulas for the reactants separated by a + sign.
Separate the formulas for the reactants and products with an arrow.
Write the formulas for the products separated by a + sign.
Write the physical state for each formula.
The insoluble product will be followed by (s).
Water-soluble ionic compounds will be followed by (29).

m  Balance the equation.
ExaMPLES See Examples 4.6-4.8.

OsJecTive 10

¢

ExamvpLE 4.6 - Predicting Precipitation Reactions

Predict whether a precipitate will form when water solutions of silver nitrate,
AgNO3(aq), and sodium phosphate, NazPO4(29), are mixed. If there is a precipitation

reaction, write the complete equation that describes the reaction.

Solution

Step 1 Determine the possible products using the general double-displacement equation.
AB + CD — AD + CB

In AgNOs3, Ag* is A, and NO3™ is B. In NazPOy, Na* is C, and PO, is D. The

possible products from the mixture of AgNO3(2q) and Na3POy(ag) are AgsPO4 and

NaNOj3. (Remember to consider charge when you determine the formulas for the
possible products.)

~ Y
AgNOs(aq) + NazPOylaqg) to AgsPO4 + NaNOj
A/

Step 2 Predict whether either of the possible products is water-insoluble.

According to our solubility guidelines, most phosphates are insoluble, and
compounds with Ag* are not listed as an exception. Therefore, silver phosphate,
Ag3POy, which is used in photographic emulsions, would be insoluble. Because
compounds containing Na* and NOj3™ are soluble, NaNOj is soluble.

Step 3 Write the complete equation. (Don’t forget to balance it.)
3AgNOj3(aq) + NasPOy(aq) — AgsPOy4(s) + 3NaNOs3(aq)
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ExampLE 4.7 - Predicting Precipitation Reactions

Predict whether a precipitate will form when water solutions of barium chloride,
BaCl,(ag), and sodium sulfate, Na;SOy4(ag), are mixed. If there is a precipitation
reaction, write the complete equation that describes the reaction.

Solution

Step1 In BaCl,, Ais BaZ*, and B is Cl~. In Na,SOy, C is Na™, and D is SO42". The

possible products from the reaction of BaCly(2g) and NaySO4(ag) are BaSOy4 and
NaCl.

Y
BaCly(ag) + NaSO4(ag) to BaSO4 + NaCl
A/

Step2 According to our solubility guidelines, most sulfates are soluble, but BaSOy4is an
exception. It is insoluble and would precipitate from the mixture. Because compounds
containing Na* (and most containing CI7) are soluble, NaCl is soluble.
Step 3
BaCly(2q) + NaSO4(ag) — BaSOy(s) + 2NaCl(aq)
This is the reaction used in industry to form barium sulfate, which is used in paint
preparations and in x-ray photography.

You can find a description of the procedure for writing complete ionic equations
and net jonic equations for Examples 4.6 and 4.7 at the textbook’s Web site.

9

ExampLE 4.8 - Predicting Precipitation Reactions

Predict whether a precipitate will form when lead(I) nitrate, Pb(NO3);(2g), and
sodium acetate, NaC,H30;(29), are mixed. If there is a precipitation reaction, write
the complete equation that describes the reaction.

Solution

Step 1 'The possible products from the mixture of Pb(NO3),(29) and NaC,H30;(29)
are Pb(C2H302)2 and NaN03.

/\
Pb(NO3)5(ag) + NaCyH305(29) to Pb(C,H30,), + NaNO
*ﬂ/ 21305 ag 203U2)2 3

Step 2 According to our solubility guidelines, compounds with nitrates and acetates
are soluble, so both Pb(C;H30;); and NaNOj are soluble. There is no precipitation
reaction.

Exercise 4.3 - Precipitation Reactions

Predict whether a precipitate will form when each of the following pairs of water
solutions is mixed. If there is a precipitation reaction, write the complete equation that
describes the reaction.

a. CaCly(ag) + NazPOy(agq) c. NaCyH304(ag) + CaSO4(ag)
b. KOH(ag) + Fe(NO3)3(aq) d. K»SO4(aq) + Pb(NO3),(agq)

OsJecTIVE 10

OsgJecTivE 10

OsJecTive 10
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m Convert between names and symbols for the common

Having Trouble?
g elements. See Table 2.1.
Are you having trouble with the m Identify whether an element is a metal or a nonmetal. See

topics in this chapter? People Section g
often do. To complete each of the ST

lessons in it successfully, you need m Determine the charges on many of the monatomic ions. See
5

to have mastered the skills taught Figure 3.17.
in previous sections. Here is a list m Convert between the names and formulas for polyatomic
of the things you need to know ions. See Table 3.6.

how to do to solve the problems
at the end of this chapter. Work
through these items in the order

m Convert between the names and formulas for ionic

compounds. See Section 3.5.

presented, and be sure you have m Balance chemical equations. See Section 4.1.
mastered each before going on to m Predict the products of double-displacement reactions. See
the next. Section 4.2.

m Predict whether ionic compounds are soluble or insoluble in

water. See Section 4.2.

SpeciaL Topic 2.2 Hard Water and Your Hot Water Pipes

A precipitation reaction that is a slight variation Ca(HCO3);, would
on the one depicted in Figures 4.8 and 4.9 helps ~ form, but this

explain why a solid scale forms more rapidly in compound is much
your hot water pipes than in your cold water more soluble than
pipes. calcium carbonate and

We say water is hard if it contains calcium ions, does not precipitate

magnesium ions, and in many cases, iron ions. from our tap water.

These ions come from rocks in the ground and When hard water is

dissolve into the water that passes through them. heated, the reverse of

For example, limestone rock is calcium carbonate,  this reaction occurs, and

CaCOs(s), and dolomite rock is a combination the calcium and hydrogen carbonate ions react to
of calcium carbonate and magnesium carbonate, reform solid calcium carbonate.

vv'ritten as CaCO3°MgCO3(s). Water a%one will Ca**(ag) + 2HCO3 (aq)

dissolve very small amounts of these minerals, S5 CaCOs() + COs(g) + H0()

but carbon dioxide dissolved in water speeds the . : i _
Thus, in your hot water pipes, solid calcium

PEOCESs. carbonate precipitates from solution and collects
CaCOs(9) + COx(g) + HOU) as scale onr')che iiside of the pipes. After we have
- Ca2+(¢zq) + 2HCO37(49)  discussed acid-base reactions in Chapter 5, it
If the water were removed from the product will be possible to explain how the plumber can
mixture, calcium hydrogen carbonate, remove this obstruction.
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Chemical reaction or chemical change The conversion of one or more pure substances
into one or more different pure substances.

Reactants The substances that change in a chemical reaction. Their formulas are on
the left side of the arrow in a chemical equation.

Products The substances that form in a chemical reaction. Their formulas are on the
right side of the arrow in a chemical equation.

Coefhicients The numbers in front of chemical formulas in a balanced chemical
equation.

Solution A mixture whose particles are so evenly distributed that the relative
concentrations of the components are the same throughout. Solutions can also be
called homogeneous mixtures.

Aqueous solution A solution in which water is the solvent.

Solute The gas in a solution of a gas in a liquid. The solid in a solution of a solid in a
liquid. The minor component in other solutions.

Solvent The liquid in a solution of a gas in a liquid. The liquid in a solution of a solid
in a liquid. The major component in other solutions.

Double-displacement reaction A chemical reaction that has the following form:
AB+CD —» AD + CB
Precipitation reaction A reaction in which one of the products is insoluble in water
and comes out of solution as a solid.
Precipitate A solid that comes out of solution.
Precipitation The process of forming a solid in a solution.

Crystals Solid particles whose component atoms, ions, or molecules are arranged in
an organized, repeating pattern.

Complete ionic equation A chemical equation that describes the actual form for each
substance in solution. For example, ionic compounds that are dissolved in water
are described as separate ions.

Spectator ions lons that play a role in delivering other ions into solution to react but
that do not actively participate in the reaction themselves.

Complete equation or molecular equation A chemical equation that includes
uncharged formulas for all of the reactants and products. The formulas include the
spectator ions, if any.

Net ionic equation A chemical equation for which the spectator ions have been
eliminated, leaving only the substances actively involved in the reaction.

Solubility The maximum amount of solute that can be dissolved in a given amount
of solvent.

You can test yourself on the glossary terms at the textbook’s Web site.

Chapter
Glossary
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Chapter The goal of this chapter is to teach you to do the following.
Objectives

1. Define all of the terms in the Chapter Glossary.

Section 4.1 Chemical Reactions and Chemical Equations

2. Describe the information given by a chemical equation.

3. Write the symbols used in chemical equations to describe solid, liquid, gas, and
aqueous.

4. Balance chemical equations.

Section 4.2 Ionic Solubility and Precipitation Reactions

5. Describe the process for dissolving an ionic compound in water. Your description
should include mention of the nature of the particles in solution and the
attractions between the particles in the solution.

6. Given a description of a solution, identify the solute and the solvent.

7. Describe double-displacement reactions.

8. Describe precipitation reactions. Your descriptions should include mention of the
nature of the particles in the system before and after the reaction, a description
of the cause of the reaction, and a description of the attractions between the
particles before and after the reaction.

9. Given the formula for an ionic compound, predict whether it is soluble in water
or not.

10. Given formulas for two ionic compounds;

a. Predict whether a precipitate will form when the water solutions of the two
are mixed,
b. If there is a reaction, predict the products of the reaction and write their
formulas,
c. If there is a reaction, write the complete equation that describes the
reaction.
Review 1. Write the formulas for all of the diatomic elements.
Questions 2. Predict whether atoms of each of the following pairs of elements would be
expected to form ionic or covalent bonds.
a. MgandF c. Feand O
b. Oand H d. NandCl

3. Describe the structure of liquid water, including a description of water molecules
and the attractions between them.

4. Write formulas that correspond to the following names.

a. ammonia c. propane

b. methane d. water



5. Write formulas that correspond to the following names.

a. nitrogen dioxide c. dibromine monoxide

b. carbon tetrabromide d. nitrogen monoxide

6. Write formulas that correspond to the following names.

a. lithium fluoride d. sodium carbonate

b. lead(Il) hydroxide

c. potassium oxide

e. chromium(III) chloride

f. sodium hydrogen phosphate
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Complete the following statements by writing one of these words or phrases in each

blank.
above minor
charge negative
chemical bonds none
coefhicients organized, repeating
complete formula partial charges
continuous positive
converted into precipitate
created precipitates
delta, A precipitation
destroyed same proportions
equal to separate ions
gas shorthand description
homogeneous mixture solute
left out solvent
liquid subscripts
major very low

7. A chemical change or chemical reaction is a process in which one or more pure

substances are one or more different pure substances.

8. In chemical reactions, atoms are rearranged and regrouped through the breaking
and making of

9. A chemical equation is a(n) of a chemical reaction.

10. If special conditions are necessary for a reaction to take place, they are often
specified the arrow in the reaction’s chemical equation.

11. To indicate that a chemical reaction requires the addition of
heat in order to proceed, we place an upper-case Greek above
the arrow in the reaction’s chemical equation.

12. In chemical reactions, atoms are neither nor 5
they merely change partners. Thus the number of atoms of an element in the
reaction’s products is the number of atoms of that element in
the original reactants. The we often place in front of one or
more of the formulas in a chemical equation reflect this fact.

13. When balancing chemical equations, we do not change the in

the formulas.

Key Ideas T
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

A solution, also called a(n) , is a mixture whose particles are so
evenly distributed that the relative concentrations of the components are the
same throughout.

Every part of a water solution of an ionic compound has the of

water molecules and ions as every other part.
When an ionic compound dissolves in water, the ions that escape the solid are

held in solution by attractions between their own and the

of the polar water molecules. The oxygen

ends of the water molecules surround the cations, and the

hydrogen ends surround the anions.

In solutions of solids dissolved in liquids, we call the solid the

and the liquid the

In solutions of gases in liquids, we call the the solute and the
the solvent.

In solutions of two liquids, we call the component the solute

and the component the solvent.

Sometimes a double-displacement reaction has one product that is insoluble in

water. As that product forms, it emerges, or , from the solution

as a solid. This process is called , and the solid is called a(n)

Crystals are solid particles whose component atoms, ions, or molecules are

arranged in a(n) pattern.
In a complete ionic equation, which describes the forms taken by the various
substances in solution, the ionic compounds dissolved in the water are described

as , and the insoluble ionic compound is described with a(n)

Because spectator ions are not involved in the reaction, they are often

of the chemical equation.

When we say an ionic solid is insoluble in water, we do not mean that

of the solid dissolves. Thus, when we say that calcium

carbonate is insoluble in water, what we really mean is that the solubility is

Chapter
Problems
OBJECTIVE 2

OBJECTIVE 3

OBJECTIVE 2
OBJECTIVE 3

Section 4.1 Chemical Reactions and Chemical Equations

25.

26.

Describe the information given in the following chemical equation.

A
2CuHC03(X) — CU2CO3(S) + HzO(Z) + COz(g)
Describe the information given in the following chemical equation.

Electric current

2NaCl(/) ——— 2Na(s) + Cly(g)
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27. Balance the following equations. OsJECTIVE 4
a. Na(g) + Ha(g) — NH;(g)
NHj is used to make explosives and rocket fuel.
b. Cly(g) + CHy(g) + Ox(g) — HCl(g) + CO(g)
HCl is used to make vinyl chloride, which is then used to make polyvinyl
chloride (PVC) plastic.
C. 8203(3‘) + NaOH(aq) vl N33B03(ﬂq) + HzO(Z)
Na3BOj is used as an analytical reagent.
d. Al(s) + H3PO4(ag) — AIPO4(s) + Ha(g)
AIPOy is used in dental cements.
e. CO(g) + Oax(g) — COa(p)
This reaction takes place in the catalytic converter of your car.
£ CeHusll) + Ox(g) — COu(g) + HaO()
This is one of the chemical reactions that take place when gasoline is
burned.
g. szSg(S) + Oz(g) - Sb203(5) + SOz(g)
Sb,03 is used to flameproof cloth.
h. Al(s) + CuSO4(aq) — Aly(SOy)3(ag) + Culs)
Aly(SO4)3 has been used in paper production.
i. PoH4(/) — PHs(g) + P4ls)
PH3 is use to make semiconductors, and Py is used to manufacture
phosphoric acid.
28. Balance the following equations. OBJECTIVE 4
a. Fe;03(s) + Ha(g) —  Fe(s) + HO()
Fe is the primary component in steel.
b. SCly(/) + NaF(s) — S;Cly(/) + SF4(g) + NaCl(s)
S,Cl, is used to purify sugar juices.
c. PCls(s) + HyO(/) — H3PO4(aq) + HCl(aq)
H3POy is used to make fertilizers, soaps, and detergents.
d. As(s) + Cly(g) — AsCls(s)
AsCls is an intermediate in the production of arsenic compounds.
e. CoHsSH(/) + Oi(g) — COy(g) + HyO(/) + SO (g)
C,H;5SH is added to natural gas to give it an odor. Without it or
something like it, you would not know when you have a gas leak.
f.N2Os(g) — NOx(g) + Oa(g)
NOQO, is used in rocket fuels.
g Mg(s) + Cr(NO3)3(ag) — Mg(NO3)a(aq) + Cr(s)
Cr is used to make stainless steel.
h. H,O(g) + NO(g) — Oa(g) + NHs(g)
NHj3 is used to make fertilizers.
i CCI4(/) + Sng(.f) - CClez(g) + SbCl3(S)
CCLyF; is a chlorofluorocarbon called CFC-12. Although it has had many
uses in the past, its use has diminished greatly due to the damage it can do
to our protective ozone layer.
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OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 5

OBJECTIVE 5

OBJECTIVE 5

OBJECTIVE 5

29. Because of its toxicity, carbon tetrachloride is prohibited in products intended
for home use, but it is used industrially for a variety of purposes, including the
production of chlorofluorocarbons (CFCs). It is made in a three-step process.
Balance their equations:

CS, + Clz —> SzClz + CC14
CSz + SzClz —> Sg + CC14
88 + C —> CSz

30. Chlorofluorocarbons (CFCs) are compounds that contain carbon, fluorine,
and chlorine. Because they destroy ozone that forms a protective shield high
in earth’s atmosphere, their use is being phased out, but at one time they were
widely employed as aerosol propellants and as refrigerants. Balance the following
equation that shows how the CFCs dichlorodifluoromethane, CCl,F;, and
trichlorofluoromethane, CCI3E are produced.

HF + CC14 v CClez + CClgF + HCI

31. Hydrochlorofluorocarbons (HCFCs), which contain hydrogen as well as
carbon, fluorine, and chlorine, are less damaging to the ozone layer than the
chlorofluorocarbons (CFCs) described in problem 30. HCFCs are therefore used
instead of CFCs for many purposes. Balance the following equation that shows

how the HCFC chlorodifluoromethane, CHCIF,, is made.
HF + CHCl; — CHCIF, + HCI

32. 'The primary use of 1,2-dichloroethane, CICH,CH,Cl, is to make vinyl chloride,
which is then converted into polyvinyl chloride (PVC) for many purposes,
including plastic pipes. Balance the following equation, which describes the
industrial reaction for producing 1,2-dichloroethane.

CHs + HCI + O, — CICH,CH,Cl + H;O

Section 4.2 Ionic Solubility and Precipitation Reactions

33. Describe the process for dissolving the ionic compound lithium iodide, Lil,
in water, including the nature of the particles in solution and the attractions
between the particles in the solution.

34. Describe the process for dissolving the ionic compound potassium nitrate,
KNOs, in water, including the nature of the particles in solution and the
attractions between the particles in the solution.

35. Describe the process for dissolving the ionic compound sodium sulfate, Na;SOy,
in water. Include mention of the nature of the particles in solution and the
attractions between the particles in the solution.

36. Describe the process for dissolving the ionic compound calcium chloride, CaCl,,
in water. Include mention of the nature of the particles in solution and the
attractions between the particles in the solution.



37.

38.

39,

40.

41.

42.

43.

44.

45.
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Solid camphor and liquid ethanol mix to form a solution. Which of these OBJECTIVE 6
substances is the solute and which is the solvent?

Gaseous propane and liquid diethyl ether mix to form a solution. Which of these OBJECTIVE 6
substances is the solute and which is the solvent?

Consider a solution of 10% liquid acetone and 90% liquid chloroform. Which OBJECTIVE 6
of these substances is the solute and which is the solvent?

Black and white photographic film has a thin layer of silver bromide deposited OBJECTIVE 8

on it. Wherever light strikes the film, silver ions are converted to uncharged

silver atoms, creating a dark image on the film. Describe the precipitation

reaction that takes place between water solutions of silver nitrate, AgNO3(a9),

and sodium bromide, NaBr(ag), to form solid silver bromide, AgBr(s), and

aqueous sodium nitrate, NaNOj3(ag). Include mention of the nature of the

particles in the system before and after the reaction, a description of the cause of

the reaction, and a description of the attractions between the particles before and

after the reaction.

Magnesium carbonate is used as an anti-caking agent in powders and as an OBJECTIVE 8
antacid. Describe the precipitation reaction that takes place between water

solutions of magnesium nitrate, Mg(NO3),(4¢), and sodium carbonate,

Na,CO3(a9), to form solid magnesium carbonate, MgCO3(s), and aqueous

sodium nitrate, NaNO3(ag). Include mention of the nature of the particles

in the system before and after the reaction, a description of the cause of the

reaction, and a description of the attractions between the particles before and

after the reaction.

Predict whether each of the following substances is soluble or insoluble in water. OBJECTIVE 9

. NaySOj3 (used in water treatment)

IS

b. iron(III) acetate (a wood preservative)
c. CoCOs (a red pigment)
d. lead(II) chloride (used in the preparation of lead salts)
Predict whether each of the following substances is soluble or insoluble in water. OsJECTIVE 9
a. MgSOy (fireproofing)

b. barium sulfate (used in paints)

o

Bi(OH)j3 (used in plutonium separation)
d. ammonium sulfite (used in medicine and photography)
Predict whether each of the following substances is soluble or insoluble in water. OBJECTIVE 9
a. zinc phosphate (used in dental cements)
b. Mn(C,H30,); (used in cloth dyeing)
c. nickel(II) sulfate (used in nickel plating)
d. AgCl (used in silver plating)
Predict whether each of the following substances is soluble or insoluble in water. OBJECTIVE 9
a. copper(Il) chloride (used in fireworks and as a fungicide)
b. PbSOy (a paint pigment)
c. potassium hydroxide (used in soap manufacture)
d

. NH4F (used as an antiseptic in brewing)
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OsgJecTivE 10

OgJecTive 10

OsJecTivE 10

OsJecTivE 10

OgJecTive 10

OsgJecTivE 10

OBJECTIVE 4

OBJECTIVE 4

46.

48.

49.

50.

51.

For each of the following pairs of formulas, predict whether the substances
they represent would react in a precipitation reaction. The products formed in
the reactions that take place are used in ceramics, cloud seeding, photography,
electroplating, and paper coatings. If there is no reaction, write, “No Reaction.”
If there is a reaction, write the complete equation for the reaction.

a. CO(NOg,)z(ﬂq) + N32CO3(¢Zq)

b. Kl(ﬂq) + Pb(CzHgOz)z(ﬂq)

c. CuSOy4(ag) + LiNO3(aq)

d. Ni(NO3)2(ag) + NazPOy(aq)

e. KySOy4(ag) + Ba(NO3)z(aq)

. For each of the following pairs of formulas, predict whether the substances

they represent would react in a precipitation reaction. If there is no reaction,
write, “No Reaction.” If there is a reaction, write the complete equation for the
reaction.

a. NaCl(zq) + Pb(NO3)2(aq)

b. NH4Cl(ag) + CaSO3(aq)

c. NaOH(aq) + Zn(NO3)3(ag)

d. Pb(C2H302)2(élq) + NazSO4(ﬂq)
Phosphate ions find their way into our water system from the fertilizers
dissolved in the runoff from agricultural fields and from detergents that we
send down our drains. Some of these phosphate ions can be removed by
adding aluminum sulfate to the water and precipitating the phosphate ions as
aluminum phosphate. Write the net ionic equation for the reaction that forms
the aluminum phosphate.
The taste of drinking water can be improved by removing impurities from our
municipal water by adding substances to the water that precipitate a solid (called
a flocculent) that drags down impurities as it settles. One way this is done is
to dissolve aluminum sulfate and sodium hydroxide in the water to precipitate
aluminum hydroxide. Write the complete equation for this reaction.
Cadmium hydroxide is used in storage batteries. It is made from the
precipitation reaction of cadmium acetate and sodium hydroxide. Write the
complete equation for this reaction.
Chromium(III) phosphate is a paint pigment that is made in a precipitation
reaction between water solutions of chromium(III) chloride and sodium
phosphate. Write the complete equation for this reaction.

Additional Problems

52.

53.

Balance the following chemical equations.
a. SiCly; + HbLO — SiO, + HCI
b. H3B03 —> B203 + H,O
c L +ClL, - IC13
d.A1203+C —> A1+C02
Balance the following chemical equations.
a. HCIO4 + Fe(OH), — Fe(ClOg4), + H,O
b. NaC103 — NaCl + Oz
c. Sb + Clz d SbCl3
d. CaCN; + H,O — CaCO3 + NH;j;



54.

55.

56.

57.

58.

59.

60.

Chapter Problems

Balance the following chemical equations.

a. NH; + Cl, — N;H; + NH4CI

b. Cu + AgNO, — Cu(NOs3); + Ag

c. SbyS; + HNO3; — Sb(NOs); + H,S

d. ALO; + Cl, + C — AICl3 + CO
Balance the following chemical equations.

a. AsHs — As + Hy

b. H,S + Cl, — Sg + HCI

c. Co+ O —» Co0y03

d. Na,CO3 + C — Na + CO

Phosphoric acid, H3POy, is an important chemical used to make fertilizers,
detergents, pharmaceuticals, and many other substances. High purity
phosphoric acid is made in a two-step process called the furnace process. Balance
its two equations:

Ca3(POg)y + SiOp + C - P4 + CO + CaSiOj
P; + O, + H,O — H3POy4
For most applications, phosphoric acid is produced by the “wet process” (whose

results are less pure than those of the furnace process described in problem 56).

Balance the following equation that describes the reaction for this process.
Ca3(POyg), + HSO4 — H3PO4 + CaSOg4
Predict whether each of the following substances is soluble or insoluble in water.
a. manganese(Il) chloride (used as a dietary supplement)
b. CdSOy4 (used in pigments)
c. copper(II) carbonate (used in fireworks)
d. Co(OH);3 (used as a catalyst)
Predict whether each of the following substances is soluble or insoluble in water.
a. copper(Il) hydroxide (used as a pigment)
b. BaBr, (used to make photographic compounds)
c. silver carbonate (used as a laboratory reagent)
d. Pb3(POy), (used as a stabilizing agent in plastics)
For each of the following pairs of formulas, predict whether the substances
they represent would react to yield a precipitate. (The products formed in the
reactions that take place are used to coat steel, as a fire-proofing filler for plastics,

in cosmetics, and as a topical antiseptic.) If there is no reaction, write, “No

Reaction”. If there is a reaction, write the complete equation for the reaction.
NaCl(ag) + Al(NO3)3(aq)

. Ni(NO3)2(2q) + NaOH(ag)

MnCly(aq) + NazPOy(ag)

. Zn(CyH302)2(2q) + NayCO3(ag)

o oo

o,

OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 9

OBJECTIVE 9

OsJecTivE 10
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OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 4

OBJECTIVE 4
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61.

For each of the following pairs of formulas, predict whether the substances
they represent would react to yield a precipitate. (The products formed in the
reactions that take place are used as a catalyst, as a tanning agent, as a pigment,
in fertilizers, as a food additive, and on photographic film.) If there is no
reaction, write, “No Reaction”. If there is a reaction, write the complete equation
for the reaction.

a. KOH(ag) + Cr(NO3)3(aq)

b. FC(NOg)3(ﬂq) + K3PO4(ﬂq)

c. NaBr(aq) + AgNOs3(aq)

d. Mg(CzHgOz)z(ﬂq) + NaCl(ﬂq)

Before working Chapter Problems 62 through 78, you might want to review the
procedures for writing chemical formulas that are described in Chapter 3. Remember that

some elements are described with formulas containing subscripts (as in O,).

62.

63.

64.

65.

66.

67.

68.

Hydrochloric acid is used in the cleaning of metals (called pickling). Hydrogen
chloride, used to make hydrochloric acid, is made industrially by combining
hydrogen and chlorine. Write a balanced equation, without including states, for
this reaction.

Potassium hydroxide has many uses, including the manufacture of soap. It is
made by running an electric current through a water solution of potassium
chloride. Both potassium chloride and water are reactants, and the products

are potassium hydroxide, hydrogen, and chlorine. Write a balanced equation,
without including states, for this reaction.

Aluminum sulfate, commonly called alum, is used to coat paper made from
wood pulp. (It fills in tiny holes in the paper and thus keeps the ink from
running.) Alum is made in the reaction of aluminum oxide with sulfuric

acid, H,SOy, which produces aluminum sulfate and water. Write a balanced
equation, without including states, for this reaction.

Under the right conditions, methanol reacts with oxygen to yield formaldehyde,
CH,O0, and water. Most of the formaldehyde made in this way is used in

the production of other substances, including some important plastics.
Formaldehyde, itself now a suspected carcinogen, was once used in insulation
foams and in plywood adhesives. Write a balanced equation, without including
states, for the reaction that produces formaldehyde from methanol.

Hydrogen fluoride is used to make chlorofluorocarbons (CFCs) and in uranium
processing. Calcium fluoride reacts with sulfuric acid, HySOy, to form hydrogen
fluoride and calcium sulfate. Write a balanced equation, without including
states, for this reaction.

Sodium sulfate, which is used to make detergents and glass, is one product of
the reaction of sodium chloride, sulfur dioxide, water, and oxygen. The other
product is hydrogen chloride. Write a balanced equation, without including
states, for this reaction.

Sodium hydroxide, which is often called caustic soda, is used to make paper,
soaps, and detergents. For many years, it was made from the reaction of sodium
carbonate with calcium hydroxide (also called slaked lime). The products are
sodium hydroxide and calcium carbonate. Write a balanced equation, without
including states, for this reaction.
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69. In the modern process for making sodium hydroxide, an electric current is run OBJECTIVE 4
through a sodium chloride solution, forming hydrogen and chlorine along with
the sodium hydroxide. Both sodium chloride and water are reactants. Write a
balanced equation, without including states, for this reaction.
70. For over a century, sodium carbonate (often called soda ash) was made OBJECTIVE 4
industrially by the Solvay process. This process was designed by Ernest Solvay in
1864 and was used in the United States until extensive natural sources of sodium
carbonate were found in the 1970s and 1980s. Write a balanced equation,
without including states, for each step in the process:
a. Calcium carbonate (from limestone) is heated and decomposes into
calcium oxide and carbon dioxide.
b. Calcium oxide reacts with water to form calcium hydroxide.
Ammonia reacts with water to form ammonium hydroxide.

o

d. Ammonium hydroxide reacts with carbon dioxide to form ammonium
hydrogen carbonate.
e. Ammonium hydrogen carbonate reacts with sodium chloride to form
sodium hydrogen carbonate and ammonium chloride.
f. Sodium hydrogen carbonate is heated and decomposes into sodium
carbonate, carbon dioxide, and water.
g. Ammonium chloride reacts with calcium hydroxide to form ammonia,
calcium chloride, and water.
71. All of the equations for the Solvay process described in problem 70 can be OsJECTIVE 4
summarized by a single equation, called a net equation, that describes the
overall change for the process. This equation shows calcium carbonate reacting
with sodium chloride to form sodium carbonate and calcium chloride. Write a
balanced equation, without including states, for this net reaction.
72. Nitric acid, HNO3, which is used to make fertilizers and explosives, is made
industrially in the three steps described below. Write a balanced equation,
without including states, for each of these steps.
a. Ammonia reacts with oxygen to form nitrogen monoxide and water.
b. Nitrogen monoxide reacts with oxygen to form nitrogen dioxide.
c. Nitrogen dioxide reacts with water to form nitric acid and nitrogen
monoxide.
73. All of the equations for the production of nitric acid described in problem 72 OBJECTIVE 4
can be summarized in a single equation, called a net equation, that describes
the overall change for the complete process. This equation shows ammonia
combining with oxygen to yield nitric acid and water. Write a balanced
equation, without including states, for this net reaction.
74. Ammonium sulfate, an important component in fertilizers, is made from the OsgJecTIVE 4
reaction of ammonia and sulfuric acid, H,SO4. Write a balanced equation,
without including states, for the reaction that summarizes this transformation.
75. Hydrogen gas has many practical uses, including the conversion of vegetable OBJECTIVE 4
oils into margarine. One way the gas is produced by the chemical industry
is by reacting propane gas with gaseous water to form carbon dioxide gas and
hydrogen gas. Write a balanced equation for this reaction, showing the states of
reactants and products.
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76. Sodium tripolyphosphate, NasP301y, is called a “builder” when added to

detergents. It helps to create the conditions in laundry water necessary for the
detergents to work most efficiently. When phosphoric acid, H3POy, is combined
with sodium carbonate, three reactions take place in the mixture that lead to
the production of sodium tripolyphosphate. Write a balanced equation, without
including states, for each of the reactions:
a. Phosphoric acid reacts with sodium carbonate to form sodium dihydrogen
phosphate, water, and carbon dioxide.
b. Phosphoric acid also reacts with sodium carbonate to form sodium
hydrogen phosphate, water, and carbon dioxide.
c. Sodium dihydrogen phosphate combines with sodium hydrogen phosphate
to yield sodium tripolyphosphate and water.

77. Pig iron is iron with about 4.3% carbon in it. The carbon lowers the metal’s

78.

melting point and makes it easier to shape. To produce pig iron, iron(III) oxide
is combined with carbon and oxygen at high temperature. Three changes then
take place to form molten iron with carbon dispersed in it. Write a balanced
equation, without including states, for each of these changes:

a. Carbon combines with oxygen to form carbon monoxide.

b. Iron(III) oxide combines with the carbon monoxide to form iron and
carbon dioxide.

c. Carbon monoxide changes into carbon (in the molten iron) and carbon
dioxide.

The United States chemical industry makes more sulfuric acid than any other
chemical. One process uses hydrogen sulfide from “sour” natural gas wells

or petroleum refineries as a raw material. Write a balanced equation, without
including states, for each of the steps leading from hydrogen sulfide to sulfuric
acid:

a. Hydrogen sulfide (which could be called dihydrogen monosulfide)
combines with oxygen to form sulfur dioxide and water.

b. The sulfur dioxide reacts with more hydrogen sulfide to form sulfur and
water. (Sulfur is described as both S and Sg in chemical equations. Use S in
this equation).

c. After impurities are removed, the sulfur is reacted with oxygen to form
sulfur dioxide.

d. Sulfur dioxide reacts with oxygen to yield sulfur trioxide.

e. Sulfur trioxide and water combine to make sulfuric acid, H,SOyj.

79. Assume you are given a water solution that contains either sodium ions or

aluminum ions. Describe how you could determine which of these is in solution.

80. Assume that you are given a water solution that contains either nitrate ions or

phosphate ions. Describe how you could determine which of these is in solution.

81. Write a complete, balanced chemical equation for the reaction between water

solutions of iron(III) chloride and silver nitrate.

82. Write a complete, balanced chemical equation for the reaction between water

solutions of sodium phosphate and copper(II) chloride.

83. When the solid amino acid methionine, CsH;; NSO, reacts with oxygen

gas, the products are carbon dioxide gas, liquid water, sulfur dioxide gas, and
nitrogen gas. Write a complete, balanced equation for this reaction.



Chapter Problems

84. When the explosive liquid nitroglycerin, C3HsN3Oo, decomposes, it forms
carbon dioxide gas, nitrogen gas, water vapor, and oxygen gas. Write a complete,
balanced equation for this reaction.

Discussion Problem

85. The solubility of calcium carbonate is 0.0014 g of CaCO3 per 100 mL of water
at 25 °C, and the solubility of sodium nitrate is 92.1 grams of NaNOj per 100
mL of water at 25 °C. We say that calcium carbonate is insoluble in water, and
sodium nitrate, NaN O3, is soluble.

a. In Section 4.6, the following statement was made: “When we say an ionic
solid is insoluble in water, we do not mean that none of the solid dissolves. There
are always some ions that can escape from the surface of an ionic solid in water
and go into solution.” Discuss the process by which calcium and carbonate
ions can escape from the surface of calcium carbonate solid in water and go
into solution. You might want to draw a picture to illustrate this process.

b. If the calcium and carbonate ions are constantly going into solution, why
doesn’t the calcium carbonate solid all dissolve?

c. Why do you think sodium nitrate, NaNO3, dissolves to a much greater

degree than calcium carbonate?
d. Why is there a limit to the solubility of even the “soluble” sodium nitrate?

OBJECTIVE 4
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CHAPTER b5

Acips, Bases, AND AciD-BAse ReAcTIONS

ts test day in chemistry class—they’ve been learning about acids and bases—and

Fran unwisely skips breakfast in order to have time for some last-minute studying.

As she reads, she chews on a candy bar and sips a cup of coffee. Fran is well aware

that the sugary candy sticking to her molars is providing breakfast for the bacteria
in her mouth, which in turn produce an acid that will dissolve some of the enamel on
her teeth. Feeling a little guilty about all that sugar from the candy, Fran drinks her
coffee black, even though she doesn't like the taste. The caffeine in her coffee is a base,
and like all bases, it tastes bitter.

Fran’s junk-food breakfast and her worrying about the exam combine to give her
an annoying case of acid indigestion, which she calms by drinking some baking soda
mixed with water. The baking soda contains a base that “neutralizes” some of her excess
stomach acid.

After taking the exam, Fran feels happy and confident. All those hours working
problems, reviewing the learning objectives, and participating in class really paid off.
Now she’s ready for some lunch. Before eating, she washes her hands with soap made
from the reaction of a strong base and animal fat. One of the reasons the soap is
slippery is because all bases feel slippery on the skin.
To compensate for her less-than-healthy breakfast,
Fran chooses salad with a piece of lean meat on top
for lunch. Like all acids, the vinegar in her salad
dressing tastes sour. Her stomach produces just
enough additional acid to start the digestion of the
protein from the meat.

Read on to learn more about the acids and bases
that are important in Fran’s life and your own: what
they are, how to construct their names and recognize
their formulas, and how they react with each other.

The vinegar in salad dressing
tastes sour, as do all acids.

Review Skills

The presentation of information in this chapter assumes that you can already perform
the tasks listed below. You can test your readiness to proceed by answering the Review
Questions at the end of the chapter. This might also be a good time to read the Chapter
Objectives, which precede the Review Questions.

51

5.2

5.8

54

5.5

5.6

5.7

Acids

Acid Nomenclature
Summary of
Chemical

Nomenclature

Strong and Weak
Bases

pH and Acidic and
Basic Solutions

Arrhenius Acid-
Base Reactions

Brgnsted-Lowry
Acids and Bases

m  Describe the structure of liquid water. m  Convert between names and formulas for
(Section 3.3) ionic compounds. (Section 3.5)
m  Convert between the names and m  Write a description of the changes that take

formulas for common polyatomic ions.

place when an ionic compound is dissolved

(Table 3.5) in water. (Section 4.2)
m  Given a chemical name or formula, m  Predict ionic solubility. (Section 4.2)
decide whether or not it represents an m  Predict the products of double-displacement

ionic compound. (Section 3.5) reactions. (Section 4.2)
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T 5.1 Acids

Acids have many uses, including making car batteries,

Acids have many uses. For example, phosphoric acid is used to make gasoline additives

and carbonated beverages. The textile industry uses oxalic acid (found in rhubarb and

spinach) to bleach cloth, and glass is etched by hydrofluoric acid. Dyes and many

other chemicals are made with sulfuric acid and nitric acid, and corn syrup, which is
added to a variety of foods, is processed with hydrochloric
acid. The chemical reactions of acids often take place in
water solutions, so after discussing what acids are, we will
explore a model for visualizing the particle structure of
water solutions of acids.

Arrhenius Acids

You may have already noticed, in your first few weeks of
studying chemistry, that the more you learn about matter,
the more ways you have of grouping and classifying the
different substances. The most common and familiar way
of classifying substances is by their noteworthy properties.

softdrinks, artificial sweeteners, and napkins. For example, people long ago decided that any substance

OBJECTIVE 2

OBJECTIVE 3

that has a sour taste is an acid. Lemons are sour because
they contain citric acid, and old wine that has been exposed to the air tastes sour due to
acetic acid. As chemists learned more about these substances, however, they developed
more specific definitions that allowed classification without relying on taste. A good
thing, too, because many acids and bases should not be tasted—or even touched. They
speed the breakdown of some of the substances that form the structure of our bodies
or that help regulate the body’s chemical changes.

Two different definitions of acid are going to be of use to us. For example, chemists
conduct many laboratory experiments using a reagent known as “nitric acid,” a
substance that has been classified as an acid according to the Arrhenius definition of
acid (named after the Swedish Nobel prize-winning chemist, Svante August Arrhenius).
Arrhenius recognized that when ionic compounds dissolve, they form ions in solution.
(Thus, when sodium chloride dissolves, it forms sodium ions and chloride ions.) He
postulated that acids dissolve in a similar way to form H* ions and some kind of
anion. For example, he predicted that when HCl is added to water, H* ions and CI~
ions form. We now know that H* ions do not persist in water; they combine with
water molecules to form hydronium ions, H30". Therefore, according to the modern
form of the Arrhenius theory, an acid is a substance that produces hydronium ions,
H;07%, when it is added to water. On the basis of this definition, an acidic solution
is a solution with a significant concentration of H30™. For reasons that are described
in Section 5.7, chemists often find this definition too limiting, so another, broader
definition of acids, called the Brensted-Lowry definition, which we describe later, is
commonly used instead.

To get an understanding of how hydronium ions are formed when Arrhenius acids
are added to water, let’s consider the dissolving of gaseous hydrogen chloride, HCI(g),
in water. The solution that forms is called hydrochloric acid. When HCI molecules
dissolve in water, a chemical change takes place in which water molecules pull hydrogen
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atoms away from HCl molecules. In each case, the hydrogen atom is transferred without
its electron, that is, as an H* ion, and because most uncharged hydrogen atoms contain
only one proton and one electron, most hydrogen atoms without their electrons are
just protons. For this reason, the hydrogen ion, H, is often called a proton. We say
that the HCI donates a proton, H, to water, forming hydronium ion, H30%, and
chloride ion, CI~ (Figure 5.1).

Figure 5.1
HCI Reaction
This proton, HY, is transferred to a water molecule. with Water
HCl(g) + H>O0(/) Cl (aq) H30%(aq)
Because HCI produces hydronium ions when added to water, it is an acid according OBJECTIVE 3
to the Arrhenius definition of acids. Once the chloride ion and the hydronium ion
are formed, the negatively charged oxygen atoms of the water molecules surround the
hydronium ion, and the positively charged hydrogen atoms of the water molecules
surround the chloride ion. Figure 5.2 shows how you can picture this solution.
OsBJECTIVE 3
Figure 5.2

Hydrochloric Acid in Water

Hydrochloric acid solutions are used in the chemical industry to remove impurities
from metal surfaces (this is called pickling), to process food, to increase the
permeability of limestone (an aid in oil drilling), and to make many important
chemicals.
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OBJECTIVE 4

OBJECTIVE 5

Figure 5.3
Acetic Acid

Types of Arrhenius Acids

In terms of chemical structure, Arrhenius acids can be divided into several different
subcategories. We will look at three of them here: binary acids, oxyacids, and organic
acids. The binary acids are HF(2g), HCl(aq), HBr(ag), and HI(ag); all have the
general formula of HX(ag), where X is one of the first four halogens. The formulas for
the binary acids will be followed by (24) in this text to show that they are dissolved in
water. The most common binary acid is hydrochloric acid, HCl(ag).

Oxyacids (often called oxoacids) are molecular substances that have the general
formula H,X,Oc. In other words, they contain hydrogen, oxygen, and one other
element represented by X; the 4, 4, and ¢ represent subscripts. The most common
oxyacids in the chemical laboratory are nitric acid, HNOj3, and sulfuric acid, H,SO4.

Acetic acid, the acid responsible for the properties of vinegar, contains hydrogen,
oxygen, and carbon and therefore fits the criteria for classification as an oxyacid, but it
is more commonly described as an organic (or carbon-based) acid. It can also be called
a carboxylic acid. (This type of acid is described in more detail in Section 17.1.) The
formula for aceticacid can be written as either HC,H30,, CH;CO,H, or CH3COOH.
The reason for keeping one H in these formulas separate from the others is that the
hydrogen atoms in acetic acid are not all equal. Only one of them can be transferred
to a water molecule. That hydrogen atom is known as the acidic hydrogen. We will use
the formula HC,H30, because it is more consistent with the formulas for other acids
presented in this chapter. The Lewis structure, space-filling model, and ball-and-stick
model for acetic acid (Figure 5.3) show why CH3CO,H, and CH3COOH are also

common. The acidic hydrogen is the one connected to an oxygen atom.

Acidic Acidic
hydrogen hydrogen Double bond,
four electrons
- shared by atoms
[ e
J N ‘/ ™~ Acidic
hydrogen

Pure acetic acid freezes at 17 °C (63 °F). Therefore, it is a liquid at normal room
temperature, but if you put it outside on a cold day, it will freeze. The solid has layered
crystals that look like tiny glaciers, so pure acetic acid is called glacial acetic acid. The
chemical industry uses acetic acid to make several substances necessary for producing
latex paints, safety glass layers, photographic film, cigarette filters, magnetic tapes, and
clothing. Acetic acid is also used to make esters, which are substances that have very
pleasant odors and are added to candy and other foods.

Acids can have more than one acidic hydrogen. If each molecule of an acid can
donate one hydrogen ion, the acid is called a monoprotic acid. If each molecule can
donate two or more hydrogen ions, the acid is a polyprotic acid. A diprotic acid, such
as sulfuric acid, H,SOy, has two acidic hydrogen atoms. Some acids, such as phosphoric



acid, H3POy, are triprotic acids. Most of the phosphoric acid
produced by the chemical industry is used to make fertilizers
and detergents, but it is also used to make pharmaceuticals, to
refine sugar, and in water treatment. The

tartness of some foods and beverages

comes from acidifying them by adding Acidic hydrogen atoms
phosphoric acid. The space-filling model |

in Figure 5.4 shows the three acidic

hydrogen atoms of phosphoric acid.

Strong and Weak Acids

Although hydrochloric acid and acetic acid are both acids according to the Arrhenius
definition, the solutions created by dissolving the same numbers of HCland HC,H30,
molecules in water have very different acid properties. You wouldn't hesitate to put a
solution of the weak acid HC,H30; (vinegar) on your salad, but putting a solution
of the strong acid HCl on your salad would have a very different effect on the lettuce.
With hydrochloric acid, you are more likely to get a brown, fuming mess rather than
a crisp, green salad. Strong acids form nearly one H3O™ ion in solution for each acid
molecule dissolved in water, whereas weak acids yield significantly less than one H3O™
ion in solution for each acid molecule dissolved in water.

When an acetic acid molecule, HC,H30O,, collides with an H,O molecule, an H*
can be transferred to the water to form a hydronium ion, H3O%, and an acetate ion,
C,H30;7. The acetate ion, however, is less stable in solution than the chloride ion
formed when the strong acid HCI dissolves in water. Because of this instability, the
C,H30;™ reacts with the hydronium ion, pulling the H* ion back to reform HC,H30,
and H»O. A reaction in which the reactants are constantly forming products and, at
the same time, the products are re-forming the reactants is called a reversible reaction.
The chemical equations for reactions that are significantly reversible are written with

double arrows as illustrated in Figure 5.5.

OBJECTIVE 6 Figure 5.5

This proton, HY, is

Indicates a
transferred to

5.1 Acids 163

Figure 5.4

The phosphate in this
fertilizer was made from
phosphoric acid.

OBJECTIVE 6

Reversible Reaction of Acetic Acid and Water

This proton, H*, may
be transferred back

reversible .
a water molecule. . to the acetate ion.
reaction \
HC2H302(dq) + HzO(/) = C2H3OZ_(élq) + H30+(dq)
If you were small enough to be riding on one of the carbon atoms in HC,H30, OBJECTIVE 6

or C;H30;7, you would find that your atom was usually in the HC;H,O; form but
often in the C;H30;™ form and continually changing back and forth. The forward and

reverse reactions would be taking place simultaneously all around you. When acetic
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OBJECTIVE 5

Figure 5.6
Acetic Acid in Water

OBJECTIVE 7

acid is added to water, the relative amounts of the different products and reactants
soon reach levels at which the opposing reactions proceed at equal rates. (We will see
why in Chapter 16.) This means that the forward reaction is producing C;H30,™ as
quickly as the reverse reaction is producing HC,H303(4g). At this point, there is no
more net change in the amounts of HC,H30,, H,O, C,H30,7, or H30" in the
solution. For example, for each 1000 molecules of acetic acid added to water, the
solution will eventually contain about 996 acetic acid molecules (HC,H30,), four
hydronium ions (H30™), and four acetate ions (CoH30;7). Acetic acid is therefore a
weak acid, a substance that is incompletely ionized in water because of the reversibility
of its reaction with water that forms hydronium ion, H3O*. Figure 5.6 shows a simple
model that will help you to picture this solution.

OBJECTIVE 6

The products formed from the reaction of a strong acid and water do not recombine
at a significant rate to re-form the uncharged acid molecules and water. For example,
when HCI molecules react with water, the H30" and CI~ ions that form do not react
to a significant degree to reform HCI and H,O. (Look again at Figure 5.2 to see the
behavior of a strong acid in solution.) Reactions like this that are not significantly
reversible are often called completion reactions. The chemical equations for completion
reactions are written with single arrows to indicate that the reaction proceeds to form
almost 100% products.

Indicates a completion reaction

|
HCl(g) + H,O() — Cl(ag) + H30%(a9)



Therefore, a strong acid is a substance that undergoes a completion reaction with
water such that each acid particle reacts to form a hydronium ion, H30™". The strong
monoprotic acids that you will be expected to recognize are nitric acid, HNO3, and
hydrochloric acid, HCl(ag). (There are others that you might be expected to recognize
later in your chemical education.) If we were to examine equal volumes of two aqueous
solutions, one made with a certain number of molecules of a strong acid and one made
with the same number of molecules of a weak acid, we would find fewer hydronium
ions in the solution of weak acid than in the solution of strong acid (Figure 5.7).

5.1 Acids 165

OBJECTIVE 7
OBJECTIVE 8

Figure 5.7
Weak and Strong Acids
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OBJECTIVE 9
OsJecTive 10

OBJecTIVE 11

Web
Molecules

Sulfuric acid, H,SOy, is a strong diprotic acid. When added to water, each H,SO4
molecule loses its first hydrogen ion completely. This is the reason that H,SOy is

classified as a strong acid. Notice the single arrow to indicate a completion reaction.
H,SO4(a9) + HyO(/) — H30%(aq) + HSO4 (ag)
The hydrogen sulfate ion, HSO4~, which is a product of this reaction, is a weak acid.

It reacts with water in a reversible reaction to form a hydronium ion and a sulfate ion.
Notice the double arrow to indicate a reversible reaction.
HSO4 (a9) + HyO(/) = H30%ag) + SO (ag)

For each 100 sulfuric acid molecules added to water, the solution will eventually
contain about 101 hydronium ions (H30™), 99 hydrogen sulfate ions (HSO4"), and
1 sulfate ion (SO42).

Sulfuric acid, HSOy, is produced by the United States chemical industry in greater
mass than any other chemical. Over 40 billion kilograms of H,SOj are produced each
year, to make phosphate fertilizers, plastics, and many other substances. Sulfuric acid
is also used in ore processing, petroleum refining, pulp and paper-making, and for a
variety of other purposes. Most cars are started by lead-acid storage batteries, which
contain about 33.5% H;SOg4.

To do the Chapter Problems at the end of this chapter, you will need to identify
important acids as being either strong or weak. The strong acids that you will be
expected to recognize are hydrochloric acid, HCl(2g), nitric acid, HNO3, and sulfuric
acid, HySOy4. An acid is considered weak if it is not on the list of strong acids. Table

5.1 summarizes this information.

Table 5.1
Arrhenius Acids

Strong Weak
Binary Acids hydrochloric acid, hydrofluoric acid, HF(aq)
HCl(ag)
Oxyacids nitric acid, HNOs, other acids with the general formula

sulfuric acid, H,SO, | H.X,O.

Organic acids None acetic acid, HC,H30O,, and others
you will see in Section 17.1

There is an animation that illustrates the differences between strong and weak

acids at the textbook’s Web site.

Special Topic 5.1 tells how acids are formed in the earth’s atmosphere and how these

acids can be damaging to our atmosphere.


http://www.preparatorychemistry.com/Bishop_Acid_frames.htm
http://www.preparatorychemistry.com/Bishop_Jmol_acids.htm
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SPEcCIAL ToPIC 5.1  Acid Rain

Normal rainwater is very slightly acidic due to several
reactions between substances dissolved in the water and the
water itself. For example, carbon dioxide, nitrogen dioxide,
and sulfur trioxide—all of which are natural components of
air—react with water to form carbonic acid, nitric acid, and
sulfuric acid.

Nitrogen dioxide is produced in nature in many ways,
including a reaction between the oxygen and nitrogen in the
air during electrical storms.

Nj(g) + Oz(g)
2NO(g) + Oy(g)

— 2NO(g)
— 2N02(g)

Sulfur dioxide also has natural sources, including the
burning of sulfur-containing compounds in volcanic
eruptions and forest fires. Sulfur dioxide is converted into
sulfur trioxide, SO3, by reaction with the nitrogen dioxide
in the air, among other mechanisms.

SOy(g) + NOs(g) — SOs3(g) + NO(g)

We humans have added considerably to the levels of
NO;(g) and SO5(g) in our air, causing a steady increase in
the acidity of rain. Coal, for example, contains a significant
amount of sulfur; when coal is burned, the sulfur is

5.1 Acids

converted into sulfur dioxide, SO,(g). The sulfur dioxide is
converted into sulfur trioxide, SO3(g), in the air, and that
compound dissolves in rainwater and becomes sulfuric acid,
H;SO4(aq). As individuals, we also contribute to acid rain
every time we drive a car around the block. When air, which
contains nitrogen and oxygen, is heated in the cylinders of
the car, the two gases combine to yield nitrogen monoxide,
NO(g), which is then converted into nitrogen dioxide,
NO;(g), in the air. The NO, combines with water in rain
to form nitric acid, HNOj3(ag). There are many more H30*
ions in the rain falling in the Northeastern United States
than would be expected without human contributions.

The increased acidity of the rain leads to many problems.
For example, the acids in acid rain react with the calcium
carbonate in marble statues and buildings, causing them
to dissolve. (Marble is compressed limestone, which is
composed of calcium carbonate, CaCOj(s).)

CaC03(5) + 2HNO3(éZq)
—  Ca(NO3)y(ag) + COy(g) + H,O()
A similar reaction allows a plumber to remove the calcium
carbonate scale in your hot water pipes. If the pipes are

washed in an acidic solution, the calcium carbonate
dissolves.

The Renaissance statue on the
left was transported by William
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Randolph Hearst to his home in
San Simeon, California. Because
it so rarely rains there, and
because San Simeon is far from
any major sources of pollution,
these statues are in much better
condition than the similar statues
found elsewhere, such as the
one on the right, that have been
damaged by acid rain.

©2001, Janee Aronoff of myJanee.com ©Adam Hart-Davis, http://www.adam-hart-davis.org/
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OBJECTIVE 12

OBJECTIVE 12

Before exploring how different kinds of acids react with compounds other than water,
you need a little more familiarity with their names and formulas. Remember that the
names of Arrhenius acids usually end in acid (hydrochloric acid, sulfuric acid, nitric
acid) and that their formulas fit one of two general patterns:

HX(aq) X =F Cl, Br,orI
H,X,O.
For example, HCl(2g) (hydrochloric acid), HySOy4 (sulfuric acid), and HNOj3 (nitric

acid) represent acids.

Names and Formulas of Binary Acids

Binary acids are named by writing Aydro followed by the root of the name of the
halogen, then -ic, and finally acid (Table 5.2):

hydro(root)ic acid

The only exception to remember is that the “0” in hydro is left off for HI(ag), so its
name is hydriodic acid (an acid used to make pharmaceuticals).

Most chemists refer to pure HCI gas as hydrogen chloride, but when HCI gas is
dissolved in water, HCl(ag), the solution is called hydrochloric acid. We will follow the
same rule in this text, calling HCI or HCI(g) hydrogen chloride and calling HCl(ag)
hydrochloric acid. The same pattern holds for the other binary acids as well.

You will be expected to be able to write formulas and names for the binary acids
found on Table 5.2. Remember that it is a good habit to write (29) after the formula.

Table 5.2
Arrhenius Acids
Formula Named as Binary Acid Named as Binary
Covalent Compound Formula acid
HF or HF(g) hydrogen monofluoride or | HF(ag) hydrofluoric acid
hydrogen fluoride
HCl or hydrogen monochloride HCl(aq) hydrochloric acid
HCl(g) or hydrogen chloride
HBr or HBr(g) | hydrogen monobromide HBr(aq) hydrobromic acid
or hydrogen bromide
HI or HI(g) hydrogen moniodide HI(aq) hydriodic acid
or hydrogen iodide




5.2 Acid Nomenclature

Names and Formulas of Oxyacids

To name oxyacids, you must first be able to recognize them by the general formula
H.X,Oc, with X representing an element other than hydrogen or oxygen (Section 5.1).
It will also be useful for you to know the names of the polyatomic oxyanions (Table
3.6), because many oxyacid names are derived from them. If enough H* ions are added
to a (root)ate polyatomic ion to completely neutralize its charge, the (root)ic acid is

formed (Table 5.3).

m Ifone H" ion is added to nitrate, NO3~, nitric acid, HNO3, is formed.
m Iftwo H' ions are added to sulfaze, SO4%, sulfuric acid, H,SOy, is formed.

m  If three H" ions are added to phosphate, PO4>~, phosphoric acid, H3POy, is

formed.

Note that the whole name for sulfur, not just the root, su/f-, is found in the name
sulfuric acid. Similarly, although the usual root for phosphorus is phosph-, the root
phosphor- is used for phosphorus-containing oxyacids, as in the name phosphoric acid.

Table 5.3

Relationship Between (Root)ate Polyatomic lons and (Root)ic Acids

Oxyanion | Oxyanion | Oxyacid Oxyacid Name

Formula Name Formula

NO;3~ nitrate HNO; nitric acid

C,H30,~ acetate HC,H30, | acetic acid

SO4% sulfate H,SO4 sulfuric acid
(Note that the whole name sulfur is
used in the oxyacid name.)

CO3* carbonate H,CO3 carbonic acid

PO~ phosphate | H3POy4 phosphoric acid
(Note that the root of phosphorus in
an oxyacid name is phosphor-.)

There is a more complete description of acid nomenclature at the textbook’s Web

site.

OBJECTIVE 12

OBJECTIVE 12
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OBJECTIVE 12

OBJECTIVE 12

OBJECTIVE 12

b ExamvpPLE 5.1 - Formulas for Acids

Write the chemical formulas that correspond to the names (a) hydrobromic acid and

(b) sulfuric acid.

Solution

a. The name hydrobromic acid has the form of a binary acid, hydro(root)ic
acid. Binary acids have the formula HX(4g), so hydrobromic acid is
HBr(aq). We follow the formula with (2g) to distinguish hydrobromic acid
from a pure sample of hydrogen bromide, HBr.

b. Sulfuric acid is H,SOj4. Sulfuric acid is a very common acid, one whose
formula, H,SOy4, you ought to memorize. We recognize sulfuric acid as
a name for an oxyacid, because it has the form (root)ic acid. You can also
derive its formula from the formula for sulfate, SO4>~, by adding enough
H™ ions to neutralize the charge. Among the many uses of HySOy are the

manufacture of explosives and the reprocessing of spent nuclear fuel.

Y Exavple 5.2 - Naming Acids

Write the names that correspond to the chemical formulas () HNO3 and (b)
HF(ag).

Solution

a. 'The first step in writing a name from a chemical formula is to decide which
type of compound the formula represents. This formula represents an
oxyacid. Remember that the (root)ate polyatomic ion leads to the (root)ic
acid. The name for NOj3" is nitrate, so HNOj is nitric acid.

b. The first step in writing a name from a chemical formula is to determine
the type of compound the formula represents. This one, HF(2g), has the
form of a binary acid, HX(ag), so its name is Aydro- followed by the root of

the name of the halogen, then -ic and acid: hydrofluoric acid. This acid is

used to make chlorofluorocarbons, CFCs.

T Exercise 5.1 - Formulas for Acids

Write the chemical formulas that correspond to the names (a) hydrofluoric acid and

(b) phosphoric acid.

Exercise 5.2 - Naming Acids

Write the names that correspond to the chemical formulas (a) HI(zg) and (b)
HC2H302.
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5.3 Summary of Chemical Nomenclature T

Perhaps at this point you are feeling confused by the many different conventions for
naming different kinds of chemical compounds. Here is an overview of the guidelines
for naming and writing formulas for all of the types of compounds described in this
chapter and in Chapter 3.

Some names and formulas for compounds can be constructed from general rules,
but others must be memorized. Table 5.4 lists some commonly encountered names
and formulas that must be memorized. Check with your instructor to see which of

these you need to know. Your instructor might also want to add others to the list.

Table 5.4
Compound Names and Formulas

Name Formula Name Formula

water H,0 ammonia NH3;

methane CHy ethane C,Hg

propane CsHg methanol CH3;0H
(methyl alcohol)

ethanol C,HsOH 2-propanol C3H,OH

(ethyl alcohol) (isopropyl alcohol)

The general procedure for naming other compounds consists of two steps:

STEP 1 Decide what type of compound the name or formula represents.

STEP 2 Apply the rules for writing the name or formula for that type of

compound.

Table 5.5 on the next page summarizes the distinguishing features of different kinds
of formulas and names (Step 1) and lists the sections in this chapter and in Chapter
3 where you can find instructions for converting names to formulas and formulas to
names (Step 2).

OsJecTivE 14

OBJECTIVE 14

There is a
tutorial on the
textbook’s Web
site that will
provide practice
identifying types
of substances.
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Table 5.5

Nomenclature for Some Types of Compounds

Chapter 5 ) Acids, Bases, and Acid-Base Reactions

OBJECTIVE 13 OsBJECTIVE 14

Type of General Examples |General Name Examples
Compound |Formula
Binary A, By N,Os5 (prefix unless mono)(name of first dinitrogen pentoxide
covalent or CO, element in formula) (prefix)(root of or carbon dioxide
(Section 3.4) second element)ide
Binary ionic | M,Ap NaCl (name of metal) (root of nonmetal)ide [sodium chloride
(Section 3.5) or FeCl; or (name of metal)(Roman numeral) or iron(III) chloride
(root of nonmetal)ide

Ionic with M_X,, or Li,HPO4  [(name of metal) (name of polyatomic lithium hydrogen
polyatomic [(NHy4), Xy |or CuSO4 [ion) phosphate
ion(s) X = formula [or NH4CI |or (name of metal)(Roman numeral) or copper(Il) sulfate
(Section 3.5) |of or (name of polyatomic ion) or ammonium |or ammonium

polyatomic |(NH4),SO4 | (root of nonmetal)ide chloride

ion or ammonium (name of polyatomic ion) |or ammonium sulfate
Binary acid |HX(ag) HCl(ag) hydro(root)ic acid hydrochloric acid
(Section 5.2)
Oxyacid H,X,O. HNO;3 (root)ic acid nitric acid
(Section 5.2) or H,SOy4 or sulfuric acid

or H3POy4 or phosphoric acid

M = symbol of metal

X = some element other than H or O

OsBJECTIVE 14

There is a tutorial
on the textbook’s
Web site that will

provide practice

converting

between chemical

names and

A and B = symbols of nonmetals

The letters a, b, & c represent subscripts.

—&

Exercise 5.3 - Formulas to Names

Write the names that correspond to the following chemical formulas.

a. AlF; d. CaCOs5 g. NH,F
b. PF; e. Ca(HSOy), h. HCl(aq)
C. H3PO4 f. CU.CIZ I (NH4)3PO4

—&

Exercise 5.4 - Names to Formulas

Write the chemical formulas that correspond to the following names.

OBJECTIVE 14

formulas.

a. ammonium nitrate

f. hydrofluoric acid
b. acetic acid g. diphosphorus tetroxide
c. sodium hydrogen sulfate h. aluminum carbonate
d. potassium bromide i. sulfuric acid

e. magnesium hydrogen phosphate
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5.4 Strong and Weak Bases T

Each year, the US chemical industry produces over 10 billion kilograms of the base
sodium hydroxide, NaOH, which is then used for many purposes, including water
treatment, vegetable oil refining, the peeling of fruits and vegetables in the food
industry, and to make numerous other chemical products, including soaps and
detergents. Likewise, over 15 billion kilograms of the base ammonia, NH3, is produced
each year. Although a water solution of ammonia is a common household cleaner,
most of the NH3 produced in the US is used to make fertilizers
and explosives. As you read this section, you will learn about
the chemical properties of basic compounds that make them so
useful to chemists and others.

According to the modern version of the Arrhenius theory of
acids and bases, a base is a substance that produces hydroxide
ions, OH~, when it is added to water. A solution that has a
significant concentration of hydroxide ions is called a basic
solution. Sodium hydroxide, NaOH, is the most common

This water treatment plant uses the
base sodium hydroxide, NaOH, to
remove impurities from the water.

laboratory base. It is designated a strong base because for
every NaOH unit dissolved, one hydroxide ion is formed in
solution.

NaOH(zg) — Na'(ag) + OH (ag)

Compounds that contain hydroxide ions are often called hydroxides. All OsJecTivE 15
water-soluble hydroxides are strong bases. Examples include lithium hydroxide, LiOH,
which is used in storage batteries and as a carbon dioxide absorbent in space vehicles,
and potassium hydroxide, KOH, which is used to make some soaps, liquid fertilizers,
and paint removers.

When ammonia, NHj3, dissolves in water, some hydrogen ions, H, are transferred OsJecTIvE 16
from water molecules to ammonia molecules, NH3, producing ammonium ions,
NHy*, and hydroxide ions, OH™. The reaction is reversible, so when an ammonium
ion and a hydroxide ion meet in solution, the H" ion can be passed back to the OH™ to

reform an NH3 molecule and a water molecule (Figure 5.8).

Figure 5.8
The Reversible Reaction
of Ammonia and Water

This proton, HY, is
transferred to an
ammonia molecule.

I’
29

NHj(zq) + HyO()

Indicates a
reversible
reaction

—_—
~

—
~

This proton, H*, may
be transferred back
to the hydroxide ion.

R
2 3

+ OH (a9

OBJECTIVE 16

NHy*(aq)
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OBJECTIVE 16

Figure 5.9
Ammonia in Water

Ammonia is an Arrhenius base because it produces OH™ ions when added to
water. Because the reaction is reversible, however, only some ammonia molecules have
acquired protons (creating OH™) at any given time, so an ammonia solution contains
fewer hydroxide ions than would be found in a solution made using an equivalent
amount of a strong base. Therefore, we classify ammonia as a weak base, which is a
base that produces fewer hydroxide ions in water solution than there are particles of
base dissolved.

To visualize the reaction between ammonia and water at the molecular level, imagine
that you are taking a ride on a nitrogen atom. Your nitrogen would usually be bonded
with three hydrogen atoms in an NH3 molecule, but occasionally, it would gain an
extra H" ion from a water molecule to form NH4" for a short time. When your NH4*
ion collides with an OH™ ion, an H" ion is transferred to the OH™ ion to form H,O
and NHj3;. Ammonia molecules are constantly gaining and losing H* ions, but soon
after the initial addition of ammonia to water, both changes proceed at an equal rate.
At this point, there will be no more net change in the amounts of ammonia, water,
hydroxide, and ammonium ion in the solution. When a typical solution of ammonia
stops changing, it is likely to contain about 200 NH3 molecules for each NH4* ion. As
you study the ammonia solution depicted in Figure 5.9, try to picture about 200 times
as many NH3 molecules as NH4" or OH™ ions.

OBJECTIVE 16
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There are many weak Arrhenius bases, but the only ones that you will be expected to
recognize are ionic compounds containing carbonate (for example, sodium carbonate,
NayCO3) and hydrogen carbonate (for example, sodium hydrogen carbonate,
NaHCO3). When sodium carbonate, which is used to make glass, soaps, and detergents,
dissolves in water, the carbonate ions, CO3%~, react with water in a reversible way to
yield hydroxide ions.

Na,CO3(s) — 2Na*(ag) + CO3* (aq)
CO3%7(ag) + HyO(/) = HCOs5 (a9) + OH (ag)
In a similar reaction, the hydrogen carbonate ions, HCO3~, formed when NaHCO3
dissolves in water, react to yield hydroxide ions.
NaHCO3(s) — Na*(ag) + HCO3 (a9)
HCO37(ag) + HO(/) = HCO3(aq) + OH (a9)

Sodium hydrogen carbonate is found in fire extinguishers, baking powders, antacids,
and mouthwashes.

These products all
contain the weak base
sodium hydrogen
carbonate.

Table 5.6 summarizes how you can recognize substances as bases and how you can
classify them as strong or weak bases. (There are other Arrhenius bases that you may

learn about later.)

Table 5.6
Arrhenius Bases
Strong Weak
Ionic compounds Metal hydroxides, | Ionic compounds with CO3?~ and
such as NaOH HCO3, such as Nay;CO3 and
NaHCO3
Certain uncharged | None NH;
molecules

OBJecTIVE 17

OBJECTIVE 18

You can get more
information
about strong and
weak bases on the

textbook’s Web
site.
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The following sample study sheet summarizes the ways you can recognize strong and

weak acids and bases.

Sample Study
Sheet 5.1
Identification
of Strong and
Weak Acids
and Bases

OBJECTIVE 18

Tip-oFF You are asked to identify a substance as either (1) an Arrhenius strong acid,
(2) an Arrhenius weak acid, (3) an Arrhenius strong base, or (4) an Arrhenius weak

base.

GENERAL STEPS
STEP 1 Identify the substance as an Arrhenius acid or base using the following
criteria.
m The names of the acids end in acid. Acid formulas have one of these
forms: HX(2g) or H,XO..
m Jonic compounds that contain hydroxide, carbonate, or hydrogen
carbonate anions are basic. Ammonia, NH3, is also a base.
STEP 2 If the substance is an acid or base, determine whether it is strong or

weak.

m We will consider all acids except HCl(2g), HNO3, and H,SOj4 to be

weak.
m  We will consider all bases except metal hydroxides to be weak.

ExaMPLE See Example 5.3.

OBJECTIVE 18

There is a
tutorial on

the textbook’s
Web site that
will provide
practice
identifying
acids and bases.

ExamvpPLE 5.3 - Identification of Acids and Bases

Identify (a) H,SOy, (b) oxalic acid, (c) NaHCO3, (d) potassium hydroxide, (e)
HCl(4g), and (f) ammonia as either an Arrhenius strong acid, an Arrhenius weak

acid, an Arrhenius strong base, or an Arrhenius weak base.
Solution

a. The H,SOy is an acid because it has the form of an oxyacid, H,X,O.. It is
on the list of strong acids.

b. Oxalic acid is not on the list of strong acids—HCl(2g), HNO3, and
H,SO4—so it is a weak acid.

c. lonic compounds that contain hydrogen carbonate, such as NaHCO3, are
weak bases.

d. Ionic compounds that contain hydroxide, such as potassium hydroxide, are
strong bases.

e. We know that hydrochloric acid, HCl(4g), is an acid because its name ends
in “acid,” and its formula has the form of a binary acid. It is found on the
list of strong acids.

f. Ammonia, NH3, is our one example of an uncharged weak base.
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Exercise 5.5 - Identification of Acids and Bases

Identify each of the following as either an Arrhenius strong acid, an Arrhenius weak OsgJecTIVE 18
acid, an Arrhenius strong base, or an Arrhenius weak base.

a. HNO;3 c. K,CO3
b. lithium hydroxide d. hydrofluoric acid

9
SpeciaL Topic 5.2 Chemistry and Your Sense of Taste

“..[Tlhat formed of bodies round charged. When such
and smooth are things which touch a cell is bathed in
the senses sweetly, while those
which harsh and bitter do appear,
are held together bound with

saliva that contains
dissolved sodium

particles more hooked, and for this ions, the Na™ fons
cause are wont to tear their way enter the cell and
into our senses, and on entering in make its interior less
to rend the body.” negative. This change
Lucretius, a Roman philosopher and triggers the release
poet, about 2000 years ago of chemicals called
neurotransmitters

Lucretius was mistaken in certain details, but he .
into the space

was correct that the shape of molecules is important in
between the taste cells

determining whether compounds taste sweet or bitter.
and nerve cells. The

Your tongue has about 3000 taste buds, each of which is . Bases taste bitter.
neurotransmitters

an onion-shaped collection of 50 to 150 taste cells. Each cause the nerve cells to fire, sending the salt signal to the

taste bud is specialized for tasting either sweet, sour, salt, brain

or bitter. It has been suggested that the tongue can also . . " .
88 8 Acids cause the sour taste in foods. Vinegar is sour

perceive another taste, umami, which is a subtle taste most . . = . . .
because it contains acetic acid, sour milk contains lactic

commonly associated with monosodium glutamate, MSG. . . N i
y & > acid, and lemons contain citric acid. What these acids have

At the tips of the bitter and sweet taste cells are receptor . . P .
in common is that they can lose H ions in water solutions

molecules shaped to fit parts of certain molecules in our
food.

When chocolate, for example, is roasted, caffeine and

such as our saliva. Different animal species have different
mechanisms for sending the sour signal. In amphibians

the H* ions block the normal release of potassium ions

other compounds are formed that stimulate the bitter taste . .
from sour taste cells, changing the cells’ charge balance

cells. The molecules of these compounds have a shape that . ]
and causing them to release neurotransmitters. The

allows them to attach to the taste cell receptors and cause an . .
neurotransmitters in turn tell the sour nerve cells to fire.

adjacent nerve cell to fire. This event sends the bitter signal
) & It has been suggested that there are good reasons for the

to the brain. . ) )
evolution of our sense of taste. The four main tastes either

Sugar is added to chocolate to counteract the bitter taste.
lead us to food we need or warn us away from substances

The arrangement of atoms in sugar molecules allows them to B O O MR el suca: for cnergy and sale

fit into the receptor sites of sweet taste cells. When a sugar . . ; .
to replace the sodium and potassium ions lost in exercise.

molecule such as glucose or sucrose attaches to a receptor of . . ]
& P On the other hand, spoiled foods produce bitter-tasting

a sweet taste cell, the sweet signal is sent to the brain. . . )
substances, and numerous poisons, too, are bitter, while

The salt taste is thought to have different mechanisms i ) .
. ) . many a bellyache from unripe fruit has been avoided by the

than the sweet and bitter tastes. It is the presence of sodium

ions, Nat, in the sodium chloride, NaCl, of table salt that

causes the taste. The interior of a salt taste cell is negatively

warning signal provided by the sour taste.
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T 5.5 pH and Acidic and Basic Solutions

pH-Balanced shampoo

pH and Acid Rain

Acid Rain

OBJecTivE 19

OsgJecTIVE 20

The scientific term pH has crept into our everyday language. Advertisements encourage
us to choose products that are “pH balanced,” while environmentalists point to the
lower pH of rain in certain parts of the country as a cause of ecological damage (Figure
5.10). The term was originated by chemists to describe the acidic and basic strengths

of solutions.

1992 pH of Rain

1 1 1 I |
41 43 45 47 49 51 53 55

Normal Range of Precipitation pH

Fish Reproduction Affected Figure 5.10
. . Acid Rain
Adult Fish Die The map above shows the

pH of rain in different parts
of the U.S. The scale on the
left shows the effect on fish
of decreasing pH.

We know that an Arrhenius acid donates H* ions to water to create H3O% ions.
The resulting solution is called an acidic solution. We also know that when you add
a certain amount of a strong acid to one sample of water—say the water’s volume is
a liter—and add the same amount of a weak acid to another sample of water whose
volume is also a liter, the strong acid generates more H30O" ions in solution. Because
the concentration of H30" ions in the strong acid solution is higher (there are more
H3O" ions per liter of solution), we say it is more acidic than the weak acid solution. A
solution can also be made more acidic by the addition of more acid (while the amount
of water remains the same). The pH scale can be used to describe the relative acidity
of solutions.

If you take other chemistry courses, you will probably learn how pH is defined and
how the pH values of solutions are determined. For now, all you need to remember is
that acidic solutions have pH values less than 7, and that the more acidic a solution
is, the lower its pH. A change of one pH unit reflects a ten-fold change in H30% ion
concentration. For example, a solution with a pH of 5 has ten times the concentration
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of H30" ions as a solution with a pH of 6. The pH of some common solutions are
listed in Figure 5.11. Note that gastric juice in our stomach has a pH of about 1.4,
and orange juice has a pH of about 2.8. Thus gastric juice is more than ten times more
concentrated in H30% ions than orange juice.

The pH scale is also used to describe basic solutions, which are formed when an
Arrhenius base is added to water, generating OH™ ions. When you add a certain
amount of a strong base to one sample of water—again, let’s say a liter—and add the
same amount of a weak base to another sample of water whose volume is the same,
the strong base generates more OH™ jons in solution. Because the concentration of
OH" ions in the strong base solution is higher (there are more OH™ ions per liter
of solution), we say it is more basic than the weak base solution. A solution can also
be made more basic by the addition of more base while the amount of water is held
constant.

Basic solutions have pH values greater than 7, and the more basic the solution is, OsgJECTIVE 19
the higher its pH. A change of one pH unit reflects a ten-fold change in OH™ ion OsJecTive 21
concentration. For example, a solution with a pH of 12 has ten times the concentration
of OH™ ions as does a solution with a pH of 11. The pH difference of about 4 between
household ammonia solutions (pH about 11.9) and seawater (pH about 7.9) shows
that household ammonia has about ten thousand (10%) times the hydroxide ion
concentration of seawater.

In nature, water contains dissolved substances that make it slightly acidic, but pure

water is neutral and has a pH of 7 (Figure 5.11).

OBJECTIVE 19 OBJECTIVE 20 Ossecrve 21 Figure 5.11
pH of Common Substances
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Acidic solutions have pH Basic solutions have pH
values less than 7. values greater than 7.
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OBJECTIVE 22 In the laboratory, we can detect acids and bases in solution in several ways. Perhaps
the simplest test uses a substance called litmus, a natural dye derived from lichen. It
turns red in acidic conditions and blue in basic

conditions. Litmus paper is paper that has been

coated with litmus. To test if a liquid is acidic,

we add a drop of the liquid to blue litmus paper,

which is litmus paper that has been made slightly

basic and therefore blue. If the paper turns red,

the liquid is acidic. To test to see if a liquid is

basic, we add a drop of the liquid to red litmus

paper, which is litmus paper that has been made

slightly acidic and therefore red. If the paper

turns blue, the liquid is basic.

Litmus, whose natural source is lichen, can be applied
to the surface of paper that is then used to identify acidic
and basic solutions.

T 5.6 Arrhenius Acid-Base Reactions

When an Arrhenius acid is combined with an Arrhenius
base, we say that they neutralize each other. By this, we mean
that the acid counteracts the properties of the base, and the
base counteracts the properties of the acid. For example, a
strong acid, such as nitric acid, must be handled with extreme
caution, because if it gets on your skin, it could cause severe
chemical burns. If you accidentally spilled nitric acid on a
laboratory bench, however, you could quickly pour a solution
This emergency crew is neutralizing an acid of a weak base, such as sodium hydrogen carbonate, on top of
spill on the highway by covering it with a basic  the spill to neutralize the acid and make it safer to wipe. In a
foam. similar way, a solution of a weak acid, such as acetic acid, can
be poured on a strong base spill to neutralize the base before
cleanup. Therefore, reactions between Arrhenius acids and

bases are often called neutralization reactions.
Neutralization reactions are important in maintaining the
necessary balance of chemicals in your body, and they help
keep a similar balance in our oceans and lakes. Neutralization
reactions are used in industry to make a wide range of products,
including pharmaceuticals, food additives, and fertilizers. Let’s
look at some of the different forms of Arrhenius acid-base

Neutralization reactions keep our bodies in . . . .
P reactions, how they can be visualized, and how to describe

balance and also maintain the “health” of . . :
the world around us. (Photo by Cliff Reiter) them with chemical equations.
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Reactions of Aqueous Strong Arrhenius Acids and Aqueous Strong

Arrhenius Bases

The reaction between the strong acid nitric acid and the strong base sodium hydroxide
is our first example. Figure 5.12 shows the behavior of nitric acid in solution. As a
strong acid, virtually every HNOj3; molecule donates an H" ion to water to form a
hydronium ion, H30™, and a nitrate ion, NO3™. Because the reaction goes essentially
to completion, you can picture the solution as containing HO, NO3~, and H30%,
with no HNOj3 remaining. The negatively charged oxygen ends of the water molecules
surround the positive hydronium ions, and the positively charged hydrogen ends of

water molecules surround the nitrate ions.

Like a water solution of any ionic compound, a solution of sodium hydroxide
(NaOH) consists of ions separated and surrounded by water molecules. At the instant
that the solution of sodium hydroxide is added to the aqueous nitric acid, there are
four different ions in solution surrounded by water molecules: H30%, NO3~, Na*, and

OH~ (Figure 5.13 on the next page).

OBJECTIVE 23A

Figure 5.12
Aqueous Nitric Acid

OBJECTIVE 23A

181
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Figure 5.13

Water Solution of Nitric Acid and Sodium Hydroxide before Reaction OsJECTIVE 234

OBJECTIVE 23A The ions in solution move in a random way, like any particles in a liquid, so they
will constantly collide with other ions. When two cations or two anions collide, they
repel each other and move apart. When a hydronium ion and a nitrate ion collide, it
is possible that the H30% ion will return an H* ion to the NO3™ ion, but nitrate ions
are stable enough in water to make this unlikely. When a sodium ion collides with
a hydroxide ion, they may stay together for a short time, but their attraction is too
weak and water molecules collide with them and push them apart. When hydronium
ions and hydroxide ions collide, however, they react to form water (Figure 5.14), so

more water molecules are shown in Figure 5.15 than in Figure 5.13.

Figure 5.14
Reaction Between This proton, HY, is transferred to a hydroxide ion.

Hydroxide lon
H30+ ﬂq) OH~ (dq) —> ZHzo
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Figure 5.15
OBJECTIVE 23A After Reaction of Nitric Acid and Sodium Hydroxide

The sodium and nitrate ions are unchanged in the reaction. They were separate and OBJECTIVE 23A
surrounded by water molecules at the beginning of the reaction, and they are still

separate and surrounded by water molecules after the reaction. They were important

in delivering the hydroxide and hydronium ions to solution, but they did not actively

participate in the reaction. In other words, they are spectator ions, so they are left

out of the net ionic chemical equation. The net ionic equation for the reaction is

therefore

H30%(ag) + OH (ag) — 2H,0(/)

Most chemists are in the habit of describing reactions such as this one in terms of
H? rather than H30%, even though hydrogen ions do not exist in a water solution in
the same sense that sodium ions do. When an acid loses a hydrogen atom as H, the
proton immediately forms a covalent bond to some other atom. In water, it forms a
covalent bond to a water molecule to produce the hydronium ion. Although H;0™"
is a better description of what is found in acid solutions, it is still convenient and
conventional to write H" in equations instead. You can think of H* as a shorthand
notation for H3O™. Therefore, the following net ionic equation is a common way to
describe the net ionic equation above.

H*(ag) + OH (g9 — HyO(/)

Writing Equations for Reactions Between Acids and Bases

The procedure for writing equations for acid-base reactions is very similar to that used
to write equations for precipitation reactions in Section 4.2.
The first step in writing an equation for the reaction between nitric acid, HNOs3, OBJECTIVE 24
and the base sodium hydroxide, NaOH, is to predict the formulas for the products
by recognizing that most Arrhenius neutralization reactions, like the reaction between

183
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OBJECTIVE 24

OBJECTIVE 24

OBJECTIVE 23B

OBJECTIVE 24

nitric acid and sodium hydroxide, are double-displacement reactions.

AB + CD — AD + CB
HNOs3(2q) + NaOH(ag) — H,O(/) + NaNOs(ag)

We consider the positive portion of the acid to be H, so for the reaction above, A is
H*, Bis NO3~, Cis Na*, and D is OH™. When H* ions combine with OH™ ions, they
form HOH (that is, water, H,O). The ion formulas Na* and NO3~ are combined in
the complete equation as the CB formula, NaNOj3.

In picturing reactions of a polyprotic acid with a strong base, we shall assume that
enough base is added to react with all of the acidic hydrogen atoms. The following
complete equations describe the reactions of the diprotic acid sulfuric acid and the
triprotic acid phosphoric acid with sodium hydroxide. Each equation represents the
sum of a series of reactions in which the acidic hydrogen atoms are removed one at a
time.

H,SO4(aq) + 2NaOH(ag) — 2HO(/) + NapSOg4(ag)

H3PO4(ag) + 3NaOH(ag) — 3HO0(/) + NazPOy(ag)
The problems at the end of the chapter ask you to write complete equations for
reactions like these. Note that these too are double-displacement reactions. In each of
these examples, A is H*, C is Na*, and D is OH™. In the first reaction, B is SO44, and
in the second reaction, B is PO43~.

One of the useful properties of acids is that they will react with insoluble ionic
compounds that contain basic anions. Because the products of such reactions are soluble,
acids can be used to dissolve normally insoluble ionic compounds (See Special Topic
5.3: Precipitation, Acid-Base Reactions, and Tooth Decay). For example, water-insoluble
aluminum hydroxide dissolves in a hydrochloric acid solution.

Al(OH)3(s) + 3HCl(ag) — AlCl3(ag) + 3H,0(/)

ExampLE 5.4 - Neutralization Reactions

Write the complete equations for the neutralization reactions that take place when
the following water solutions are mixed. (If an acid has more than one acidic
hydrogen, assume that there is enough base to remove all of them. Assume that there
is enough acid to neutralize all of the basic hydroxide ions.)

a. HCl(aq) + KOH(ag)

b. H,SO4(aq) + KOH(ag)

c. HNO3(ag) + Mn(OH),(s)
Solution

a. Neutralization reactions between strong monoprotic acids, such as
HCl(ag), and ionic compounds, such as KOH, are double-displacement
reactions, so they have the form

AB + CD — AD + CB

For HCI, A is H', and B is ClI™. For KOH, C is K*, and D is OH".
Therefore, AD is HOH or H;O, which we know is a liquid, and CB is
KClI, which is a water-soluble ionic compound and thus aqueous.

HCl(ag) + KOH(2q) — H,0(/) + KCl(aq)
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b. For HySOy in a double-displacement reaction, A is HT, and B is SO4*".
(In neutralization reactions, you can assume that all of the acidic hydrogen
atoms are lost to the base. Monoprotic acids lose one H* ion, diprotic acids
such as HySOy4 lose two H* ions, and triprotic acids such as H3POy lose
three H* ions.) For KOH, C is K*, and D is OH™. Thus AD is H,O, and
CB is K;SOy, a water-soluble ionic compound. The two H" ions from the
diprotic acid H,SOy4 react with the two OH™ ions from two units of KOH

to form two H,O molecules.
AB + CD — AD + CB

H,S04(ag) + 2KOH(aq) — 2H,0(/) + K;S04(a9)

c. For HNO, in a double-displacement reaction, A is H*, and B is NO3".
For Mn(OH),, C is Mn?*, and D is OH™. Thus AD is H,O, and CB is
Mn(NO3),, a water-soluble ionic compound. Two H* ions from two nitric
acid molecules react with the two OH™ ions from the Mn(OH); to form

two H,O molecules.
AB + CD - AD + CB

2HNO3(dq) + Mn(OH)z(S) — 2H20(1) + Mn(NO3)2(aq)

Exercise 5.6 - Neutralization Reactions

Write the complete equation for the neutralization reactions that take place when the OgJECTIVE 24
following water solutions are mixed. (If an acid has more than one acidic hydrogen,
assume that there is enough base to remove all of them. Assume that there is enough
acid to neutralize all of the basic hydroxide ions.)

a. HCl(2g) + NaOH(aq)
b. HF(ag) + LiOH(ag)

c. H3POy4(ag) + LiOH(aq)
d. Fe(OH)3(s) + HNO3(a9)

There is an animation that will help you visualize reactions between acids and

bases at the textbook’s Web site.

Reactions of Arrhenius Acids and Ionic Compounds Containing
Carbonate or Hydrogen Carbonate

The reaction between an acid and an ionic compound containing either carbonate or OBJECTIVE 23C
hydrogen carbonate leads to carbon dioxide and water as products. The addition of
H* ions to CO3%~ or HCOj3™ forms carbonic acid, H,CO3. Carbonic acid, however,
is unstable in water, so when it forms, it decomposes into carbon dioxide, CO;(g),
and water, H,O(/).

2H"(aq) + Cng_(aq) — HyCOs3(ag) — HO(/) + COy(g)

H*(ag) + HCO37(ag) — HyCO3(zq) — HyO(/) + COx(g)

OBJECTIVE 25
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SpeciaL Topic 5.3 Precipitation, Acid-Base Reactions,
and Tooth Decay

Teeth have a protective coating of hard enamel that is about  original enamel.

. . o .
2 mm thick and consists of about 98% hydroxyapatite, SCa2*(ag) + 3P0 (ag) + F(ag)

Cas(POy4);OH. Lik ionic solid ded b
a5(POy)3 ike any ionic solid surrounded by a water = Cas(POY;F()

solution, the hydroxyapatite is constantly dissolving and

reprecipitating. Fluorapatite is 100 times less soluble than hydroxyapatite,
so it is less likely to be affected by the acid formed by the
Ca5(PO4)3OH(9) bacteria ’ ’ ’

= 5Ca’*(ag) + 3PO4> (ag) + OH (aq)

Your saliva provides the calcium ions and the phosphate
ions for this process, and as long as your saliva does not get
too acidic, it will contain enough hydroxide to keep the rate
of solution and the rate of precipitation about equal. Thus
there is no net change in the amount of enamel on your
teeth.

Unfortunately, certain foods can upset this balance.
The bacteria in your mouth break down your food,
especially food high in sugar, to form acids such as acetic
acid and lactic acid. These acids neutralize the hydroxide
in your saliva, slowing the precipitation of enamel. The
Cas(PO4)30H continues to go into solution, so there is a

net loss of the protective coating on the teeth. The natural enamel that coats teeth is mostly
Fluoride in our drinking water and our toothpaste can Cas(PO,4)30H. Fluoride in our water or toothpaste

help minimize the damage described above. The fluoride leads to the less soluble Cas(PO,4)3F replacing

ion takes the place of the hydroxide ion to precipitate Cas(PO,4)30H in tooth enamel, helping to protect our

fluorapatite, Ca5(POy)3F a compound very similar to the teeth from tooth decay.

OBJECTIVE 24 Thus, when H,CO3 would be predicted as a product for a double-displacement

reaction, write “H,O(/) + CO;(g)” instead. Three examples are below.
2HCl(ag) + Na,COs(ag) — H,O(/) + CO,(g) + 2NaCl(aq)
HCl(2g) + NaHCO3(aq) — H,O(/) + COy(g) + NaCl(ag)

2HCl(ﬂq) + CaCO3(S) — HzO(Z) + COz(g) + CaClz(ﬂq)

_ The third equation above describes a reaction that helps the oil industry extract more
Acids can be used

to make limestone .
more permeable to first seep through underground rock formations to the base of the oil well’s pipes.
oil by converting solid

calcium carbonate into . . . . . . .
water-soluble calcium pumping hydrochloric acid down into the limestone formations, converting the

oil from a well. For oil to be pumped from deep in the earth to the surface, it must
Limestone, which is composed of CaCO3, can be made more permeable to oil by

chloride. insoluble calcium carbonate to soluble calcium chloride.
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ExampLE 5.5 - Neutralization Reactions with Compounds
Containing Carbonate

Write the complete equation for the reaction between HNO3(2¢q) and water-insoluble OBJECTIVE 24

solid MgCOs.
Solution

Translated into the general format of double-displacement reactions, A is H¥,
B is NOj3™, Cis Mg?*, and D is CO3%". Compound AD would therefore be
H,COs3, but this decomposes to form H,O(/) and CO;(g). Compound CB is

Mg(NO3),, which is a water-soluble ionic compound and thus aqueous.
2HNO3(ﬂq) + MgCO3(S) — HzO(Z) + COz(g) + Mg(NOg)z(dq)

Exercise 5.7 - Neutralization Reactions with Carbonate
Containing Compounds

Write the complete equation for the neutralization reaction that takes place when OBJECTIVE 24
water solutions of sodium carbonate, Na,CO3, and hydrobromic acid, HBr, are

mixed.

o

SPecCcIAL TOPIC 5.4

Before the 19th century, paper in Europe was made from
linen or old rags. Supplies of these materials dwindled as the
demand for paper soared, and new manufacturing methods
and raw materials were sought. Paper began to be made
from wood pulp, but the first such products contained
microscopic holes that caused the ink to bleed and blur. To
fill these holes, the paper was saturated with “alum,” which
is aluminum sulfate, Al;(SO4)3. The new process seemed to
make a suitable paper, but as time passed, serious problems
emerged.

The aluminum ions in alum, like many metal ions, are
acidic in the Arrhenius sense, reacting with moisture from
the air to release H ions.

AP (ag) + H,O(/) = AlOH?'(a9) + H(ag)
The HY ions react in turn with the paper and weaken
it. Many valued books are so brittle that they cannot be
handled without their pages crumbling.

Several techniques are now being developed to neutralize
the acid in the paper. As we have seen, most acid-base
reactions take place in water, and there are obvious problems
with dunking a book in an aqueous solution of base. The
challenge, then, has been to develop a technique in which
a gas is used to neutralize acid in the paper without causing
further damage.

One such technique is called the DEZ treatment. DEZ,
or diethyl zinc, (CH3CH3),Zn, can be made gaseous near
room temperature. It reacts with either oxygen or water

Saving Valuable Books

vapor to form zinc oxide, ZnO(s), which is deposited evenly
on the paper.
(CH3CH3),Zn(g) + 70,(g)
—  ZnO(s) + 4CO,(g) + 5H,0(/)
(CH3CH2)ZZn(g) + HzO(g)
—  ZnO(s) + 2CH3CHj3(9)

The zinc oxide contains the basic anion oxide, O%~, which
reacts with H' ions to neutralize the acid in the paper.

ZnO + 2H' — Zn** + HO

Damage that has already been done cannot be reversed,
so the goal is to save as many books as possible before they
deteriorate so much that they cannot be handled.

The acid in the paper used to make some
books damages the paper and leaves it brittle.
The paper in the book above was made with a
process that left the paper acidic.
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Do you want to know why bleach bottles have a warning label that tells you not to

mix the bleach with acidic cleaning agents, such as toilet bowl cleaners? The explanation

is in Special Topic 5.5 below.

SpeciaL Toric 5.5 Be Careful with Bleach

Common bleach, used for household cleaning and
laundering, is a water solution of sodium hypochlorite,
NaClO(ag). The hypochlorite ion is made by reacting
chlorine gas with a basic solution.

Cly(g) + 20H (a9)
= OCl (29) + Cl'(ag) + HyO(/)

This reaction is reversible, so the chlorine atoms are
constantly switching back and forth from Cl; to OCI™. In a
basic solution, the forward reaction is fast enough to ensure
that most of the chlorine in the bottle of bleach is in the
OCI™ form.

If the bleach is added to an acidic solution, the hydroxide
ions in the basic solution of bleach react with the acidic H*
ions to form water. With fewer hydroxide ions available,
the reaction between the OH ™ and the Cl, slows down, but
the reverse reaction continues at the same pace. This creates

potentially dangerous levels of chlorine gas and is the reason
that the labels on bleach bottles warn against mixing bleach
with other cleaning agents such as toilet bowl cleaners.
Toilet bowl cleaners are usually acidic, containing acids such
as phosphoric acid, H3POy, or hydrogen sulfate, HSO4".

Mixing bleach
and toilet bowl
cleaners can be
dangerous.

T 5.7 Brgnsted-Lowry Acids and Bases

Although the Arrhenius definitions of acid, base, and acid-base reaction are very

useful, an alternate set of definitions is also commonly employed. In this system, a

Bronsted-Lowry acid is a proton (H*) donor, a Brensted-Lowry base is a proton

acceptor, and a Brensted-Lowry acid-base reaction is a proton transfer. Table 5.7

summarizes the definitions of acid and base in the Arrhenius and Brensted-Lowry

systems.

Table 5.7
Definitions of Acid and Base

System Acid Definition Base Definition

Arrhenius Generates H30O" when added | Generates OH™ when added
to water to water

Bronsted-Lowry | Proton (H*) Donor in Proton (H*) Acceptor in
Reaction Reaction
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To better understand the differences and to understand why new definitions were OBJECTIVE 26

suggested, consider the following reactions.

NHs(ag) + HC,H30,(ag) — NHgt(ag) + C;H30,7(a9)
HzO(Z) + HC2H302(dq) BN H30+(ﬂq) + C2H3OZ_(dq)

A

NH3(z2g) + H,O(/) = NHg%(aq) + OH (ag)

These reactions are very similar, but only the first reaction would be considered an
acid-base reaction in the Arrhenius system. In each of the reactions, an H* is transferred
from one reactant to another, but only the first is a reaction between an Arrhenius acid
and an Arrhenius base. In the first reaction, an H is transferred from the Arrhenius
weak acid acetic acid, HC;H305(a¢), to the Arrhenius weak base ammonia, NH3(ag).
In the second reaction, an H* is transferred from the Arrhenius weak acid acetic acid,
HC,H30,(aq), to water, which is not considered an acid or a base in the Arrhenius
sense. In the third reaction, an H* is transferred from water, which is not considered an
acid or base in the Arrhenius sense, to the Arrhenius weak base ammonia, NHj3(ag).

The Bronsted-Lowry system allows us to describe all of these reactions as acid-base OBJECTIVE 26
reactions. They are repeated below, with the Bronsted-Lowry acids and bases labeled.
Note that in each case, the acid loses an H" ion as it reacts, and the base gains an H*

ion.

NHg(ﬂq) + HCzHgOz(dq) — NH4+(ﬂq) + CzHgOz_(dq)
B/L base B/L acid

Hzo(/) + HCzHgOz(ﬂq) = H30+(ﬂq) + CzHgOz_(ﬂq)
B/L base  B/L acid

NHj(aq) + H,O(/) = NHg"(ag) + OH (ag)
B/L base  B/L acid

Acetic acid reacts with the dihydrogen phosphate polyatomic ion, H,PO4™, in a
reversible reaction. In the forward reaction, acetic acid acts as the Bronsted-Lowry acid

and dihydrogen phosphate acts as the Bronsted-Lowry base

HCH305(2g9) + HoPO4s (ag) =  CoH3057(ag) + H3PO4(ag)
B/L acid B/L base

The reverse reaction, too, is a Brensted-Lowry acid-base reaction. An H* ion is
transferred from H3POy (the acid) to a CoH30,7 ion (the base). The Bronsted-Lowry
base for the forward reaction (H,PO4") gains an H* ion to form H3POy, which
then acts as a Bronsted-Lowry acid in the reverse reaction and returns the H* ion to
C,H30;™. Chemists say that H3POy is the conjugate acid of H,PO4™. The conjugate OsJECTIVE 27
acid of a molecule or ion is the molecule or ion that forms when one H* ion is added.
The formulas H3PO4 and H,POy4 represent a conjugate acid-base pair, molecules or
ions that differ by one H" ion.
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OBJECTIVE 28 Likewise, the Bransted-Lowry acid for the forward reaction (HC,H30;) loses an H*
ion to form C,H30;~, which acts as a Bronsted-Lowry base in the reverse reaction and
regains the H* jon. Chemists say that C;H30,™ is the conjugate base of HC,H30,.
The conjugate base of a molecule or ion is the molecule or ion that forms when one
H* ion is removed. The formulas HC,H30; and C;H30,™ represent a conjugate
acid-base pair (Figure 5.16).

Figure 5.16
Congugate Acid-Base
Pairs Conjugate Conjugate
/ acid-base pair><acid-base pair \
Proton . Proton — N Proton N Proton
donor acceptor \ acceptor donor

H:f/ '\H+

Y ExavPLE 5.6 - Conjugate Acids

OsJECTIVE 27 Write the formula for the conjugate acid of (a) F~, (b) NH3, (¢) HSO4, and
(d) Cr042_.

Solution

In each case, the formula for the conjugate acid is derived by adding one H* ion to

the formulas above.

a. HF  b.NH4" c H,SO4 d.HCrO4

T Exercise 5.8 - Conjugate Acids

OsJecTive 27 Write the formula for the conjugate acid of (a) NO,~, (b) HCO37, (c) H,0O, and
(d) PO

Y ExavpLE 5.7 - Conjugate Bases

OBJECTIVE 28 Write the formula for the conjugate base of (a) HCIO3, (b) H,SO3, (c) H,O, and
(d) HCO5™.

Solution

In each case, the formula for the conjugate base is derived by removing one H* ion

from the formulas above.
a. ClO3_ b HSO3_ C. OH_ d CO32_

—¢

Exercise 5.9 - Conjugate Bases

OsJecTIVE 28 Write the formula for the conjugate base of (a) H,C,04, (b) HBrOy, (c) NH3, and
(d) HyPO4~.
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Some substances can act as a Brensted-Lowry acid in one reaction and a
Bronsted-Lowry base in another. Consider the following net ionic equations for the
reaction of dihydrogen phosphate ion with either the acid hydrochloric acid or the
strong base hydroxide.

H,PO4 (ag) + HCl(ag) — H3PO4aq) + Cl(agq)
B/L base B/L acid

H,PO4 (ag) + 20H (ag) — PO43_(aq) + 2H,O(/)
B/L acid B/L base

In the first reaction, the dihydrogen phosphate acts as a Bronsted-Lowry base, and in
the second reaction, it acts as a Bronsted-Lowry acid. A substance that can act as either
a Brensted-Lowry acid or a Brensted-Lowry base, depending on the circumstances, is
called an amphoteric substance.

The hydrogen carbonate ion is another example of an amphoteric substance. In the
first reaction below, it acts as a Brensted-Lowry base, and in the second reaction, it acts

as a Brensted-Lowry acid.

HCO3_(ﬂq) + HC2H302(ﬂq) —> HzO(Z) + COz(g) + C2H302_(ﬂq)
B/L base B/L acid

HCO37(ag) + OH (ag) — CO32_(aq) + H,O(/)
B/L acid B/L base

Because both dihydrogen phosphate and hydrogen carbonate (and other substances
like them) can be either Bronsted-Lowry acids or bases, they cannot be described as a
Brensted-Lowry acid or base except with reference to a specific acid-base reaction. For
this reason, the Arrhenius definitions of acids and bases are the ones used to categorize
isolated substances on the stockroom shelf. A substance generates either hydronium
ions, hydroxide ions, or neither when added to water, so it is always either an acid,
a base, or neutral in the Arrhenius sense. Hydrogen carbonate is an Arrhenius base
because it yields hydroxide ions when added to water. Dihydrogen phosphate is an

Arrhenius acid because it generates hydronium ions when added to water.
HCO37(ag) + HO(/) = HCO3(aq) + OH (a9)
H,PO4 (ag) + H,O(/) = HPO42_(aq) + H30%(ag)

Thus we have two systems for describing acids, bases, and acid-base reactions. The
Bronsted-Lowry system is often used to describe specific acid-base reactions, but the
Arrhenius system is used to describe whether isolated substances are acids, bases, or

neither.

OBJECTIVE 29

OsgJecTive 30

191
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OsJecTivVE 31

OBJecTivE 31

Y ExawpLe 5.8 - Brgnsted-Lowry Acids and Bases

Identify the Brensted-Lowry acid and base for the forward reaction in each of the
following equations..

a. HClO(ag) +NalO(ag) — HIO(ag) + NaClOy(aq)

b. HS(ag) + HF(a9) — H,S(aq) + F(ag)

c. HS(ag) + OH (ag) — S*(ag) + Hy0(!)

d. H3AsO4eq) + 3NaOH(zg) — NasAsO4laq) + 3H,0(/)

Solution
a. The HCIO; loses an H* ion, so it is the Bronsted-Lowry acid. The IO~ in
the NalO gains the H" ion, so the NalO is the Bronsted-Lowry base.
b. The HF loses an H" ion, so it is the Brensted-Lowry acid. The HS™ gains
the H* ion, so it is the Brensted-Lowry base.
c. The HS™ loses an H* ion, so it is the Brensted-Lowry acid. The OH™ gains
the H" ion, so it is the Brensted-Lowry base.

d. The H3AsOy4 loses three H" ions, so it is the Bronsted-Lowry acid. Each
OH™ in NaOH gains an H* ion, so the NaOH is the Bronsted-Lowry

base.

T Exercise 5.10 - Brgnsted-Lowry Acids and Bases

Identify the Brensted-Lowry acid and base in each of the following equations..
a. HNOj(2g) + NaBrO(aq) — HBrO(aq) + NaNO;(aq)
b. HyAsO4 (2g) + HNOz(2q) <= H3AsO4lag) + NOy (aq)

c. H)AsO4 (ag) + 20H (ag) — AsO43_(aq) + 2H,0(/)

Chapter
Glossary

Hydronium ion H3O*
Arrhenius acid  According to the Arrhenius theory, any substance that generates

hydronium ions, H30O", when added to water.

Acidic solution A solution with a significant concentration of hydronium ions,
H;0".
Binary acid Substances that have the general formula of HX(ag), where X is one of

the first four halogens: HF(2g), HCl(a9), HBr(ag), and Hl(ag).

Oxyacids (or oxoacids) Molecular substances that have the general formula H,X,O..
In other words, they contain hydrogen, oxygen, and one other element represented
by X; the 4, b, and ¢ represent subscripts.



Chapter Glossary

Monoprotic acid An acid that donates one hydrogen ion per molecule in a reaction.
Polyprotic acid An acid that can donate more than one hydrogen ion per molecule
in a reaction.

Diprotic acid An acid that can donate two hydrogen ions per molecule in a reaction.

Triprotic acid An acid that can donate three hydrogen ions per molecule in a
reaction.

Strongacid An acid that donates its H* ions to water in a reaction that goes completely
to products. Such a compound produces close to one H3O" ion in solution for
each acid molecule dissolved in water.

Reversible reaction A reaction in which the reactants are constantly forming products
and, at the same time, the products are reforming the reactants.

Weak acid A substance that is incompletely ionized in water due to the reversibility
of the reaction that forms hydronium ions, H30%, in water. Weak acids yield
significantly less than one H30O" ion in solution for each acid molecule dissolved

in water.

Arrhenius base A substance that produces hydroxide ions, OH~, when added to

water.
Basic solution A solution with a significant concentration of hydroxide ions, OH™.

Strong base A substance that generates at least one hydroxide ion in solution for every
unit of substance added to water.

Weak base A substance that produces fewer hydroxide ions in water solution than
particles of the substance added.

Neutralization reaction A chemical reaction between an acid and a base.

Bronsted-Lowry acid-base reaction A chemical reaction in which a proton, H, is
transferred.

Bronsted-Lowry Acid A substance that donates protons, HY, in a Bronsted-Lowry
acid-base reaction.

Bronsted-Lowry Base A substance that accepts protons, H*, in a Brensted-Lowry
acid-base reaction.

Conjugate acid The molecule or ion that forms when one H* ion is added to a
molecule or ion.

Conjugate base The molecule or ion that forms when one H* ion is removed from a
molecule or ion.

Conjugate acid-base pair Two molecules or ions that differ by one H" ion.

Amphoteric substance A substance that can act as either a Bronsted-Lowry acid or a
Bronsted-Lowry base, depending on the circumstances.

You can test yourself on the glossary terms at the textbook’s Web site.
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Chapter
Objectives

The goal of this chapter is to teach you to do the following.
1. Define all of the terms in the Chapter Glossary.

Section 5.1 Acids

2. Identify acids as substances that taste sour.

3. Describe what occurs when a strong, monoprotic acid, such as HCI, is added to
water.

4. Identify the following acids as binary acids: HF(a29), HCl(aq), HBr(ag), and
HI(ag).

5. Write or identify three different formulas that can be used to describe acetic acid,
and explain why each is used.

6. Describe what occurs when a weak, monoprotic acid, such as acetic acid, is added
to water.

7. Explain why weak acids produce fewer H30" ions in water than strong acids,
even when the same numbers of acid molecules are added to equal volumes of
water.

8. Identify the following as strong monoprotic acids: HCl and HNO:s.

9. Identify sulfuric acid as a diprotic strong acid.

10. Describe what occurs when sulfuric acid is added to water.

11. Given a formula or name for any acid, identify it as a strong or weak acid.

Section 5.2 Acid Nomenclature

12. Convert between names and formulas for binary acids and oxyacids.

Section 5.3 Summary of Chemical Nomenclature

13. Given a name or chemical formula, tell whether it represents a binary ionic
compound, an jonic compound with polyatomic ion(s), a binary covalent
compound, a binary acid, or an oxyacid.

14. Convert between names and chemical formulas for binary ionic compounds,
ionic compounds with polyatomic ion(s), binary covalent compounds, binary
acids, and oxyacids.

Section 5.4 Strong and Weak Bases

15. Identify ionic compounds containing hydroxide ions as strong bases.

16. Describe the changes that take place when ammonia, NH3, is dissolved in water,
and use this description to explain why ammonia is a weak Arrhenius base.

17. Describe the changes that take place when an ionic compound containing
carbonate or hydrogen carbonate ions is dissolved in water, and use this
description to explain why these anions are weak Arrhenius bases.

18. Given a name or formula for a substance, identify it as either (1) an Arrhenius
strong acid, (2) an Arrhenius weak acid, (3) an Arrhenius strong base, or (4) an
Arrhenius weak base.
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Section 5.5 pH and Acidic and Basic Solutions

19. Given the pH of a solution, identify the solution as acidic, basic, or neutral.
20. Given the pH of two acidic solutions, identify which solution is more acidic.
21. Given the pH of two basic solutions, identify which solution is more basic.
22. Describe how litmus paper can be used in the laboratory to identify whether a

solution is acidic or basic.

Section 5.6 Arrhenius Acid-Base Reactions

23. Describe the process that takes place at the molecular level for the following
reactions. Your description should include mention of the particles in solution
before and after the reaction. It should also include a description of the process
that leads to the reaction.

a. a strong, monoprotic acid, such as HNOs3, and an aqueous strong base,
such as NaOH

b. a strong monoprotic acid, such as HCl(2g), and an insoluble ionic
compound, such as AI(OH);

c. any monoprotic acid and a solution containing carbonate ions or hydrogen
carbonate ions

24. Given the names or formulas for a monoprotic or polyprotic acid and an ionic
compound containing hydroxide, carbonate, or hydrogen carbonate ions, write
the complete balanced equation that describes the neutralization reaction that
takes place between them.

25. Identify H,O(/) and CO5(g) as the products of the reaction of an acid with
carbonate, CO3%", or hydrogen carbonate, HCOj.

Section 5.7 Brensted-Lowry Acids and Bases

26. Explain why the Bronsted-Lowry definitions for acid and base are often used,
instead of the Arrhenius definitions, to describe acid-base reactions.

27. Given a formula for a molecule or ion, write the formula for its conjugate acid.

28. Given a formula for a molecule or ion, write the formula for its conjugate base.

29. Explain why a substance can be a Brensted-Lowry acid in one reaction and a
Bronsted-Lowry base in a different reaction. Give an example to illustrate your
explanation.

30. Explain why the Arrhenius definitions for acid and base, and not the Bronsted-
Lowry definitions, are used to describe whether an isolated substance is an acid or
base.

31. Given a Bronsted-Lowry acid-base equation, identify the Bronsted-Lowry acid

and Bronsted-Lowry base.
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, Bases, and Acid-Base Reactions

Review 1. Define the following terms.
Questions a. aqueous c. double-displacement reaction
b. spectator ion d. net ionic equation
2. Write the name of the polyatomic ions represented by the formulas CO32~ and
HCOj5™.
3. Write the formulas for the polyatomic ions dihydrogen phosphate ion and acetate
ion.
4. Which of the following formulas represents an ionic compound?
a. MgCl, d. Na,SOy4
b. PC13 c. HzSO3
c. KHSO4
5. Write the names that correspond to the formulas KBr, Cu(NO3),, and
(NH4),HPO4.
6. Write the formulas that correspond to the names nickel(II) hydroxide,
ammonium chloride, and calcium hydrogen carbonate.
7. Predict whether each of the following is soluble or insoluble in water.
a. iron(III) hydroxide c. aluminum nitrate
b. barium sulfate d. copper(Il) chloride
8. Describe the process by which the ionic compound sodium hydroxide dissolves
in water.
9. Write the complete equation for the precipitation reaction that takes place when
water solutions of zinc chloride and sodium phosphate are mixed.
T Key Ideas Complete the following statements by writing one of these words or phrases in each
blank.
10-fold hydro-
acceptor hydronium ions, H30%,
acid hydroxide ions, OH™,
acidic hydroxides
added -ic
amphoteric less than 7
Arrhenius lower
basic nearly one
blue neutralize
Bronsted-Lowry one hydrogen ion
carbon dioxide, CO,, red
diprotic re-forming
donor removed
double (root)ate
double-displacement significantly less than one
fewer single
forming sour
greater than 7 strong bases
H,X,O, transfer
halogens weak
higher water



Key ldeas

10. Any substance that has a(n) taste is an acid.

11. According to the modern form of the Arrhenius theory, an acid is a substance
that produces when it is added to water.

12. On the basis of the Arrhenius definitions, a(n) solution is a

solution with a significant concentration of H3O™.
13. The binary acids have the general formula of HX(29), where X is one of the first
four

14. Oxyacids (often called oxoacids) are molecular substances that have the general

formula .

15. If each molecule of an acid can donate , the acid is called a
monoprotic acid. A(n) acid, such as sulfuric acid, H,SOy, has
two acidic hydrogen atoms.

16. Strong acids form H3O" ion in solution for each acid molecule
dissolved in water, whereas weak acids yield H;O" ion in
solution for each acid molecule dissolved in water.

17. A reaction in which the reactants are constantly products and,
at the same time, the products are the reactants is called a
reversible reaction. The chemical equations for reactions that are significantly
reversible are written with arrows.

18. A(n) acid is a substance that is incompletely ionized in water

because of the reversibility of its reaction with water that forms hydronium ion,
H;0™.

19. The chemical equations for completion reactions are written with

arrows to indicate that the reaction proceeds to form almost

100% products.

20. Binary acids are named by writing followed by the root of the
name of the halogen, then , and finally

21. If enough H* ions are added to a(n) polyatomic ion to

completely neutralize its charge, the (root)ic acid is formed.
22. According to the modern version of the Arrhenius theory of acids and bases, a
base is a substance that produces when it is added to water.

23. A solution that has a significant concentration of hydroxide ions is called a(n)
solution.

24. Compounds that contain hydroxide ions are often called
25. All water-soluble hydroxides are

26. A weak base is a base that produces hydroxide ions in water
solution than there are particles of base dissolved.

27. Acidic solutions have pH values , and the more acidic a solution
is, the its pH. A change of 1 pH unit reflects a(n)

change in H30" ion concentration.

28. Basic solutions have pH values , and the more basic the solution
is, the its pH.

29. Litmus, a natural dye, is derived from lichen. It turns in acidic
conditions and in basic conditions.

30. When an Arrhenius acid is combined with an Arrhenius base, we say that they
each other.
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31. When hydronium ions and hydroxide ions collide in solution they react to form

32. Most Arrhenius neutralization reactions, such as the reaction between nitric acid
and sodium hydroxide, are reactions.

33. Carbonic acid is unstable in water, so when it forms in aqueous solutions, it

decomposes into and water, H,O(/).
34. A Brensted-Lowry acid is a proton (H*) , a Bronsted-Lowry base

is a proton , and a Brensted-Lowry acid-base reaction is a proton

35. The conjugate acid of a molecule or ion is the molecule or ion that forms when
one H* ion is

36. The conjugate base of a molecule or ion is the molecule or ion that forms when
one H* ion is

37. A substance that can act as either a Bronsted-Lowry acid or a Brensted-Lowry

base, depending on the circumstances, is called a(n) substance.
38. The system is often used to describe specific acid-base reactions,
but the system is used to describe whether isolated substances

are acids, bases, or neither.

Chapter
Problems

OBJECTIVE 3

OBJECTIVE 6

OsJecTive 10

OBJECTIVE 5

OBJECTIVE 7

Section 5.1 Acids

39. Describe how the strong monoprotic acid nitric acid, HNOj3 (used in the
reprocessing of spent nuclear fuels) acts when it is added to water, including a
description of the nature of the particles in solution before and after the reaction
with water. If there is a reversible reaction with water, describe the forward and
the reverse reactions.

40. Describe how the weak monoprotic acid hydrofluoric acid, HF (used in
aluminum processing) acts when it is added to water, including a description of
the nature of the particles in solution before and after the reaction with water.

If there is a reversible reaction with water, describe the forward and the reverse
reactions.

41. Describe how the strong diprotic acid sulfuric acid, H,SO4 (used to make

industrial explosives) acts when it is added to water, including a description of the
nature of the particles in solution before and after the reaction with water. If there
is a reversible reaction with water, describe the forward and the reverse reactions.

42. Explain why acetic acid is described with three different formulas: HC,H30,,
CHgCOOH, and CH3C02H.

43. Explain why weak acids produce fewer H3O™ ions in water than strong acids,
even when the same number of acid molecules are added to equal volumes of
water.

44. Classify each of the following acids as monoprotic, diprotic, or triprotic.

a. HCl(4g) (used in food processing)

b. H,SOy (used in petroleum refining)

c. HC,H30, (solvent in the production of polyesters)
d. H3POy (catalyst for the production of ethanol)
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45. Identify each of the following as strong or weak acids.
a. sulfurous acid (for bleaching straw)
b. H,SOy (used to make plastics)
c. oxalic acid (in car radiator cleaners)
46. Identify each of the following as strong or weak acids.
a. HCl(2g) (used to make dyes)
b. nitrous acid (source of nitrogen monoxide, NO, used to bleach rayon)
c. HyCOj3 (formed when CO, dissolves in water)
47. Identify each of the following as strong or weak acids.
a. H3POy4 (added to animal feeds)
b. hypophosphorous acid (in electroplating baths)
c. HF(agq) (used to process uranium)
48. Identify each of the following as strong or weak acids.
a. benzoic acid (used to make a common food preservative, sodium benzoate)
b. HNOj (used to make explosives)
c. hydrocyanic acid (used to make rodenticides and pesticides)
49. For each of the following, write the chemical equation for its reaction with water.
a. The monoprotic weak acid nitrous acid, HNO,
b. The monoprotic strong acid hydrobromic acid, HBr
50. For each of the following, write the chemical equation for its reaction with water.
a. The monoprotic weak acid chlorous acid, HCIO,
b. The monoprotic strong acid perchloric acid, HCIO4

Sections 5.2 and 5.3 Acid Nomenclature and Summary of Chemical Nomenclature

51. Write the formulas and names of the acids that are derived from adding enough
H™ ions to the following ions to neutralize their charge.
a. NOj3~
b. CO3%~
c. POS~
52. Write the formulas and names of the acids that are derived from adding enough
H™ ions to the following ions to neutralize their charge.
a. 5042_
b. C,H30,~
53. Classify each of the following compounds as either (1) a binary ionic compound,
(2) an ionic compound with polyatomic ion(s), (3) a binary covalent compound,
(4) a binary acid, or (5) an oxyacid. Write the chemical formula that corresponds

to each name.

a. phosphoric acid e. hydrochloric acid
b. ammonium bromide f. magnesium nitride
c. diphosphorus tetrabromide g. acetic acid

d. lithium hydrogen sulfate h. lead(II) hydrogen phosphate

OsJecTIVE 11

OBJecTIVE 11

OBJecTIVE 11

OgJecTIVE 11

OBJECTIVE 12
OBJecTIVE 13
OBJECTIVE 14
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OBJECTIVE 12 54. Classify each of the following compounds as either (1) a binary ionic compound,
OsJECTIVE 13 (2) an ionic compound with polyatomic ion(s), (3) a binary covalent compound,
OsJecTive 14 (4) a binary acid, or (5) an oxyacid. Write the chemical formula that corresponds

to each name.

a. potassium sulfide e. copper(l) sulfate

b. sulfuric acid f. hydrofluoric acid

c. ammonium nitrate g. sodium hydrogen carbonate

d. iodine pentafluoride
OsJecTIVE 12 55. Classify each of the following formulas as either (1) a binary ionic compound,
OsJecTive 13 (2) an ionic compound with polyatomic ion(s), (3) a binary covalent compound,
OssecTive 14 (4) a binary acid, or (5) an oxyacid. Write the name that corresponds to each

formula.

a. HBr(aq) e. H,CO3

b. CIF3 f. (NH4),SOq4

c. CaBr; g. KHSOy4

d. Fey(SO4);3
OBJECTIVE 12 56. Classify each of the following formulas as either (1) a binary ionic compound,
OsJecTive 13 (2) an ionic compound with polyatomic ion(s), (3) a binary covalent compound,
OsJecTive 14 (4) a binary acid, or (5) an oxyacid. Write the name that corresponds to each

formula.

a. HNO3 e. Hl(aq)

b. Ca(OH), f. Li,O

c. (NH,4),HPO4 g. Br,O

d. NizP2

Section 5.4 Arrhenius Bases

OBJECTIVE 16 57. Describe the changes that take place when ammonia, NH3, is dissolved in water,
and use this description to explain why ammonia is a weak Arrhenius base.
OsgJECTIVE 18 58. Classify each of these substances as a weak acid, strong acid, weak base, or strong

base in the Arrhenius acid-base sense.

a. HyCO3 e. NH;
b. cesium hydroxide f. chlorous acid
c. HF(aq) g. HCl(aq)
d. sodium carbonate h. benzoic acid
OgJECTIVE 18 59. Classify each of the substances as a weak acid, strong acid, weak base, or strong

base in the Arrhenius acid-base sense.

. HNO3 c. HzSO4
b. ammonia f. nitrous acid
c. LIOH g. NaHCO3

d. phosphorous acid
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Section 5.5 pH and Acidic and Basic Solutions

60. Classify each of the following solutions as acidic, basic, or neutral.
a. Tomato juice with a pH of 4.53
b. Milk of magnesia with a pH of 10.4
c. Urine with a pH of 6.8
61. Classify each of the following solutions as acidic, basic, or neutral.
a. Saliva with a pH of 7.0
b. Beer with a pH 0f 4.712
c. A solution of a drain cleaner with a pH of 14.0
62. Which is more acidic, carbonated water with a pH of 3.95 or milk with a pH of
6.3?
63. Which is more basic, a soap solution with a pH of 10.0 or human tears with a
pH of 7.42
64. Identify each of the following characteristics as associated with acids or bases.
a. tastes sour
b. turns litmus red
c. reacts with HNOj3
65. Identify each of the following properties as characteristic of acids or of bases.
a. turns litmus blue
b. reacts with carbonate to form CO,(g)

Section 5.6 Arrhenius Acid-Base Reactions

66. Describe the process that takes place between the participants in the
neutralization reaction between the strong acid hydrochloric acid, HCl(4g),
and the strong base sodium hydroxide, NaOH(ag), forming water and sodium
chloride, NaCl(zg). Mention the nature of the particles in the solution before and
after the reaction.

67. Describe the process that takes place between the participants in the
neutralization reaction between the strong acid nitric acid, HNO3(ag), and
the strong base potassium hydroxide, KOH(4g), forming water and potassium
nitrate, KNO3(2¢g). Mention the nature of the particles in the solution before and
after the reaction.

68. Describe the process that takes place between the participants in the
neutralization reaction between the strong acid nitric acid, HNO3(ag), and
water insoluble nickel(II) hydroxide, Ni(OH),(s), forming nickel(II) nitrate,
Ni(NO3),(29), and water. Mention the nature of the particles in the solution
before and after the reaction.

69. Describe the process that takes place between the participants in the
neutralization reaction between the strong acid hydrochloric acid, HCl(2g), and
water insoluble chromium(III) hydroxide, Cr(OH)3(s), forming chromium(III)
chloride, CrCl3(ag), and water. Mention the nature of the particles in the

solution before and after the reaction.

OBJecTIVE 19

OBJeCTIVE 19

OsgJecTIVE 20

OBJECTIVE 21

OBJECTIVE 2
OBJECTIVE 22

OBJECTIVE 22

OBJECTIVE 23A

OBJECTIVE 23A

OBJECTIVE 23B

OBJECTIVE 23B
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OBJECTIVE 23C

OBJECTIVE 23C

OBJECTIVE 24

OBJECTIVE 24

OBJECTIVE 24
OBJECTIVE 25

OBJECTIVE 24
OBJECTIVE 25

OBJECTIVE 24

OBJECTIVE 24

70.

71.

72.

73.

74.

75.

76.

77.

78.

Describe the process that takes place between the participants in the
neutralization reaction between the strong acid hydrochloric acid, HCl(2g), and
the weak base potassium carbonate, K;CO3(49), forming water, carbon dioxide,
CO3(g), and potassium chloride, KCl(2g). Mention the nature of the particles in
the solution before and after the reaction.
Describe the process that takes place between the participants in the
neutralization reaction between the strong acid nitric acid, HNO3(49), and the
weak base lithium hydrogen carbonate, LIHCO3(ag), forming water, carbon
dioxide, CO,(g), and lithium nitrate, LINO3(2q). Mention the nature of the
particles in the solution before and after the reaction.
Write the complete equation for the neutralization reactions that take place when
the following water solutions are mixed. (If an acid has more than one acidic
hydrogen, assume that there is enough base to remove all of them. Assume that
there is enough acid to neutralize all of the basic hydroxide ions.)

a. HCl(ag) + LiOH(ag)

b. HySO4(a9) + NaOH(ag)

c. KOH(ag) + HF(ag)

d. Cd(OH),(s) + HCl(ag)
Wrrite the complete equation for the neutralization reactions that take place when
the following water solutions are mixed. (If an acid has more than one acidic
hydrogen, assume that there is enough base to remove all of them. Assume that
there is enough acid to neutralize all of the basic hydroxide ions.)

a. LiOH(ag) + HNO;(aq)

b. Co(OH),(s) + HNO3(ag)

c. H3POy4(aq) + KOH(aq)
Write the complete equation for the reaction between HI(2g) and water-insoluble
solid CaCOs.
Write the complete equation for the reaction between HCl(2g) and
water-insoluble solid Al,(CO3)3.
Iron(Ill) sulfate is made in industry by the neutralization reaction between solid
iron(III) hydroxide and aqueous sulfuric acid. The iron(III) sulfate is then added
with sodium hydroxide to municipal water in water treatment plants. These
compounds react to form a precipitate that settles to the bottom of the holding
tank, taking impurities with it. Write the complete equations for both the
neutralization reaction that forms iron(IIl) sulfate and the precipitation reaction
between water solutions of iron(III) sulfate and sodium hydroxide.
Industrial chemists make hydrofluoric acid (which is used in aluminum and
uranium processing, to etch glass, and to make CFCs) from the reactions of
aqueous calcium fluoride and aqueous sulfuric acid. Write the complete equation
for this reaction.
Complete the following equations by writing the formulas for the acid and base
that could form the given products.

a. + — H,0(/) + NaCl(ag)

b. + — 2H,O(/) + LizSO4(ﬂq)

C. + — Hy,O(/) + COy(g) + 2KCl(ag)
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Complete the following equations by writing the formulas for the acid and base
that could form the given products.

a. + — H,0() + NaC,H;04(aq)

b. + — HzO([) + COz(g) + LiNOg(ﬂq)

C. + — HzO(Z) + KNOg(LZq)

Section 5.7 Brensted-Lowry Acids and Bases

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Explain why the Bronsted-Lowry definitions for acid and base are often used OBJECTIVE 26
instead of the Arrhenius definitions to describe acid-base reactions.
Write the formula for the conjugate acid of each of the following. OgJECTIVE 27
a. 103~ b.HSO;5™ «c P033_ d. H™
Write the formula for the conjugate acid of each of the following. OBJECTIVE 27
a. HC,O4 b. 8032_ c. BrO~ d.NH,~
Write the formula for the conjugate base of each of the following. OBJECTIVE 28
a. HCIO4 b.HSO;~ c. H30" d. H;3PO,
Write the formula for the conjugate base of each of the following. OBJECTIVE 28
a. NH4;* b.H,S ¢ HNO, d.HGC,O4
Explain why a substance can be a Brensted-Lowry acid in one reaction and a OBJIECTIVE 29
Bronsted-Lowry base in a different reaction. Give an example to illustrate your
explanation.
Explain why the Arrhenius definitions for acid and base and not the OssecTive 30
Bronsted-Lowry definitions are used to describe whether an isolated substance is
an acid or base.
For each of the following equations, identify the Brensted-Lowry acid and base OssecTive 31
for the forward reaction.
a. NaCN(ag) + HC;H30,(ag) — NaC;H303(29) + HCN(ag)
b. HyPO37(a9) + HF(ag) = H3PO3(aq) + F(ag)
c. HyPO37(a9) + 20H (ag9) — P033'(aq) + 2H,O(/)
d. 3NaOH(aq) + H3PO3(aq) — 3H,O(/) + NazPOs(ag)
For each of the following equations, identify the Brensted-Lowry acid and base OBJECTIVE 31
for the forward reaction.
a. 3NaOH(aq) + H3PO4laq) — 3H,O(/) + NazPOy(ag)
b. HS (ag) + HIO3(aq) — Hj,S(aq) + IO;(aq)
c. HS(ag) + OH (agq) — S*7(ag) + HyO()
Butanoic acid, CH3CH,;CH,;CO;H, is a monoprotic weak acid that is
responsible for the smell of rancid butter. Write the formula for the conjugate
base of this acid. Write the equation for the reaction between this acid and water,
and indicate the Brensted-Lowry acid and base for the forward reaction. (The
acidic hydrogen atom is on the right side of the formula.)
One of the substances that give wet goats and dirty gym socks their characteristic
odors is hexanoic acid, CH3CH,CH,CH,CH,CO,H, which is a monoprotic
weak acid. Write the formula for the conjugate base of this acid. Write the
equation for the reaction between this acid and water, and indicate the Bronsted-
Lowry acid and base for the forward reaction. (The acidic hydrogen atom is on
the right side of the formula.)
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91. Identify the amphoteric substance in the following equations.

HCl(ag) + HS (aq) — Cl(ag) + HS(ag)
HS (ag) + OH (ag) — Sz_(aq) + H,O(/)

92. Identify the amphoteric substance in the following equations.
HSOs(ag) + HF(ag) < HySOs(ag) + F(ag)
NHj(aq) + HSO37(aq) — NHgt(ag) + SO3% (ag)

Additional Problems

93. For each of the following pairs of compounds, write the complete equation for
the neutralization reaction that takes place when the substances are mixed. (You
can assume that there is enough base to remove all of the acidic hydrogen atoms,
that there is enough acid to neutralize all of the basic hydroxide ions, and that
each reaction goes to completion.)

a. HBr(zq) + NaOH(ag)

b. HzSOg(dq) + LlOH(ﬂq)
c. KHCO3(aq) + HF(aq)
d. Al(OH)s(s) + HNO3(ag)

94. For each of the following pairs of compounds, write the complete equation for
the neutralization reaction that takes place when the substances are mixed. (You
can assume that there is enough base to remove all of the acidic hydrogen atoms,
that there is enough acid to neutralize all of the basic hydroxide ions, and that
each reaction goes to completion.)

a. Ni(OH),(s) + HBr(aq)
b. KzCOg,(th) + HC2H302(dq)
c. HOCl(29) + NaOH(ag)
d. H3P03(dq) + KOH(ﬂq)
95. Classify each of the following substances as acidic, basic, or neutral.
a. An apple with a pH of 2.9
b. Milk of Magnesia with a pH of 10.4
c. Fresh egg white with a pH of 7.6
96. Classify each of the following substances as acidic, basic, or neutral.
a. A liquid detergent with a pH of 10.1
b. Maple syrup with a pH of 7.0
c. Wine with a pH of 3.2

97. The pH of processed cheese is kept at about 5.7 to prevent it from spoiling. Is
this acidic, basic, or neutral?

98. Is it possible for a weak acid solution to have a lower pH than a strong acid
solution? If so, how?

99. The walls of limestone caverns are composed of solid calcium carbonate. The
ground water that makes its way down from the surface into these caverns is
often acidic. The calcium carbonate and the H* ions from the acidic water react
to dissolve the limestone. If this happens to the ceiling of the cavern, the ceiling
can collapse, leading to what is called a sinkhole. Write the net ionic equation for
the reaction between the solid calcium carbonate and the aqueous H" ions.
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Magnesium sulfate, a substance used for fireproofing and paper sizing, is made
in industry from the reaction of aqueous sulfuric acid and solid magnesium
hydroxide. Write the complete equation for this reaction.

Manganese(II) phosphate is used to coat steel, aluminum, and other metals to
prevent corrosion. It is produced in the reaction between solid manganese(II)
hydroxide and aqueous phosphoric acid. Write the complete equation for this

reaction.

. The smell of Swiss cheese is, in part, due to the monoprotic weak acid propanoic

acid, CH3CH,CO,H. Write the equation for the complete reaction between

this acid and sodium hydroxide. (The acidic hydrogen atom is on the right.)

Lactic acid, CH3CH(OH)CO,H, is used in cosmetic lotions, some of which

claim to remove wrinkles. The lactic acid is thought to speed the removal of

dead skin cells. Write the equation for the complete reaction between this acid

and potassium hydroxide. (The acidic hydrogen atom is on the right.)

Malic acid, HO,CCH,CH(OH)CO,H, is a diprotic weak acid found in

apples and watermelon. Write the equation for the complete reaction between

this acid and sodium hydroxide. (The acidic hydrogen atoms are on each end of

the formula.)

One of the substances used to make nylon is hexanedioic acid,

HO,CCH,CH,CH,CH,CO,H. This diprotic weak acid is also called

adipic acid. Write the equation for the complete reaction between this acid

and sodium hydroxide. (The acidic hydrogen atoms are on each end of the

formula.)

For the following equation, identify the Brensted-Lowry acid and base for the

forward reaction, and write the formulas for the conjugate acid-base pairs.
NaHS(29) + NaHSO4(aq) — H)S(g) + NaySOg4(ag)

For the following equation, identify the Brensted-Lowry acid and base for the

forward reaction, and write the formulas for the conjugate acid-base pairs.

HF(2g) + NaHSO3(ag) <= NaF(ag) + H,SO3(aq)

Discussion Problems

108. Assume you are given a water solution and told that it contains either

hydrochloric acid or sodium chloride. Describe how you could determine

which of these is present.

109. Assume that you are given a water solution that contains either sodium

hydroxide or sodium chloride. Describe how you could determine which is in

solution.

110. Assume that you are given a water solution that contains either sodium

carbonate or sodium hydroxide. Describe how you could determine which is in

solution.
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n many important chemical reactions, electrons are transferred from atom to atom. §

CHAPTER 6
OxIpDATION-REDUCTION REACTIONS

6.1 An Introduction to

We are surrounded by these reactions, commonly called oxidation-reduction (or Oxidation-
redox) reactions, inside and out. Let’s consider a typical “new millennium” family, Reduction

sitting around the dining room table after the dishes have been cleared.
Mom, a computer programmer, is typing away on her portable computer. She’s | g,
very anxious to see if the idea she got while on her drive home will fix a glitch in the

accounting program at work. Christine,
the thirteen-year-old, is fighting the
bad guys on her video game. The
electric currents from the batteries that
power the computer and the game
are generated by oxidation-reduction
reactions. Buddy, who's 15, has recently
become interested in studying Eastern
Philosophy. Just now, hes gazing
meditatively out into space, but redox
reactions are powering his activity as
well; they are important for the storage
and release of energy in all our bodies.

Dad’s an engineer in charge of blasting a tunnel
under the bay for the city’s new rapid transit
project. Each of the explosions that he triggers
is created by oxidation-reduction reactions. The
silverware he has just cleared from the table
is tarnishing due to redox reactions, and the
combustion of natural gas in the heater warming

the room is a redox reaction as well...

Review Skills

Reactions
Oxidation Numbers

6.3 Types of Chemical
Reactions

6.4 Voltaic Cells

Oxidation-reduction reactions power
ourselves and many of our tools and
toys.

The presentation of information in this chapter assumes that you can already perform

the tasks listed below. You can test your readiness to proceed by answering the Review

Questions at the end of the chapter. This might also be a good time to read the Chapter

Objectives, which precede the Review Questions.

m  Determine the charge on a monatomic
ion in an ionic formula. (Section 3.5)

m  Determine the formulas, including the
charges, for common polyatomic ions.

(Section 3.5)

Identify a chemical formula as representing
an element, a binary ionic compound,

an ionic compound with one or

two polyatomic ions, or a molecular
compound. (Section 5.3)
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T 6.1 An Introduction to Oxidation-Reduction Reactions

OBJECTIVE 2

OBJECTIVE 2

Zinc oxide is a white substance used as a pigment in rubber, sun-blocking ointments,
and paint. It is added to plastics to make them less likely to be damaged by ultraviolet
radiation and is also used as a dietary supplement. It can be made from the reaction of
pure zinc and oxygen:

27Zn(s) + Oy(g) — 2ZnO(s)
In a similar reaction that occurs every time you drive your car around the block,
nitrogen monoxide is formed from some of the nitrogen and oxygen that are drawn
into your car’s engine:

Na(g) + Ox(g) — 2NO(g)

This nitrogen monoxide in turn produces other substances that lead to acid rain and
help create the brown haze above our cities.

When an element, such as zinc or nitrogen, combines with oxygen, chemists say
it is oxidized (or undergoes oxidation). They also use the term oxidation to describe
many similar reactions that do not have oxygen as a reactant. This section explains
the meaning of oxidation and shows why oxidation is coupled with a corresponding
chemical change called reduction.

Oxidation, Reduction, and the Formation of Binary Ionic Compounds

Zinc oxide is an ionic compound made up of zinc cations, Zn?*, and oxide anions,
O?". When uncharged zinc and oxygen atoms react to form zinc oxide, electrons are
transferred from the zinc atoms to the oxygen atoms to form these ions. Each zinc
atom loses two electrons, and each oxygen atom gains two electrons.

Overall reaction: ~ 2Zn(s) + Oy(g) — 2ZnO(s)
What happens to Zn:  Zn — Zn?** + 2¢° or 2Zn — 2Zn*" + 4e
What happensto O: O + 27 — O  or O + 4e° — 207

As we saw in Chapter 3, this transfer of electrons from metal atoms to nonmetal
atoms is the general process for the formation of any binary ionic compound from its
elements. For example, when sodium chloride is formed from the reaction of metallic
sodium with gaseous chlorine, each sodium atom loses an electron, and each chlorine
atom gains one.

Overall reaction: ~ 2Na(s) + Cly(g) — 2NaCl(s)
Na — Na' + e or 2Na — 2Na* + 2e”
Cl+e — CI or Cl, + 2¢¢ — 2CI°

The reactions that form sodium chloride and zinc oxide from their elements are so
similar that chemists find it useful to describe them using the same terms. Zinc atoms
that lose electrons in the reaction with oxygen are said to be oxidized; therefore, when
sodium atoms undergo a similar change in their reaction with chlorine, chemists say
they too are oxidized, even though no oxygen is present. According to the modern
convention, any chemical change in which an element loses electrons is called an
oxidation (Figure 6.1).
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Formation of NaCl

Sodium " Chlorine - Sodium i Chloride
atoms molecule ions ions

Ionic bonds

Oxidation of zinc

2e
¥ . @
3 - T
2+ i '
gz ©
Zinc oxide
Zinc | Oxygen N Zinc " Qxide
atoms  molecule ions ions
OBJECTIVE 2 Figure 6.1

Oxidation and the Formation of Binary lonic Compounds

The concept of reduction has undergone a similar evolution. At high temperature,
zinc oxide, ZnO, reacts with carbon, C, to form molten zinc and carbon monoxide

gas.
Zn0() + CE 25 Za(l) + CO(g)

Bonds between zinc atoms and oxygen atoms are lost in this reaction, so chemists
say the zinc has been reduced. Like the term oxidation, the term reduction has been
expanded to include similar reactions, even when oxygen is not a participant. The zinc
ions in zinc oxide have a +2 charge, and the atoms in metallic zinc are uncharged. Thus,
in the conversion of zinc oxide to metallic zinc, each zinc ion must gain two electrons.

According to the modern definition, any chemical change in which an element gains '&;000
electrons is called a reduction. (Yes, reduction means a gain of electrons.) Because this O*Q I 5 LO%
can be confusing, some people use a memory aid to remember what oxidation and o
reduction mean in terms of the electron transfer. One device is the phrase 0i/ rig which 00'00 .
stands for oxidation s loss (of electrons) and reduction is gain (of electrons). R&I 5 va&

When an electric current passes through molten sodium chloride, the sodium ions,
Na™, are converted to uncharged sodium atoms, and the chloride ions, CI7, are converted
to uncharged chlorine molecules, Cl,. Because sodium ions gain one electron each, we
say they are reduced. Chloride ions lose one electron each, so they are oxidized.

Electric current
2NaCl(/) ——— 2Na(/) + Cly(g)
oxidation: 2CI" — Clp + 2e”
reduction: 2Na* + 2¢¢ — 2Na
Electrons are rarely found unattached to atoms. Thus, for one element or compound
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to lose electrons and be oxidized, another element or compound must be there to gain
the electrons and be reduced. In other words, oxidation (loss of electrons) must be
accompanied by reduction (gain of electrons). In the reaction that forms ZnO from
Zn and Oy, the uncharged zinc atoms cannot easily lose electrons and be oxidized
unless something such as oxygen is there to gain the electrons and be reduced. In the
reaction that converts NaCl to Na and Cl,, the chloride ions can lose electrons and be
oxidized because the sodium ions are available to gain the electrons and be reduced.

By similar reasoning, we can say that reduction requires oxidation. Because electrons
are not likely to be found separated from an element or compound, a substance cannot
gain electrons and be reduced unless there is another substance that is able to transfer
the electrons and be oxidized. Oxidation and reduction take place together.

Reactions in which electrons are transferred, resulting in oxidation and reduction,
are called oxidation-reduction reactions. Because the term oxidation-reduction is a bit
cumbersome, we usually call these reactions redox reactions.

Even though the oxidation and reduction of aredox reaction take place simultaneously,
each making the other possible, chemists often have reason to describe the reactions
separately. The separate oxidation and reduction equations are called half-reactions.
For example, in the reaction:

2Zn(s) + Oy(g) — 2ZnO(s)
the oxidation half-reaction is

2Zn  — 27Zn*" + 4de”
and the reduction half-reaction is

O, + 4 = 20%

Because the zinc atoms lose the electrons that make it possible for the oxygen atoms to
gain electrons and be reduced, the zinc is called the reducing agent. A reducing agent
is a substance that loses electrons, making it possible for another substance to gain
electrons and be reduced. 7hbe oxidized substance is always the reducing agent.

Because the oxygen atoms gain electrons and make it possible for the zinc atoms to
lose electrons and be oxidized, the oxygen is called the oxidizing agent. An oxidizing
agent is a substance that gains electrons, making it possible for another substance to
lose electrons and be oxidized. 7he reduced substance is always the oxidizing agent.

In the reaction that forms sodium chloride from the elements sodium and chlorine,
sodium is oxidized, and chlorine is reduced. Because sodium makes it possible for
chlorine to be reduced, sodium is the reducing agent in this reaction. Because chlorine
makes it possible for sodium to be oxidized, chlorine is the oxidizing agent.

2Na(s) + Cl(g) — 2NaCl(s)
reducing oxidizing
agent agent

Oxidation Half-reaction: 2Na — 2Na't + 2¢

Reduction Half-reaction: Cl, + 2¢° — 2CI”
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Oxidation-Reduction and Molecular Compounds

The oxidation of nitrogen to form nitrogen monoxide is very similar to the oxidation
of zinc to form zinc oxide.

Na(g) + Oa(g) — 2NO(g)
27n(s) + Oy(g) — 2ZnO()

The main difference between these reactions is that as the nitrogen monoxide forms, OBJECTIVE 2
electrons are not transferred completely, as occurs in the formation of zinc oxide, and

no ions are formed. Nitrogen monoxide is a molecular compound, and the bonds

between the nitrogen and the oxygen are covalent bonds, in which electrons are shared.

Because the oxygen atoms attract electrons more strongly than nitrogen atoms, there

is a partial transfer of electrons from the nitrogen atoms to the oxygen atoms in the

formation of NO molecules, leading to polar bonds with a partial negative charge on

each oxygen atom and a partial positive charge on each nitrogen atom.

8+N—>06_

Because the reactions are otherwise so much alike, chemists have expanded the OBJECTIVE 2
definition of oxidation-reduction reactions to include partial as well as complete transfer
of electrons. Thus oxidation is defined as the complete or partial loss of electrons,
reduction as the complete or partial gain of electrons. The nitrogen in the reaction
that forms NO from nitrogen and oxygen is oxidized, and the oxygen is reduced.
Because the nitrogen makes it possible for the oxygen to be reduced, the nitrogen is the
reducing agent. The oxygen is the oxidizing agent (Figure 6.2).

N,(g) + Oa(g) - 2NO(g)
Oxidized; Reduced;
the reducing agent  the oxidizing agent

Special Topic 6.1 Oxidizing Agents and Aging describes how oxidizing agents might
play a role in aging and how a good healthy diet might slow the aging process.

J

The reducing agent loses electrons The oxidizing agent gains electrons
and thus is oxidized in the reaction. and thus is reduced in the reaction.
Complete transfer Partial transfer
of electrons of electrons
OBJECTIVE 2
Figure 6.2

' O+ o5— Redox Reactions
- In oxidation-reduction
(redox) reactions, electrons

Ionic bond Polar covalent bond are completely or partially
transferred.
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SpeciaL Topic 6.2 Oxidizing Agents and Aging

In some of the normal chemical reactions that take place in
the human body, strong oxidizing agents, such as hydrogen
peroxide, are formed. These highly reactive substances

cause chemical changes in cell DNA that can be damaging
unless the changes are reversed. Fortunately, in healthy cells,
normal repair reactions occur that convert the altered DNA
back to its normal form

Oxidizing agents
(such as H,O5)
Normal DNA Altered DNA

Normal repair

The repair mechanisms are thought to slow down with
age. Some medical researchers believe that this slowing down  Five portions of fruits and vegetables per day have enough
of DNA repair is connected to certain diseases associated of the antioxidants vitamin C and vitamin E to mitigate
with aging, such as cancer, heart disease, cataracts, and brain ~ some of the problems of aging.

dysfunction.

Oxidizing agents
(such as H,O5)
Normal DNA S — Altered DNA

Normal repair
slowed with aging

Substances called antioxidants that are found in food
react with oxidizing agents (such as hydrogen peroxide) and
thus remove them from our system. This is believed to slow
the alteration of DNA, so the slower rate of normal repair
can balance it.

Fewer
oxidizing agents

Normal DNA Altered DNA

Normal repair
slowed with aging

Vitamins C and E are antioxidants, and foods that
contain relatively high amounts of them are considered
important in slowing some of the medical problems that
come from aging. Five servings of fruits and vegetables per
day are thought to supply enough antioxidants to provide
reasonable protection from the damage done by oxidizing
agents.
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Phosphates, like ammonium phosphate, are important components of fertilizers used
to stimulate the growth of agricultural crops and to make our gardens green. Their
commercial synthesis requires elemental phosphorus, which can be acquired by heating
phosphate rock (containing calcium phosphate) with sand (containing silicon dioxide)
and coke (a carbon-rich mixture produced by heating coal). This method for isolating
phosphorus, called the furnace process, is summarized in the first equation below. The
other equations show how phosphorus can be converted into ammonium phosphate.

2Ca3(PO4)2 + 6Si0, + 10C — P4 + 10CO + 6C35103

P4 + 50, + 6H,O — 4H3POy4

H3PO4 + NHz — (NHg)3POg4
Are these reactions oxidation-reduction reactions? Are electrons transferred? Simply
reading a chemical equation does not always tell us whether oxidation and reduction
have occurred, so chemists have developed a numerical system to help identify a reaction
as redox. For redox reactions, this system also shows us which element is oxidized,
which is reduced, what the oxidizing agent is, and what the reducing agent is.

The first step in this system is to assign an oxidation number to each atom in the
reaction equation. As you become better acquainted with the procedure, you will gain
a better understanding of what the numbers signify, but for now, just think of them as
tools for keeping track of the flow of electrons in redox reactions. Oxidation numbers
are also called oxidation states.

If any element undergoes a change of oxidation number in the course of a reaction,

OBJECTIVE 4
the reaction is a redox reaction. If an element’s oxidation number increases in a reaction, OBJECTIVE 5
that element is oxidized. If an element’s oxidation number decreases in a reaction, that ORIECTIVE 6
element is reduced. The reactant containing the element that is oxidized is the reducing
agent. The reactant containing the element that is reduced is the oxidizing agent (Table
6.1).
Table 6.1
Questions Answered by the Determination of Oxidation Numbers OsJecTivE 4 OBJECTIVE 5 OsJECTIVE 6
Question Answer
Is the reaction redox? If any atoms change their oxidation number, the reaction is
redox.
Which element is oxidized? The element that increases its oxidation number is oxidized.
Which element is reduced? The element that decreases its oxidation number is reduced.
What’s the reducing agent? The reactant that contains the element that is oxidized is the
reducing agent.
What's the oxidizing agent? The reactant that contains the element that is reduced is the
oxidizing agent.

Study Sheet 6.1 on the next page describes how you can assign oxidation numbers
to individual atoms.
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Sample Study  Trp-OFF You are asked to determine the oxidation number of an atom, or you need to
Sheet 6.1 assign oxidation numbers to atoms to determine whether a reaction is a redox reaction,
and if it is, to identify which element is oxidized, which is reduced, what the oxidizing

Assignment agent is, and what the reducing agent is.

of Oxidation
Numbers

GENERAL STEPS

Use the following guidelines to assign oxidation numbers to as many atoms as
OBJECTIVE 3 you can. (Table 6.2 provides a summary of these guidelines with examples.)

The oxidation number for each atom in a pure element is zero.

The oxidation number of a monatomic ion is equal to its charge.

When fluorine atoms are combined with atoms of other elements, their
oxidation number is —1.

When oxygen atoms are combined with atoms of other elements, their
oxidation number is -2, except in peroxides, such as hydrogen peroxide,
H,0O,, where their oxidation number is —1. (7here are other exceptions that
you will not see in this text.)

m The oxidation number for each hydrogen atom in a molecular compound or
a polyatomic ion is +1.
If a compound’s formula contains one element for which you cannot assign
an oxidation number using the guidelines listed above, calculate the oxidation
number according to the following rules.

® The sum of the oxidation numbers for the atoms in an uncharged formula is
equal to zero.

® The sum of the oxidation numbers for the atoms in a polyatomic ion is equal
to the overall charge on the ion.

ExaMPLE See Example 6.1.

Table 6.2
Guidelines for Assigning Oxidation Numbers
Oxidation | Examples Exceptions
number
Pure element 0 The oxidation number | none

for each atom in
Zn, Hy, and Sg is zero.

Monatomic ions | charge on | Cd in CdCl; is +2. none
ion Clin CdCl, is —1.

H in LiH is —1.
Fluorine in the -1 F in AlF5 is —1. none
combined form Fin CFyis —1.
Oxygen in the -2 O in ZnO is -2. O is -1 in peroxides,
combined form O in H,O is -2. such as H,O,
Hydrogen in the | +1 H in H,O is +1. H is =1 when combined

combined form with a metal.




Example 6.1 shows how we can use our new tools.
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. : - 9
ExamvpLE 6.1 - Oxidation Numbers and Redox Reactions
The following equations represent the reactions that lead to the formation of OBJECTIVE 3
ammonium phosphate for fertilizers. Determine the oxidation number for each atom OsueCTIVE 4
in the formulas. Decide whether each reaction is a redox reaction, and if it is, identify OBJECTIVE 5
what element is oxidized, what is reduced, what the oxidizing agent is, and what the OgJECTIVE 6

reducing agent is.
a. 2Ca3(POy), + 6SiO, + 10C — P4 + 10CO + 6CaSiO;3
b. P4 + 50, + 6H,0O — 4H3PO4

c. H3PO4 + NH; — (NHy)3POy4
Solution

a. 'The first step is to determine the oxidation number for each atom in the

reaction. Let’s consider the first equation above:

Pure elements, Monatomic ion,
Combined oxygen, oxidation number oxidation number
oxidation number —2 Zero equal to its charge (+2)

/N N\

2Ca3(POy), + 6Si0, + 10C — P4 + 10CO + 6CaSiO;

Monatomic ion,
oxidation number
equal to its charge (+2)

Combined oxygen,
oxidation number —2

Because the sum of the oxidation numbers for the atoms in an uncharged

molecule is zero, the oxidation number of the carbon atom in CO is +2:

(ox#C) + (x#0O) =0
(ox#C) + -2 =0
(ox#C) = +2

Using a similar process, we can assign a +4 oxidation number to the silicon

atom in SiO;:
(ox#Si) + 2(0x#0O) = 0
(ox#Si) + 2(-2) = 0
(ox#Si) = +4

Calcium phosphate, Caz(POy)», is an ionic compound that contains

monatomic calcium ions, Ca?*, and polyatomic phosphate ions, PO4>". The
oxidation number of each phosphorus atom can be determined in two ways.

The following shows how it can be done considering the whole formula.
3(ox#Ca) + 2(ox#P) + 8(ox#0O) = 0
3(+2) + 2(ox#P) + 8(-2) = 0
(ox#P) = +5
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The oxidation number for the phosphorus atom in PO4>~ is always the same,
no matter what the cation is that balances its charge. Thus we could also have
determined the oxidation number of each phosphorus atom by considering

the phosphate ion separately from the calcium jon.
(ox #P) + 4(ox#0O) = -3
(ox#P) + 4(-2) = -3
(ox#P) = +5
The silicon atoms in CaSiO3 must have an oxidation number of +4.
(ox# Ca) + (ox#Si) + 3(cx#0O) =0
(+2) + (ox#Si) + 3(-2) = 0
(ox#Si) = +4

The oxidation numbers for the individual atoms in the first reaction are

below.

Oxidation number increases, oxidized

+2 +5-2 +4 -2 0 0 +2-2 +24+4 -2
2Ca3(POy), + 6Si0, + 10C  — P4 + 10CO + 6CaSiOs3
I

Oxidation number decreases, reduced

Phosphorus atoms and carbon atoms change their oxidation numbers, so

the reaction is redox. Each phosphorus atom changes its oxidation number
from +5 to zero, so the phosphorus atoms in Ca3(PQy), are reduced, and
Ca3(POy); is the oxidizing agent. Each carbon atom changes its oxidation
number from zero to +2, so the carbon atoms are oxidized, and carbon is the

reducing agent.
b. Now, let’s consider the second reaction.

Combined oxygen, oxidation number —2

/ \

P4 + 50, + 6H,O0O —> 4H3PO4

NN/

Pure elements, Hydrogen in a molecular compound,
oxidation number 0 oxidation number +1

The following shows how we can determine the oxidation number of the
phosphorus atom in H3POy:

3(ox#H) + (ox#P) + 4(0x#0O) = 0
3(+1) + (ox#P) + 4(-2) = 0
(ox#P) = +5
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The oxidation numbers for the individual atoms in the second reaction are
below.

Oxidation number increases, oxidized

0 0 +1 2 +14+5-2
Ps + 5C|)2 + 6H,0 - 4H3PCI)4

Oxidation number decreases, reduced

Phosphorus atoms and oxygen atoms change their oxidation numbers, so
the reaction is redox. Each phosphorus atom changes its oxidation number
from zero to +5, so the phosphorus atoms in P4 are oxidized, and Py is the
reducing agent. Each oxygen atom in O, changes its oxidation number from
zero to -2, so the oxygen atoms in O, are reduced, and O, is the oxidizing
agent.

c. Finally, let’s consider the third reaction.

Hydrogen in a molecule,  Hydrogen in a polyatomic ion,
oxidation number +1 oxidation number +1

/7 N\ /

H3P04 + NH; —> (NH4)3PO4

Combined oxygen, oxidation number —2

We know from part (b) that the oxidation number of the phosphorus atoms
in H3POy is +5.

The oxidation number of the nitrogen atom in NHj is calculated below.
(ox#N) + 3(ox#H) = 0
(ox#N) + 3(+1) = 0
(ox#N) = -3

We can determine the oxidation number of each nitrogen atom in
(NHg)3POy in two ways, either from the whole formula or from the formula
for the ammonium ion alone.

3(ox# N)+ 12(ox# H) + (ox#P) + 4(ox#O) = 0
3ox#N) + 12(+1) + (+5) + 4(-2) = 0
(ox#N) = -3
or (ox#N)+ 4(ox# H) = +1
(ox # N) + 4(+1) = +1
(ox#N) = -3
The oxidation numbers for the individual atoms in this reaction are below.

+14+5-2 —-3+1 -3+1 +5-2
H3PO4 + NH; —> (NHy)3PO4

None of the atoms change their oxidation number, so the reaction is not redox.
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OBJECTIVE 3
OBJECTIVE 4
OBJECTIVE 5

OBJECTIVE 6

—@

Exercise 6.1 - Oxidation Numbers

In one part of the steel manufacturing process, carbon is combined with iron to form
pig iron. Pig iron is easier to work with than pure iron because it has a lower melting
point (about 1130 °C compared to 1539 °C for pure iron) and is more pliable. The
following equations describe its formation. Determine the oxidation number for each
atom in the formulas. Decide whether each reaction is a redox reaction, and if it is,
identify what is oxidized, what is reduced, what the oxidizing agent is, and what the
reducing agent is.

2C(s) + Ox(g) — 2CO(g)
Fe;Os3(s) + CO(g) —  2Fe(/) + 3COx(g)
2CO(g) — Cliniron) + COy(g)

Equations for redox reactions can be difficult to balance, but your ability to
determine oxidation numbers can help. You can find a description of the process

for balancing redox equations at the textbook’s Web site.
g q

T 6.3 Types of Chemical Reactions

OBJECTIVE 7

Chemists often group reactions into general categories, rather than treating each
chemical change as unique. For example, you saw in Chapter 4 that many chemical
changes can be assigned to the category of precipitation reactions. Understanding
the general characteristics of this type of reaction helped you to learn how to predict
products and write equations for specific precipitation reactions. You developed similar
skills in Chapter 5 for neutralization reactions. Because several types of chemical
reactions can also be redox reactions, we continue the discussion of types of chemical
reactions here.

Combination Reactions

In combination reactions, two or more elements or compounds combine to form one
compound. Combination reactions are also called synthesis reactions. The following
are examples of combination reactions.

2Na(s) + Cly(g) — 2NaCl(s)
C) + Ox(g) — COx(g)
MgO(s) + H,O(/) —  Mg(OH),(s)

Two of the above combination reactions are also redox reactions. Can you tell which
one is not?


http://www.preparatorychemistry.com/Bishop_Balancing_Redox.htm
http://www.preparatorychemistry.com/Bishop_Balancing_Redox.htm
http://www.preparatorychemistry.com/Bishop_Balancing_Redox.htm
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Decomposition Reactions

In decomposition reactions, one compound is converted into two or more simpler OBJECTIVE 7
substances. The products can be either elements or compounds. For example, when

an electric current is passed through liquid water or molten sodium chloride, these

compounds decompose to form their elements.

Electric current

2H,0(/) ———— 2H,(g) + Oz(9)

Electric current
2NaCl(/) ———— 2Na(/) + Cly(g)
Another example is the decomposition of nitroglycerin. When this
compound decomposes, it produces large amounts of gas and heat, making
nitroglycerin a dangerous explosive.

4C3H5N509(1) — 12C02(g) + 6N2(g) + IOHzo(g) + Oz(g)

As is true of combination reactions, not all decomposition reactions are redox
reactions. The following equation represents a decomposition reaction that is

not a redox reaction. . . . .
Dynamite, which has nitroglycerine

CaC03(S) i} CaO(s) + COz(g) as its active component, can be used
to blast tunnels through solid rock.

Combustion Reactions

A log burns in the fireplace as a result of a combustion reaction, a redox reaction OBJECTIVE 7
in which oxidation is very rapid and is accompanied by heat and usually light. The

combustion reactions that you will be expected to recognize have oxygen, O, as one

of the reactants. For example, the elements carbon, hydrogen, and sulfur react with

oxygen in combustion reactions.

Cls) + Ox(g) — COag)
Sg(.f) + SOZ(g) — SSOZ(g)

When any substance that contains carbon is combusted (or burned) completely, OBJECTIVE 8
the carbon forms carbon dioxide. When a substance that contains hydrogen is burned
completely, the hydrogen forms water. Therefore, when hydrocarbons
found in natural gas, gasoline, and other petroleum products burn
completely, the only products are CO; and H,O. The equations below
represent the combustion reactions for methane, the primary component
of natural gas, and hexane, which is found in gasoline.

CHy(g) + 205(g) — COy(g) + 2H0(/)
2CsH14(/) + 1905(2) — 12CO,(g) + 14H,0(/)

The complete combustion of a substance, such as ethanol, C;HsOH,
that contains carbon, hydrogen, and oxygen also yields carbon dioxide combustion reactions include oxygen as

and water. a reactant and are accompanied by heat
C,HsOH(/) + 30,(¢) — 2CO,(g) + 3H,0() and usually fight.
When any substance that contains sulfur burns completely, the sulfur forms sulfur OBJECTIVE 8

dioxide. For example, when methanethiol, CH3SH, burns completely, it forms carbon
dioxide, water, and sulfur dioxide. Small amounts of this strong-smelling substance are
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Figure 6.3

Odor of Natural Gas

added to natural gas to give the otherwise odorless gas a smell that can be detected in

case of leaks (Figure 6.3).

~

: __—sulfur atom
The methane thiol added to natural gas J

warns us when there is a leak.

The following sample study sheet lists the steps for writing equations for combustion

reactions.

Sample Study

Tir-OFF You are asked to write an equation for the complete combustion of a substance

Sheet 6.2 composed of one or more of the elements carbon, hydrogen, oxygen, and sulfur.
Writing GENERAL STEP?
) STEP 1 Write the formula for the substance combusted.
Equations for _
) STEP 2 Write O,(g) for the second reactant.
Combystlon STEP 3 Predict the products using the following guidelines.
Reactions a. If the compound contains carbon, one product will be CO,(g).
b. If the compound contains hydrogen, one product will be H,O(/).
OsuecTIVE 8 (Even though water may be gaseous when it is first formed
in a combustion reaction, we usually describe it as a liquid in
the equation. By convention, we usually describe the state of
each reactant and product as their state at room temperature
and pressure. When water returns to room temperature, it is a
liquid.)
c. If the compound contains sulfur, one product will be SO (g).
d. Any oxygen in the combusted substance would be distributed
between the products already mentioned.
STEP 4 Balance the equation.
ExaMPLE See Example 6.2.
ExampLE 6.2 - Combustion Reactions
OBJECTIVE 8 Write balanced equations for the complete combustion of (a) CgH;5(/),

(b) CH30H(/), and (c) C3H;SH(/).
Solution
a. The carbon in CgH;g goes to CO;(g), and the hydrogen goes to H;O(/).
2CgH 5(/) + 250,(g) — 16CO,(g) + 18H,0(/)
b. The carbon in CH30H goes to CO;(g), the hydrogen goes to H,O(/), and
the oxygen is distributed between the CO,(g) and the H,O(/).
2CH30H(/) + 30,(g) — 2COx(g) + 4H,O(/)
c. 'The carbon in C3H7SH goes to CO,(g), the hydrogen goes to H,O(/), and
the sulfur goes to SO,(g).
C3H,SH(I) + 605(g) — 3CO,(g) + 4H,0(/) + SO»(g)



221

6.3 Types of Chemical Reactions

Exercise 6.2 - Combustion Reactions

Write balanced equations for the complete combustion of (a) C4H;o(g), (b) OBJECTIVE 8

C3H,OH(/), and (c) C4HoSH().

If there is insufficient oxygen to burn a carbon-containing compound completely,
the incomplete combustion converts some of the carbon into carbon monoxide, CO.
Because the combustion of gasoline in a car’s engine is not complete, the exhaust that
leaves the engine contains both carbon dioxide and carbon monoxide. However, before
this exhaust escapes out the tail pipe, it passes through a catalytic converter, which
further oxidizes much of the carbon monoxide to carbon dioxide. See the Special Topic
6.2: Air Pollution and Catalytic Converters.

SPECIAL TOPIC 6.2

When gasoline, which is a mixture of hydrocarbons, burns
in the cylinders of a car engine, the primary products are
carbon dioxide and water. Unfortunately, the hydrocarbons
are not burned completely, so the exhaust leaving the
cylinders also contains some unburned hydrocarbons and
some carbon monoxide, which are serious pollutants.
When the unburned hydrocarbon molecules escape into the
atmosphere, they combine with other substances to form eye
irritants and other problematic compounds.

Carbon monoxide is a colorless, odorless, and poisonous
gas. When inhaled, it deprives the body of oxygen.
Normally, hemoglobin molecules in the blood carry oxygen
throughout the body, but when carbon monoxide is
present, it combines with hemoglobin and prevents oxygen
from doing so. As little as 0.001% CO in air can lead to
headache, dizziness, and nausea. Concentrations of 0.1%
can cause death.

Catalytic converters in automobile exhaust systems were
developed to remove some of the carbon monoxide and
unburned hydrocarbons from automobile exhaust. A catalyst
is any substance that speeds a chemical reaction without
being permanently altered itself. Some of the transition
metals, such as platinum, palladium, iridium, and rhodium,

In from engine:
CcO

unburned hydrocarbons

Calalytic converter

Air Pollution and Catalytic Converters

and some transition metal oxides, such as V,05, CuO,

and CryO3, will speed up oxidation-reduction reactions.
An automobil€’s catalytic converter contains tiny beads
coated with a mixture of transition metals and transition
metal oxides. When the exhaust passes over these beads, the
oxidation of CO to CO; and the conversion of unburned
hydrocarbons to CO; and H,O are both promoted.

The conversion of CO to CO;, and of unburned
hydrocarbons to CO; and H,O is very slow at normal
temperatures, but it takes place quite rapidly at temperatures
around 600 °E This means that the removal of the CO and
hydrocarbon pollutants does not take place efficiently when
you first start your engine. The pollutants released when a
car is first started are called “cold-start emissions.” Recent
research has focused on developing a way to insulate the
catalytic converter so it retains its heat even when the car
is not running. Some of the prototypes can maintain their
operating temperatures for almost a day while the engine
is shut off. With these new, insulated catalytic converters
installed in most cars, cold-start emissions could be reduced
by at least 50%. This could have a significant effect on air
pollution.

Out through
exhaust pipe:
CO,
H,O
less CO

less unburned hydrocarbons
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OBJECTIVE 7

OBJECTIVE 9

Single-Displacement Reactions

Now let’s consider another type of chemical reaction. In single-displacement reactions,
atoms of one element in a compound are displaced (or replaced) by atoms from a
pure element. These reactions are also called single-replacement reactions. All of the
following are single-displacement reactions.

Pure element displaces element in compound

Y
Zn(s) + CuSO4laq) —> ZnSOg4lag) + Cu(s)

= @ T
Y

Cd(s) + HaSO4lagq) —> CdSOg4laq) + Ha(g)

< T
Y

Cly(g) + 2Nal(ag) —> 2NaCl(ag) + I1()

Our model of particle behavior enables us to visualize the movements of atoms
and ions participating in single-displacement reactions. For example, consider the
first equation above, a reaction in which atoms of zinc replace ions of copper in a
copper sulfate solution. Because copper(lI) sulfate is a water-soluble ionic compound,
the CuSOy solution consists of free Cu?" ions surrounded by the negatively charged
oxygen ends of water molecules and free SO4%™ ions surrounded by the positively
charged hydrogen ends of water molecules. These ions move throughout the solution,
colliding with each other, with water molecules, and with the walls of their container.
Now imagine that a lump of solid zinc is added to the solution. Copper ions begin to
collide with the surface of the zinc. When the Cu?* ions collide with the uncharged
zinc atoms, two electrons are transferred from the zinc atoms to the copper(Il) ions.
The resulting zinc ions move into solution, where they become surrounded by the
negatively charged ends of water molecules, and the uncharged copper solid forms on
the surface of the zinc (Figure 6.4).

Because the zinc atoms lose electrons in this reaction and change their oxidation
number from 0 to +2, they are oxidized, and zinc is the reducing agent. The Cu?* ions
gain electrons and decrease their oxidation number from +2 to 0, so they are reduced
and act as the oxidizing agent. The half reaction equations and the net ionic equation
for this reaction are below.

oxidation: Zn(s) — Zn2+(¢q) + 2e”
reduction: Cu2+(aq) + 2¢ —  Cul)

Net lonic Equation:  Zn(s) + Cu**(aq) — Zn**(ag) + Cu(s)

You can see an animation that illustrates the reaction above at the textbook’s Web

site.


http://www.preparatorychemistry.com/Bishop_Zn_CuSO4_frames.htm
http://www.preparatorychemistry.com/Bishop_Zn_CuSO4_frames.htm
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Figure 6.4
Single-Displacement Reaction
Between Copper(ll) Sulfate and
Solid Zinc

Example 6.3 shows how chemical changes can be classified with respect to the

categories described in this section.

9

ExavpLE 6.3 - Classification of Chemical Reactions

Classify each of these reactions with respect to the following categories: combination OsJECTIVE 7

reaction, decomposition reaction, combustion reaction, and single-displacement

reaction.

a. 2Fe;Os3(s) + 3C(s) A> 4Fe(/) + 3CO,(g)
b. Clh(g) + Falg) — 2CIF(g)

c. 2Pb(NO3),() 25 4NOs(g) + 2PbO() + Os(g)

d. C5H118H(/) + 902(g) — 5C02(g) + 6H20(/) + SOz(g)

Solution

2. 2F,05() + 3C() 25 4Fe(l) + 3COs(g)
Because the atoms of the pure element carbon are displacing

(or replacing) the atoms of iron in iron(III) oxide, this is a

single-displacement reaction. This particular reaction is used to isolate

metallic iron from iron ore.

b. Cla(g) + Falg) — 2CIF(g)

Because two substances are combining to form one substance, this is a

combination reaction.
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OBJECTIVE 7

e 2Pb(NO3)s() 25 4NOs(g) + 2PbO() + Os(g)
Because one substance is being converted into more than one substance,

this is a decomposition reaction.

d. C5H115H(1) + 902(g) — 5C02(g) + 6H,0O(/) + SOz(g)
Because a substance combines with oxygen, and because we see carbon
in that substance going to CO,, hydrogen going to H,O, and sulfur
going to SO, we classify this reaction as a combustion reaction. The
compound CsH;;SH is 3-methyl-1-butanethiol, a component of the
spray produced by skunks.

—&

Exercise 6.3 - Classification of Chemical Reactions

Classify each of these reactions with respect to the following categories: combination
reaction, decomposition reaction, combustion reaction, and single-displacement
reaction.

A
a. 2HgO(s) — 2Hg(/) + Oy(g
b. C12H22011(S) + 1202(g) —> 12C02(g) + lleO(/)

. ByOs() + 3Mg() = 2B() + 3MgO()
d. CoHy(g) + Ha(g) — CyHg(g)

T 6.4 Voltaic Cells

We're people on the go...with laptop computers, portable drills, and electronic games
that kids can play in the car. To keep all of these tools and toys working, we need
batteries, and because the newer electronic devices require more power in smaller
packages, scientists are constantly searching for stronger and more efficient batteries.
The goal of this section is to help you understand how batteries work and to describe
some that may be familiar to you and some that may be new.

A battery is a device that converts chemical energy into electrical energy using redox
reactions. To discover what this means and how batteries work, let’s examine a simple
system that generates an electric current using the reaction between zinc metal and
copper(I) ions described in Figure 6.4. In this redox reaction, uncharged zinc atoms
are oxidized to zinc ions, and copper(Il) ions are reduced to uncharged copper atoms.

Zn(s) + Cu®*(aq) — Zn**(ag) + Cu(s)
oxidation: Zn(s) — Zn?*(ag) + 2e
reduction: Cu?*(ag) + 26 — Culy)

The last section showed how this reaction takes place when zinc metal is added to
a solution of copper(Il) sulfate. When a Cu?* ion collides with the zinc metal, two
electrons are transferred from a zinc atom directly to the copper(Il) ion.
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A clever arrangement of the reaction components allows us to harness this reaction to OsjecTIVE 10

produce electrical energy. The setup, shown in Figure 6.5, keeps the two half-reactions
separated, causing the electrons released in the oxidation half of the reaction to pass
through a wire connecting the two halves of the apparatus. The proper name for a
set-up of this type is a voltaic cell. Strictly speaking, a battery is a series of voltaic cells
joined in such a way that they work together.
Figure 6.5
A \Voltaic Cell
This diagram shows the key
components of a voltaic cell

composed of the Zn/Zn?* and
Cu/Cu?* half-cells.

e
Salt
Negative 7n =) Bridge (+) cl Positive
electrode  —=— — electrode
(anode) ] (cathode)
2_
& Cu2+
—_—
Zn2+
NO3_ K+
4—5042_
AN //
Electrolyte
Site of Oxidation Site of Reduction
Zn — Zn%** + 2e” Cu?* + 2¢e- — Cu

A voltaic cell, then, is composed of two separate half-cells. In
the case of the zinc and copper(Il) redox reaction, the first half-cell
consists of a strip of zinc metal in a solution of zinc sulfate. The second
half-cell consists of a strip of copper metal in a solution of copper(II)
sulfate. In the Zn/Zn?* half-cell, zinc atoms lose two electrons and
are converted to zinc ions. The two electrons pass through the wire to
the Cu/Cu?* half-cell, where Cu?" ions gain the two electrons to form
uncharged copper atoms. The zinc metal and copper metal strips are
called electrodes, the general name for electrical conductors placed  zn/zn2* and cu/cu?* half-cells.
in half-cells of voltaic cells.

The electrode at which oxidation occurs in a voltaic cell is called the anode. Because OB3EcTIVE 11

electrons are lost in oxidation, the anode is the source of electrons. For this reason, the
anode of a voltaic cell is designated the negative electrode. Because electrons are lost,
forming more positive (or less negative) species at the anode, the anode surroundings
tend to become more positive. Thus anions are attracted to the anode. In our voltaic
cell, Zn is oxidized to Zn?* at the zinc electrode, so this electrode is the anode. The
solution around the zinc metal becomes positive due to excess Zn** ions, so anions are
attracted to the zinc electrode.

The cathode is the electrode in a voltaic cell at which reduction occurs. By convention,
the cathode is designated the positive electrode. Because electrons flow along the wire

Messages were originally sent through
telegraph wires by voltaic cells composed of

OsJecTIVE 10

OsJecTive 10
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OsJecTive 10

to the cathode, and because substances gain those electrons to become more negative
(or less positive), the cathode surroundings tend to become more negative. Thus cations
are attracted to the cathode. In our voltaic cell, Cu?* ions are reduced to uncharged
copper atoms at the copper strip, so metallic copper is the cathode. Because cations are
removed from the solution there and anions are not, the solution around the copper
cathode tends to become negative and attracts cations.

The component of the voltaic cell through which ions are able to flow is called the
electrolyte. For our voltaic cell, the zinc sulfate solution is the electrolyte in the anode
half-cell, and the copper(II) sulfate solution is the electrolyte in the cathode half-cell.

As described above, the Zn/Zn?* half-cell tends to become positive due to the
loss of electrons as uncharged zinc atoms are converted into Zn** ions, and the
Cu/Cu?* half-cell tends to become negative due to the gain of electrons and the
conversion of Cu?* ions into uncharged copper atoms. This charge imbalance would
block the flow of electrons and stop the redox reaction if something were not done to
balance the growing charges. One way to keep the charge balanced is to introduce a
device called a salt bridge.

One type of salt bridge is a tube connecting the two solutions and filled with an
unreactive ionic compound such as potassium nitrate in a semisolid support such as
gelatin or agar. For each negative charge lost at the anode due to the loss of an electron,
an anion, such as NO3~, moves from the salt bridge into the solution to replace it. For
example, when one zinc atom oxidizes at the anode and loses two electrons to form
Zn?*, two nitrates enter the solution to keep the solution electrically neutral overall.
For each negative charge gained at the cathode due to the gain of an electron, a cation,
such as K* ion, moves into the solution to keep the solution uncharged. For example,
each time a copper ion gains two electrons and forms an uncharged copper atom, two
potassium ions enter the solution to replace the Cu?" lost.

Dry Cells

Although a voltaic cell of the kind described above, using zinc and a solution of copper
ions, was used in early telegraph systems, there are problems with this sort of cell.
The greatest problem is that the cell cannot be easily moved because the electrolyte
solutions are likely to spill. The Leclanché cell, or dry cell, was developed in the 1860s
to solve this problem. It contained a paste, or semisolid, electrolyte. The reactions in
the dry cell can be thought of as consisting of the following half-reactions (although
they are a bit more complicated than described here):

Anode oxidation:  Zn(s) — Zn**(ag) + 2¢

Cathode reduction:  2MnO;(s) + 2NH4(ag) + 2¢
— Mn203(5) + 2NH3(ﬂq) + HzO(/)

Opverall reaction:  Zn(s) +2MnOy(s) + 2NHg"(ag)
— Zn2+(aq) + MI‘IQOg(S) + 2NH3(dq) + HQO([)

These inexpensive and reliable cells have served as the typical “flashlight battery” for
many years. Their outer wrap surrounds a zinc metal cylinder that acts as the anode
(Figure 6.6). Inside the zinc cylinder is a porous barrier that separates the zinc metal



Figure 6.6
Leclanché (or Dry) Cell

Carbon Rod (cathode)

Porous Barrier
(Zinc ions, Zn%™,

pass through)

Paste with MnO»,
NHCI, and ZnCl,

Zinc (anode)

from a paste containing NH4Cl, ZnCl,, and MnO,. The porous barrier allows Zn?*
ions to pass through, but it keeps the MnO, from coming into direct contact with the
zinc metal. In the center of the cell, a carbon rod that can conduct an electric current
acts as the cathode.

Electrolysis

Voltage, a measure of the strength of an electric current, represents the force that moves
electrons from the anode to the cathode in a voltaic cell. When a greater force (voltage)
is applied in the opposite direction, electrons can be pushed from what would normally
be the cathode toward the voltaic cell’s anode. This process is called electrolysis. In a
broader sense, electrolysis is the process by which a redox reaction is made to occur in
the nonspontaneous direction. For example, sodium metal reacts readily with chlorine
gas to form sodium chloride, but we do not expect sodium chloride, as it sits in our
saltshakers, to decompose into sodium metal and chlorine gas. We say the forward
reaction below is spontaneous, and the reverse reaction is nonspontaneous.

2Na(s) + Cly(g) — 2NaCl(s)

Sodium metal and chlorine gas can, however, be formed from the electrolysis of salt,
in which an electric current is passed through the molten sodium chloride.

Electric current

2NaCl(/) ————— 2Na(/) + Cly(g)

Electrolysis is used in industry to purify metals, such as copper and aluminum, and in
electroplating, the process used, for example, to deposit the chrome on the bumper of
a 1955 Chevy.

As you will see below, a similar process is used to refresh rechargeable batteries.

6.4 \oltaic Cells
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Nickel-Cadmium Batteries

Leclanché cells are not rechargeable; once the reactants are depleted, the battery must
be discarded and replaced. Batteries that are not rechargeable are called primary
batteries. A rechargeable battery is called a secondary battery or a storage battery.
The nickel-cadmium (NiCd) battery is a popular rechargeable battery that uses the
following redox reaction:

Anode reaction:  Cd(s) + 20H (ag) — Cd(OH),(s) + 2¢”

Cathode reaction: NiO(OH)(s) + H,O(/) + e
—  Ni(OH),(s) + OH (a9)

Net Reaction: Cd(s) + 2NiO(OH)(s) + 2H,O(/)
—  Cd(OH),(s) + 2Ni(OH),(s)

To recharge a secondary battery, an opposing external voltage is applied that is
greater than the voltage of the cell, pushing the electrons in the opposite direction
from the way they move in the normal operation of the cell. In this process, the
original chemical reaction is reversed. Because the Cd(OH); and Ni(OH), produced
during the normal operation of the nickel-cadmium battery are solids, they stay at the
electrodes where they are formed and are available to be converted back to the original
reactants.

normal operation

Cd(s) + 2NiO(OH)(s) + 2H,0(/) > Cd(OH),(s) + 2Ni(OH);(s)

when being charged

Leclanché cells and nickel-cadmium batteries both have their drawbacks. One
problem with the Leclanché cell is that over time the zinc metal and the ammonium
ions react to corrode the anode, so dry cell batteries have a shorter “shelf life” than
other batteries do. Another problem is that Leclanché cells are not rechargeable.
Nickel-cadmium batteries are rechargeable, but they are too bulky to be used for many
purposes. The manufacturers of electronic devices are constantly trying to make their
products smaller and more powerful. Thus they want batteries that are smaller, lighter,
and more powerful than dry cell and nickel-cadmium batteries. They want batteries
with the highest possible energy-to-mass ratio and energy-to-volume ratio, and dry
cells and NiCd batteries have very low ratios. To solve these and other problems, many
additional types of batteries have been developed, including the lithium battery (Table
7.3).

Extensive research is being done to develop new types of batteries to power electric

cars and trucks. See Special Topic 6.3 Zinc-Air Batteries for an example.
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Table 6.3
Common Voltaic Cells (Batteries)
Voltaic Anode Reaction Cathode Reaction Pros Cons
Cell
Drycell |Zn(s) — Zn2+(aq) +2e” 2MnO;(s) + 2NH4 " (ag) + 2¢” Inexpensive; Short shelf-life;
— Mn;03(s) + 2NHj3(2g) + HpO(/) reliable large and heavy;
not rechargeable
Alkaline |Zn(s) + 20H (aq) 2MnO5(s) + HyO(/) + 2¢” Longer lasting | More expensive
battery — ZnO(s) + HyO(/) + 2¢ — MnyO3(s) + 20H (a9) and slightly than dry cells;
higher energy | not rechargeable
density than dry
cells
Nickel- | Cd(s) + 20H (a9) NiO(OH)(s) + HyO(/) + e~ Rechargeable; Relatively low
cadmium — Cd(OH),(s) + 2¢” — Ni(OH),(s) + OH (aq) lower price energy density;
battery than other less efficient
rechargeable with repeated
batteries; long life use
Lead-Acid | Pb(s) + HSO4 (aq) + H,O(/) PbO,(s) + HSO4 (a9) + 3H30%(ag) + 2~ Rechargeable; Very heavy,
battery — PbSO4(s) + H30™(ag) + 2¢ — PbSOy4(s) + 5H,O(/) very reliable; yielding a very
inexpensive; low energy
durable density
One type [Li,Cs — nLi* + 6C + ne” CoO, + nLi* + ne” — Li,CoO, Rechargeable; Expensive
of lithium reliable; very high
battery energy density
o

SPECIAL TOPIC 6.3

One type of battery being considered for use in electric cars
is the zinc-air battery, in which zinc acts as the anode and air
provides the oxygen for the cathode reaction. This battery

is low in mass because of its use of oxygen as the cathode
reactant. The overall reaction is

2Zn(s) + Oy(g) — 2ZnO(s)

Most of the batteries being considered for electric cars take
several hours to recharge, a major drawback in comparison
to the ease of refilling a gas tank. It is possible that the use
of zinc-air batteries will avoid this problem. The reactions
are not directly reversible in the zinc-air batteries, so the

Zinc-Air Batteries

materials would need to be removed to be recharged.
You could stop at your local zinc station, have the spent
electrolyte and zinc oxide particles quickly suctioned from
the cells and replaced with a slurry of fresh particles and
electrolyte, and be ready to go another 200-300 miles. The
zinc oxide would be taken to a central plant where it would
be converted back to zinc metal and returned to the stations.
Vans powered by zinc-air batteries are already being used
by the European postal services. In 1997, one of them made
a 152-mile trip from Chambria, France, over the Alps to
Turin, Italy. It not only succeeded in crossing the 6874-ft
peak but also averaged 68-mph on the highway.
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Chapter
Glossary

Oxidation Any chemical change in which at least one element loses electrons, either
completely or partially.

Reduction Any chemical change in which at least one element gains electrons, either
completely or partially.

Oxidation-reduction reactions The chemical reactions in which there is a complete
or partial transfer of electrons, resulting in oxidation and reduction. These reactions
are also called redox reactions.

Half-reactions Separate oxidation and reduction reaction equations in which electrons
are shown as a reactant or product.

Reducing agent A substance that loses electrons, making it possible for another
substance to gain electrons and be reduced.

Oxidizing agent A substance that gains electrons, making it possible for another
substance to lose electrons and be oxidized.

Oxidation number A tool for keeping track of the flow of electrons in redox reactions
(also called oxidation state).

Combination or synthesis reaction The joining of two or more elements or compounds
into one product.

Decomposition reaction The conversion of one compound into two or more simpler
substances.

Combustion reaction Rapid oxidation accompanied by heat and usually light.

Single-displacement reaction Chemical change in which atoms of one element
displace (or replace) atoms of another element in a compound.

Voltaic cell A system in which two half-reactions for a redox reaction are separated,
allowing the electrons transferred in the reaction to be passed between them
through a wire.

Battery A device that has two or more voltaic cells connected together. The term is
also used to describe any device that converts chemical energy into electrical energy
using redox reactions.

Electrodes The electrical conductors placed in the half-cells of a voltaic cell.

Anode The electrode at which oxidation occurs in a voltaic cell. It is the source of
electrons and is the negative electrode.

Cathode The electrode at which reduction occurs in a voltaic cell. It is the positive
electrode.

Saltbridge A device used to keep the charges in a voltaic cell balanced.

Electrolyte 'The portion of a voltaic cell that allows ions to flow.

Primary battery A battery that is not rechargeable.

Secondary battery or storage battery A rechargeable battery.

Electrolysis 'The process by which a redox reaction is pushed in the nonspontaneous
direction or the process of applying an external voltage to a voltaic cell, causing
electrons to move from what would normally be the cell’s cathode toward its
anode.

You can test yourself on the glossary terms at the textbook’s Web site.


http://www.preparatorychemistry.com/Bishop_Glossary_6_frames.htm
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The goal of this chapter is to teach you to do the following. Chapter

1.

Objectives
Define all of the terms in the Chapter Glossary. )

Section 6.1 An Introduction to Oxidation-Reduction Reactions

2.

Describe the difference between the redox reactions that form binary ionic
compounds, such as zinc oxide, from their elements and the similar redox
reactions that form molecular compounds, such as nitrogen monoxide, from their
elements. (Your description should include the degree to which the electrons are
transferred in the reactions.)

Section 6.2 Oxidation Numbers

3.

4.

Given a formula for a substance, determine the oxidation number (or oxidation
state) for each atom in the formula.

Given an equation for a chemical reaction, identify whether the equation
represents a redox reaction or not.

Given an equation for a redox reaction, identify the substance that is oxidized
and the substance that is reduced.

Given an equation for a redox reaction, identify the substance that is the reducing
agent and the substance that is the oxidizing agent.

Section 6.3 Types of Reactions

7.

Given an equation for a reaction, identify whether it represents a

combination reaction, a decomposition reaction, a combustion reaction, or a
single-displacement reaction.

Given the formula for a substance that contains one or more of the elements
carbon, hydrogen, oxygen, and sulfur, write the balanced equation for the
complete combustion of the substance.

Describe the reaction that takes place between an uncharged metal, like zinc,
and a cation, like the copper(Il) ion, in a water solution. Your description should
include the nature of the particles in the system before the reaction takes place,
the nature of the reaction itself, and the nature of the particles in the system
after the reaction. Your description should also include the equations for the
half-reactions and the net ionic equation for the overall reaction.

Section 6.4 Voltaic Cells

10. Describe how a voltaic cell can be made using the redox reaction between a

11.

metal, such as zinc, and an ionic substance containing a metallic ion, such as

the copper(Il) ion. Your description should include a sketch that shows the key
components of the two half-cells, labels to indicate which electrode is the cathode
and which is the anode, signs to indicate which electrode is negative and which

is positive, arrows to show the direction of movement of the electrons in the wire
between the electrodes, and arrows to show the direction of movement of the
ions in the system. (See Figure 6.5.)

Given a description of a voltaic cell, including the nature of the half-reactions,
identify which electrode is the cathode and which is the anode.
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Review 1. For each of the following ionic formulas, write the formula for the cation and the
Questions formula for the anion.
a. FeBr3 c. AgCl
b. Co3(POy), d. (NH4),SO4
2. Classify each of the following formulas as representing a binary ionic compound,
an ionic compound with polyatomic ions, or a molecular compound.
a. CF4 e. H,S
b. Pb(C,H30,), f. CIF
c. CoCl, g. Cr(OH)3
d. C,HsOH h. H3PO4
3. Balance the following equations. (CgH g is a component of gasoline, and P,Ss is
used to make the insecticides parathion and malathion.)
a. Cngg(/) + Oz(g) — COz(g) + HZO(Z)
b. P4(s) + Sg(s) — P2S5(s)
T Key Ideas Complete the following statements by writing one of these words or phrases in each

blank.

carbon dioxide oxidizing
change oxidizing agent
decreases partial

flow of electrons pure element
gains rarely
half-reactions reduced

heat reducing
increases reducing agent
light reduction
loses sulfur dioxide
one transferred
oxidation two or more
oxidized water

4. According to the modern convention, any chemical change in which an element

electrons is called an oxidation.

5. According to the modern definition, any chemical change in which an element

electrons is called a reduction.




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Key ldeas

Electrons are found unattached to atoms. Thus, for one element

or compound to lose electrons and be , another element or

compound must be there to gain the electrons and be . In other

words, (loss of electrons) must be accompanied by

(gain of electrons).

Reactions in which electrons are , resulting in oxidation and
reduction, are called oxidation-reduction reactions.

The separate oxidation and reduction equations are called

A(n) is a substance that loses electrons, making it possible for
another substance to gain electrons and be reduced.

A(n) is a substance that gains electrons, making it possible for

another substance to lose electrons and be oxidized.

Oxidation is defined as the complete or loss of electrons,

reduction as the complete or partial gain of electrons.

Just think of oxidation numbers as tools for keeping track of the
in redox reactions.

If any element undergoes a(n) of oxidation number in the

course of a reaction, the reaction is a redox reaction. If an element’s oxidation

number in a reaction, that element is oxidized. If an element’s

oxidation number in a reaction, that element is reduced. The

reactant containing the element that is oxidized is the agent.

The reactant containing the element that is reduced is the agent.

In combination reactions, elements or compounds combine to

form one compound.

In decomposition reactions, compound is converted into two or

more simpler substances.
In a combustion reaction, oxidation is very rapid and is accompanied by

and usually

When any substance that contains carbon is combusted (or burned) completely,

the carbon forms

When a substance that contains hydrogen is burned completely, the hydrogen

forms

When any substance that contains sulfur burns completely, the sulfur forms

In single-displacement reactions, atoms of one element in a compound are

displaced (or replaced) by atoms from a(n)
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Complete the following statements by writing one of these words or phrases in each

blank.

chemical energy not rechargeable
electrical conductors oxidation
electrical energy positive
electrolysis positive electrode
flow rechargeable
force reduction
half-reactions voltaic cells
21. Strictly speaking, a battery is a series of joined in such a way
that they work together. A battery can also be described as a device that converts
into using redox reactions.
22. A voltaic cell keeps two oxidation-reduction separated, causing

the electrons released in the oxidation half of the reaction to pass through a wire
connecting the two halves of the apparatus.
23. Metal strips in voltaic cells are called electrodes, which is the general name for
placed in half-cells of voltaic cells.
24. 'The electrode at which occurs in a voltaic cell is called the

anode. Because electrons are lost, forming more positive (or less negative) species

at the anode, the anode surroundings tend to become more
25. The cathode is the electrode in a voltaic cell at which occurs.

By convention, the cathode is designated the . Because electrons

flow along the wire to the cathode, and because substances gain those electrons
to become more negative (or less positive), the cathode surroundings tend to
become more negative. Thus cations are attracted to the cathode.

26. The component of the voltaic cell through which ions are able to

is called the electrolyte.

27. Voltage, a measure of the strength of an electric current, represents the

that moves electrons from the anode to the cathode in a voltaic

cell. When a greater voltage is applied in the opposite direction, electrons can be
pushed from what would normally be the cathode toward the voltaic cell’s anode.
This process is called

28. Batteries that are are called primary batteries. A(n)

battery is called a secondary battery or a storage battery.

Chapter
Problems

OBJECTIVE 3

Section 6.1 An Introduction to Oxidation-Reduction Reactions

29. Describe the difference between the redox reactions that form binary ionic
compounds, such as zinc oxide, from their elements and the similar redox
reactions that form molecular compounds, such as nitrogen monoxide, from their
elements.

30. Are the electrons in the following redox reactions transferred completely from
the atoms of one element to the atoms of another or are they only partially
transferred?

a. 4A1(s) + 30,(g) — 2ALOs(s)
b. C(s) + Oa(g) — COalg)



31.

32.

33.

34.

35.

Chapter Problems

Are the electrons in the following redox reactions transferred completely from
the atoms of one element to the atoms of another or are they only partially
transferred?

a. 2K(s) + Fo(g) — 2KEF()
Are the electrons in the following redox reactions transferred completely from
the atoms of one element to the atoms of another or are they only partially
transferred?

a. Sg(s) + 802(g) — 8S04(¢)

b. P4(s) + 6Cly(g) — 4PCl3(/)
Are the electrons in the following redox reactions transferred completely from
the atoms of one element to the atoms of another or are they only partially
transferred?

a. Ca(s) + Cly(g) — CaCly(s)

b. 4Cu(s) + Oy(g) — 2Cuy0()
Aluminum bromide, AlBr3, which is used to add bromine atoms to organic
compounds, can be made by passing gaseous bromine over hot aluminum.
Which of the following half-reactions for this oxidation-reduction reaction
describes the oxidation, and which one describes the reduction?

2A1 —  2AP* + Ge”

3Br, + 6e¢ — O6Br”
lodine, I, has many uses, including the production of dyes, antiseptics,
photographic film, pharmaceuticals, and medicinal soaps. It forms when chlorine,
Cl, reacts with iodide ions in a sodium iodide solution. Which of the following
half-reactions for this oxidation-reduction reaction describes the oxidation, and
which one describes the reduction?

C12 + 2 — 2CI
21 — I, + 2e

Section 6.2 Oxidation Numbers

36. Determine the oxidation number for the atoms of each element in the following OBJECTIVE 3
formulas.
a. Sg c. Na,S
b. §%° d. FeS
37. Determine the oxidation number for the atoms of each element in the following OBJECTIVE 3
formulas.
a. Py d. P,0O3
b. PF; e. H3PO4
c. PHj
38. Determine the oxidation number for the atoms of each element in the following OBJECTIVE 3
formulas.
a. S¢03 c. Na

b. RbH d. NH;
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39.

40.

41.

42.

43.

44,

45,

46.

Determine the oxidation number for the atoms of each element in the following
formulas.

a. N3~ c. K3N

b. N205
Determine the oxidation number for the atoms of each element in the following
formulas.

a. ClF; c. HpSO4

b. H,O,
Determine the oxidation number for the atoms of each element in the following
formulas.

a. CosN, c. NaH

b. Na
Determine the oxidation number for the atoms of each element in the following
formulas.

a. HPO4*+ c. N,O4&

b. NiSOy4 d. Mn3(POy),
Determine the oxidation number for the atoms of each element in the following
formulas.

a. HSO3™ c. Cuz(POy),

b. Cu(NO3),
The following partial reactions represent various means by which bacteria obtain

energy. Determine the oxidation number for each atom other than oxygen and
hydrogen atoms, and decide whether the half-reaction represents oxidation or
reduction. None of the oxygen or hydrogen atoms are oxidized or reduced.

2Fe’”* —  Fe)Oj + energy
2NH; — 2NO;” + 3H,O + energy
2NO;™ + O, — 2NO3™ + energy
8H,S — Sg + 8H,O + energy
Sg + 8H,O — SO4 + 16H' + energy
About 47% of the hydrochloric acid produced in the U.S. is used for cleaning

metallic surfaces. Hydrogen chloride, HCI, which is dissolved in water to make
the acid, is formed in the reaction of chlorine gas and hydrogen gas, displayed
below. Determine the oxidation number for each atom in the equation, and
decide whether the reaction is a redox reaction or not. If it is redox, identify
which substance is oxidized, which substance is reduced, the oxidizing agent, and
the reducing agent.

Cly(g) + Ha(g) — 2HCl(g)

The following equation describes the reaction that produces hydrofluoric acid,
which is used to make chlorofluorocarbons (CFCs). Determine the oxidation
number for each atom in the equation, and decide whether the reaction is a
redox reaction or not. If it is redox, identify which substance is oxidized, which
substance is reduced, the oxidizing agent, and the reducing agent.

CaF, + H,SO4 — 2HF + CaSOqy



47.

48.

49.

50.

51.

Chapter Problems

Water and carbon dioxide fire extinguishers should not be used on magnesium
fires because both substances react with magnesium and generate enough heat
to intensify the fire. Determine the oxidation number for each atom in the
equations that describe these reactions (displayed below), and decide whether
each reaction is a redox reaction or not. If it is redox, identify which substance
is oxidized, which substance is reduced, the oxidizing agent, and the reducing

agent.
Mg(s) + 2H,O(/) — Mg(OH)a(aq) + Ha(g) + heat
2Mg(s) + CO(g) — 2MgO(s) + C(s) + heat

Potassium nitrate is used in the production of fireworks, explosives, and matches.
It is also used in curing foods and to modify the burning properties of tobacco.
The reaction for the industrial production of KNO3 is summarized below.
Determine the oxidation number for each atom, and decide whether the reaction
is a redox reaction or not. If it is redox, identify which substance is oxidized,

which substance is reduced, the oxidizing agent, and the reducing agent.
4KCl + 4HN03 + 0O, — 4KNO3 + 2C12 + 2H,0
Formaldehyde, CH,O, which is used in embalming fluids, is made from

methanol in the reaction described below. Determine the oxidation number for
each atom in this equation, and decide whether the reaction is a redox reaction
or not. If it is redox, identify which substance is oxidized, which substance is

reduced, the oxidizing agent, and the reducing agent.
2CH3OH + O, — 2CH,0 + 2H,0
The weak acid hydrofluoric acid, HF(ag), is used to frost light bulbs. It reacts

with the silicon dioxide in glass on the inside of light bulbs to form a white
substance, H,SiFg, that deposits on the glass and reduces the glare from the bulb.
The same reaction is run on a larger scale to produce H;SiFg used for fluoridating
drinking water. Determine the oxidation number for each atom in the reaction,
and decide whether the reaction is a redox reaction or not. If it is redox, identify
which substance is oxidized, which substance is reduced, the oxidizing agent, and
the reducing agent.

6HF + SiO, — H,SiFs + 2H,0
For each of the following equations, determine the oxidation number for each
atom in the equation and identify whether the reaction is a redox reaction or not.
If the reaction is redox, identify what is oxidized, what is reduced, the oxidizing

agent, and the reducing agent.

a. Co(s) + 2AgNOs(ag) — Co(NO3)2(ag) + 2Ag(s)

b. V,05() + 5Ca(l) 25 2V(/) + 5CaO()
CaCOs(ag) + SiOy(s) —  CaSiOs(s) + COx(g)

o

d. 2NaH(s) i 2Na(s) + Ha(g)
. 5As404(s) + 8KMnOy(aqg) + 18H,O(/) + 52KCl(aq)
—  20K3AsO04(aq) + 8MnCly(aq) + 36HCl(ag)

o
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OBJECTIVE 5
OBJECTIVE 6
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52.

53.

54.

For each of the following equations, determine the oxidation number for each
atom in the equation and identify whether the reaction is a redox reaction or not.
If the reaction is redox, identify what is oxidized, what is reduced, the oxidizing
agent, and the reducing agent.

a. 2Na(s) + 2H,O(/) — 2NaOH(ag) + Ha(g)

b. HCl(ag) + NH3(aq) — NH4Cl(ag)

c. 2Cr(s) + 3CuSO4(aqg) — Cra(SO4)3(ag) + 3Culs)

d. 3H,SO3(aq) + 2HNO3(zg) — 2NO(g) + H,O(/) + 3H,SO04(aq)

e. CaO(s) + HyO(/) — Ca’'(ag) + 20H (aq)
The following equations summarize the steps in the process used to make most
of the sulfuric acid produced in the United States. Determine the oxidation
number for each atom in each of the following equations, and identify whether
each reaction is a redox reaction or not. For the redox reactions, identify what is
oxidized, what is reduced, the oxidizing agent, and the reducing agent.

BSg + O, — SO,

SO, + 140, — SO;

SO; + H,0 — H,804
Because of its superior hiding ability, titanium dioxide has been the best selling
white pigment since 1939. In 1990, there were 2.16 billion pounds of it sold in
the United States for a variety of purposes, including surface coatings (paint),
plastics, and paper. The following equations show how impure TiOj is purified.
Determine the oxidation number for each atom in them and identify whether
each reaction is a redox reaction or not. For the redox reactions, identify what is

oxidized, what is reduced, the oxidizing agent, and the reducing agent.

3TiO, + 4C + 6Cl, — 3TiCly; + 2CO + 2CO,
TiCl; + O, — TiO, + 2Cl,

Section 6.3 Types of Redox Reactions

55.

Classify each of these reactions with respect to the following categories:
combination reaction, decomposition reaction, combustion reaction, and
single-displacement reaction.

a. 2NaH(s) — 2Na(s) + Ha(g)

b. 2Kl(aq) + Cly(g) — 2KCl(ag) + L(s)
. 2CH5SH(/) + 90,(g) —  4COs(g) + 6H,O() + 2SO4(g)

O

d. Hyg + CuO() 25 Cu(9 + H,0()
P4(s) + 502(g) — P4Oq0(s)

o



56. Classify each of these reactions with respect to the following categories:
combination reaction, decomposition reaction, combustion reaction, and

single-displacement reaction.

A
Fez(C03)2(5) —> Fezog(S) + ZCOQ(g)
. 2C6H110H(1) + 1702(g) — 12C02(g) + 12H20(/)
P4010(S) + 6Hzo(/) — 4H3PO4(ﬂq)

S

o

i

2C() + MnOs() —> Mn() + 2CO(g)

e. 2NaClO5() -5 2NaCl(9) + 305(g)

57. Classify each of these reactions with respect to the following categories:
combination reaction, decomposition reaction, combustion reaction, and
single-displacement reaction.

. 4B(s) + 30,(2) — 2B,03(s)

(C:H5),0() + 605(g) — 4COx(g) + SH0()

[

=

2Cr05() + 38i() 2> 4Cr() + 3Si0,0)
. C6H118H(/) + IOOQ(g) — GCOZ(g) + 6H20(/) + SOz(g)

o

o,

o

A
2NaHC03(5) —> N32C03(5) + HzO(Z) + COz(g)
58. Classify each of these reactions with respect to the following categories:
combination reaction, decomposition reaction, combustion reaction, and

single-displacement reaction.

i

3Hy(g) + WO() 25 W() + 3H,0()
. 21409(5) — 21206(5) + 212(.?) + 302(g)

o

INaNOs() 25 2NaNO,(s) + Os(g)
d. Cly(g) + 2KBr(eg) — 2KCl(aq) + Bry(/)

o

59. Write balanced equations for the complete combustion of each of the following
substances.
2 CsH(g)
b. C4HoOH(/)
c. CH3COSH(/)
60. Write balanced equations for the complete combustion of each of the following
substances.
a. Cy3Hag(/)
b. C12H22011(5)
c. CoHsSOsH(/)

Chapter Problems
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OBJECTIVE 8
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61.

The following pairs react in single-displacement reactions that are similar to the
reaction between uncharged zinc metal and the copper(II) ions in a copper(Il)
sulfate solution. Describe the changes in these reactions, including the nature
of the particles in the system before the reaction takes place, the nature of the
reaction itself, and the nature of the particles in the system after the reaction.
Your description should also include the equations for the half-reactions and the
net ionic equation for the overall reaction.

a. Magnesium metal and nickel(II) nitrate, Ni(NO3),(29)

b. Calcium metal and cobalt(II) chloride, CoCl,(aq)

Section 6.4 Voltaic Cells

62.

63.

64.

65.

We know that the following reaction can by used to generate an electric current

in a voltaic cell.

Zn(s) + CuSOy4lag) — Culs) + ZnSOy4(ag)

Sketch similar voltaic cells made from each of the reactions presented below,
showing the key components of the two half-cells and indicating the cathode
electrode and the anode electrode, the negative and positive electrodes, the
direction of movement of the electrons in the wire between the electrodes, and
the direction of movement of the ions in the system. Show a salt bridge in each

sketch, and show the movement of ions out of the salt bridge.

a. Mn(s) + PbCly(aq) — Pb(s) + MnCly(ag)

b. Mg(s) + 2AgNOs(aq) — 2Ag(s) + Mg(NO3),(agq)
The following equation summarizes the chemical changes that take place in a
typical dry cell.

Zn(s) +2MnO;(s) + 2NH4*(aq)
— Zn*(ag) + MnyOs(s) + 2NH3(a9) + HyO(/)

Determine the oxidation number for each atom in the equation, and identify
what is oxidized, what is reduced, the oxidizing agent, and the reducing agent.
The following equation summarizes the chemical changes that take place in a
nickel-cadmium battery. Determine the oxidation number for each atom in the
equation, and identify what is oxidized, what is reduced, the oxidizing agent, and

the reducing agent.

Cd(s) + 2NiO(OH)(s) + 2H,O(/) — Cd(OH);,(s) + 2Ni(OH),(s)

The following equation summarizes the chemical changes that take place in
a lead-acid battery. Determine the oxidation number for each atom in the
equation, and identify what is oxidized, what is reduced, the oxidizing agent, and

the reducing agent.

Pb(s) + PbO,(s) + 2HSO4 (aq) + 2H30%(ag) — 2PbSO4(s) + 4H,0(/)
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66.

67.

68.

69.

70.

Nitric acid, which is used to produce fertilizers and explosives, is made in the
following three steps. Determine the oxidation number for each atom in the
three equations and identify whether each reaction is a redox reaction or not. If a
reaction is redox, identify what is oxidized and what is reduced.

4NH; + 50, — 4NO + 6H,0
2NO + O, — 2NO,
3NO, + H,O — 2HN03 + NO

Sodium hydrogen carbonate, NaHCO3, best known as the active ingredient in
baking soda, is used in several ways in food preparation. It is also added to animal
feeds and used to make soaps and detergents. Baking soda can also be used to

put out small fires on your stovetop. The heat of the flames causes the NaHCO3
to decompose to form carbon dioxide, which displaces the air above the flames
depriving the fire of the oxygen necessary for combustion. The equation for the
reaction is below.

INGHCO5() =5 NayCOs(9) + HyO(l) + COs(g)
Determine the oxidation number for each atom in the equation and identify
whether the reaction is a redox reaction or not. If the reaction is redox, identify
what is oxidized and what is reduced.
Swimming pools can be chlorinated by adding either calcium hypochlorite,
Ca(OCl)y, or sodium hypochlorite, NaOCI. The active component is the
hypochlorite ion, OCI™. Because the rate of the following reaction is increased
by ultraviolet radiation in sunlight, it is best to chlorinate pools in the evening to
avoid the hypochlorite ion’s decomposition.

OCl(aq) — Cl(ag) + %0Ox(g)

Determine the oxidation number for each atom in the equation and identify
whether the reaction is a redox reaction or not. If the reaction is redox, identify
what is oxidized and what is reduced.

In the past, mercury batteries were commonly used to power electronic watches
and small appliances. The overall reaction for this type of battery is

HgO(s) + Zn(s) — ZnO(s) + Hg(/)

Determine the oxidation number for each atom in the equation and decide
whether the reaction is a redox reaction or not. If it is redox, identify which
substance is oxidized, which substance is reduced, the oxidizing agent, and the
reducing agent.

Silver batteries have been used to run heart pacemakers and hearing aids. The
overall reaction for this type of battery is

AgrO(s) + Zn(s) — ZnO(s) + 2Ag(s)

Determine the oxidation number for each atom in the equation and decide
whether the reaction is a redox reaction or not. If it is redox, identify which
substance is oxidized, which substance is reduced, the oxidizing agent, and the
reducing agent.
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Mnj3(POg);, which is used to make corrosion resistant coatings on steel,

aluminum, and other metals, is made from the reaction of Mn(OH), with

H3POq4.
3Mn(OH),(s) + 2H3PO4(aqg) — Mn3(POy)a(s) + 6H,O(/)

Determine the oxidation number for each atom in the equation and identify
whether the reaction is a redox reaction or not. If it is redox, identify what is

oxidized, what is reduced, the oxidizing agent, and the reducing agent.

One of the ways that plants generate oxygen is represented by the following

reaction.
2Mn#*t + 2H,O — 2Mn?* + 4H" + O,

Determine the oxidation number for each atom in the equation and decide
whether the reaction is a redox reaction or not. If it is redox, identify which
substance is oxidized, which substance is reduced, the oxidizing agent, and the

reducing agent.

The noble gases in group 18 on the periodic table used to be called the iners gases
because they were thought to be incapable of forming compounds. Their name
has been changed to noble gases because although they resist combining with
the more common elements to their left on the periodic table, they do mingle
with them on rare occasions. The following equations describe reactions that
form xenon compounds. Determine the oxidation number for each atom in the
reactions, and identify each reaction as redox or not. If it is redox, identify which
substance is oxidized, which substance is reduced, the oxidizing agent, and the

reducing agent.
Xe + 3F, — XeFg
XeFg + HO — XeOF4 + 2HF
XeFs + OPF3; — XeOF4 + PFs

Sometimes one of the elements in a reactant appears in more than one product
of a reaction and has in one product, a higher oxidation number than before
the reaction and in the other product, a lower oxidation number than before
the reaction. In this way, the same element is both oxidized and reduced, and
the same compound is both the oxidizing agent and the reducing agent. This
process is called disproportionation. For example, iodine monofluoride, IF,

disproportionates into iodine and iodine pentafluoride in the following reaction:
S5IF — 2, + IFs

Determine the oxidation number for each atom in this equation and show that
iodine is both oxidized and reduced and that iodine monofluoride is both the

oxidizing agent and the reducing agent.
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Sodium perbromate is an oxidizing agent that can be made in the two ways
represented by the equations below. The first equation shows the way it was made
in the past, and the second equation represents the technique used today.

NaBrO3; + XeF, + H O — NaBrO4 + 2HF + Xe
NaBrOs + F, + 2NaOH — NaBrO4 + 2NaF + H,0

Determine the oxidation number for each atom in each of these equations, and
decide whether each reaction is a redox reaction or not. If a reaction is a redox
reaction, identify which substance is oxidized, which substance is reduced, the

oxidizing agent, and the reducing agent.

Calcium hydrogen sulfite, Ca(HSO3),, which is used as a paper pulp preservative
and as a disinfectant, is made by reacting sulfur dioxide with calcium hydroxide.

2802 + Ca(OH)z — Ca(HSO3)2

Determine the oxidation number for each atom in the equation and decide
whether the reaction is a redox reaction or not. If the reaction is a redox reaction,
identify which substance is oxidized, which substance is reduced, the oxidizing
agent, and the reducing agent.

The following equations represent reactions that involve only halogen atoms.
lodine pentafluoride, IFs, is used to add fluorine atoms to other compounds,
bromine pentafluoride, BrFs, is an oxidizing agent in liquid rocket propellants,

and chlorine trifluoride, CIF3, is used to reprocess nuclear reactor fuels.
IF(g) + 2Fy(¢) — IFs
BrF(g) + 2F,(g) — BrFs(9)
Cly(g) + 3Fa(g) — 2CIF;5(g)

Determine the oxidation number for each atom in these equations, and decide
whether each reaction is a redox reaction or not. If a reaction is a redox reaction,
identify which substance is oxidized, which substance is reduced, the oxidizing
agent, and the reducing agent.

The water solution of hydrogen peroxide, H,O», used as an antiseptic (3%)
and bleach (6%) are stored in dark plastic bottles because the reaction below is
accelerated by the metal ions found in glass and by light.

2H202(ﬂq) —> 2H20(/) + Oz(g)

Determine the oxidation number for each atom in the equation and identify
whether the reaction is a redox reaction or not. If the reaction is redox, identify
what is oxidized and what is reduced.

Sodium sulfate, which is used to make detergents and glass, is formed in the
following reaction.

4NaCl + 250, + 2H,0 + O, — 2Na,SO4 + 4HCI

Determine the oxidation number for each atom in the equation and decide
whether the reaction is a redox reaction or not. If a reaction is a redox reaction,
identify which substance is oxidized, which substance is reduced, the oxidizing

agent, and the reducing agent.
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Hydrogen gas can be made in two steps:

CH4(g) + HO(g) — CO(g) + 3H(9)

CO(g) + HyO(g) — COa(g) + Ha(g)
Determine the oxidation number for each atom in these equations and decide
whether each reaction is a redox reaction or not. If a reaction is redox, identify
which substance is oxidized and which substance is reduced. (You do not need to

identify the oxidizing agent and the reducing agent.)

Elemental sulfur is produced by the chemical industry from naturally occurring

hydrogen sulfide in the following steps.
2H,S + 30, — 280, + 2H,0
SO, + 2H,S — 3§ + 2H,0

Determine the oxidation number for each atom in these equations and decide
whether each reaction is a redox reaction or not. If a reaction is a redox reaction,
identify which substance is oxidized, which substance is reduced, the oxidizing

agent, and the reducing agent.

Sodium chlorate, NaClO3, which is used to bleach paper, is made in the
following reactions. Determine the oxidation number for each atom in the
equations and identify whether each reaction is a redox reaction or not. If a

reaction is redox, identify what is oxidized and what is reduced.
Cl, + 2NaOH — NaOCI + NaCl + H,0
3NaOCl — NaClOj3 + 2NaCl

Leaded gasoline, originally developed to decrease pollution, is now banned
because the lead(I) bromide, PbBr;, emitted when it burns decomposes in the
atmosphere into two serious pollutants, lead and bromine. The equation for this
reaction is below. Determine the oxidation number for each atom in the equation
and identify whether the reaction is a redox reaction or not. If the reaction is
redox, identify what is oxidized and what is reduced.

sunlight
—

PbBI‘z Pb + Br,

When leaded gasoline was banned, there was a rush to find safer ways to reduce
emissions of unburned hydrocarbons from gasoline engines. One alternative

is to add methyl t-butyl ether (MTBE). In 1990, about 25% of the methanol,
CH3O0H, produced by the U.S. chemical industry was used to make methyl
t-butyl ether. The equations below show the steps used to make methanol.
Determine the oxidation number for each atom in the equation and identify
whether the reactions are redox reactions or not. For each redox reaction, identify

what is oxidized and what is reduced.
3CH4 + 2H,O + CO, — 4CO + 8H,
CO + 2H, — CH3;0H
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When the calcium carbonate, CaCO3, in limestone is heated to a high
temperature, it decomposes into calcium oxide (called lime or quick lime) and
carbon dioxide. Lime was used by the early Romans, Greeks, and Egyptians to
make cement and is used today to make over 150 different chemicals. In another
reaction, calcium oxide and water form calcium hydroxide, Ca(OH), (called
slaked lime), used to remove the sulfur dioxide from smoke stacks above power
plants burning high-sulfur coal. The equations for all these reactions are below.
Determine the oxidation number for each atom in the equation and identify
whether the reactions are redox reaction or not. For each redox reaction, identify

what is oxidized and what is reduced.

A
CaCO3 — CaO + CO,y

CaO + HO — Ca(OH),
SO, + H, O — HzSO3
Ca(OH)2 + H2503 — C3803 + 2H,0

Potassium hydroxide, which is used to make fertilizers and soaps, is produced by
running an electric current through a potassium chloride solution. The equation
for this reaction is below. Is this a redox reaction? What is oxidized, and what is

reduced?
2KCl(aq) + 2H,0O(/) — 2KOH(ag) + Ha(g) + Cl(g)

The space shuttle’s solid rocket boosters get their thrust from the reaction of
aluminum metal with ammonium perchlorate, NH4ClOy4, which generates a lot
of gas and heat. The billowy white smoke is due to the formation of very finely

divided solid aluminum oxide. One of the reactions that takes place is
10Al(s) + 6NH4ClO4(s) —  5A1,03(s) + 6HCl(g) + 3N3(g) + 9H,0(g)
Is this a redox reaction? What is oxidized, and what is reduced?

For each of the following equations, determine the oxidation number for each
atom in the equation and identify whether the reaction is a redox reaction or not.
If the reaction is redox, identify what is oxidized, what is reduced, the oxidizing
agent, and the reducing agent.

a. 2HNO3(aq) + 3H,S(ag) — 2NO(g) + 3S(s) + 4H,O(/)

b. 3CuSO4(aq) + 2NazPO4(aq) = Cuz(POy)2(s) + 3NaySOy4(aq)
Determine the oxidation number for each atom in the following equations and
decide whether each reaction is a redox reaction or not. If a reaction is redox,
identify which substance is oxidized, which is reduced, the oxidizing agent, and
the reducing agent.

a. KyCryO7(ag) + 14HCl(ag)

— 2KCl(aq) + 2CrCls(ag) + 7H,0(/) + 3Cly(g)

b. Ca(s) + 2H,0(/) » Ca(OH),(s) + Ha(g)

245



246

Chapter 6 ) Oxidation-Reduction Reactions

90.

91.

92.

93.

94.

95.

96.

Determine the oxidation number for each atom in the following equations and
decide whether each reaction is a redox reaction or not. If the reaction is redox,
identify which substance is oxidized, which is reduced, the oxidizing agent, and

the reducing agent.

a. 2AgyCrOy(s) + 4HNO3(ag)
— 4AgNOs3(aq) + HyCr07(aq) + H,O(/)
b. 2MnOy (ag) + 3103 (aq) + Hy,O(/)
— 2MnOy(s) + 3104 (aq) + 20H (ag)
For each of the following equations, determine the oxidation number for each
atom in the equation and identify whether the reaction is a redox reaction or not.
If the reaction is redox, identify what is oxidized, what is reduced, the oxidizing
agent, and the reducing agent.
a. Ca(s) + Fa(g) — CaFy()
b. 2Al(s) + 3H,O(¢9) — ALOs3(s) + 3Hi(g)
Determine the oxidation number for each atom in the following equations and
decide whether each reaction is a redox reaction or not. If a reaction is redox,
identify which substance is oxidized, which is reduced, the oxidizing agent, and
the reducing agent.
a. Cry07% (aq) + 6Cl (ag) + 14H*(ag) — 2Cr**(aq) + 3Cly(g) + 7H,0(/)
b. 5H2C204(6lq) + 2KMnO4(¢Zq) + 3H2$O4(dq)
—  10CO;y(g) + 2MnSO4(ag) + 8H,O(/) + K,SO04(ag)
The following equations represent reactions used by the U.S. chemical industry.
Classify each with respect to the following categories: combination reaction,

decomposition reaction, and single-displacement reaction.

a. P4 + 50, + 6H,O — 4H3POq4
b. TiCl4 + O, — TiO, + 2(:12

A
C. CH3CH3(g) —> CHzCHz(g) + Hz(g)
The following equations represent reactions used by the U.S. chemical industry.
Classify each with respect to the following categories: combination reaction,

decomposition reaction, combustion reaction, and single-displacement reaction.

a. 2HF + SiFy — H,SiFg
b. 2H,S + 30, — 2SO, + 2H,0

A
C. CH3OH — CH,0 + H,
Wrrite a balanced equation for the redox reaction of carbon dioxide gas and

hydrogen gas to form carbon solid and water vapor.

Phosphorus pentachloride, which is used to add chlorine atoms to other
substances, can be made from the reaction of phosphorus trichloride and
chlorine. The phosphorus pentachloride is the only product. Write a balance

equation, without including states, for this redox reaction.



Chapter Problems

97. Titanium metal is used to make metal alloys for aircraft, missiles, and artificial
hip joints. It is formed in the reaction of titanium(IV) chloride with magnesium
metal. The other product is magnesium chloride. Write a balanced equation,

without including states, for this redox reaction.

98. Dichlorine monoxide, which is used to add chlorine atoms to other substances,
is made from mercury(lI) oxide and chlorine. The products are dichlorine
monoxide and mercury. Write a balanced equation, without including states, for
this redox reaction.

99. Write a balanced equation for the redox reaction of solid potassium with liquid
water to form aqueous potassium hydroxide and hydrogen gas.

100. Write a balanced equation for the redox reaction of aqueous chlorine with
aqueous potassium iodide to form aqueous potassium chloride and solid
iodine.

101. Write a balanced equation for the redox reaction of calcium metal and bromine
liquid to form solid calcium bromide.

102. Write a balanced equation for the redox reaction of solid copper(Il) sulfide
with oxygen gas to form solid copper(Il) oxide and sulfur dioxide gas.

103. Magnesium chloride is used to make disinfectants, fire extinguishers, paper,
and floor sweeping compounds. It is made from the redox reaction of
hydrochloric acid with solid magnesium hydroxide. Write a balanced equation
for this reaction, which yields aqueous magnesium chloride and liquid water.

104. Write a balanced equation for the redox reaction at room temperature of
chromium metal with hydrochloric acid to form aqueous chromium(III)

chloride and hydrogen gas.

Discussion %estion

105. What makes one battery better than another? Find a reference book that
tells you about the properties of the elements. Why do you think lithium
batteries are superior to batteries that use lead? What other elements might be

considered for new batteries?
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CHAPTER [

ENERGY AND CHEMICAL REACTIONS

nergy...it makes things happen. To get an idea of the role energy plays in our lives, @

let’s spend some time with John, a college student in one of the coastal towns in

7.1 Energy

—mm California. He wakes up in the morning to a beautiful sunny day and decides | 7.2 Chemical Changes

to take his chemistry book to the beach. Before leaving, he fries up some scrambled
eggs, burns some toast, and pops a cup of day-old coffee in the microwave oven. After

and Energy

7.3 Ozone: Pollutant and

finishing his breakfast, he shoves his chemistry textbook into his backpack and jumps Protector

on his bike for the short ride to the seashore. Once at the beach, he reads two pages of
his chemistry assignment, and despite the fascinating topic, gets drowsy and drops off

7.4 Chlorofluorocarbons:
A Chemical Success

to sleep. When he wakes up an hour later, he’s real sorry that he forgot to put on his Story Gone Wrong

sunscreen. His painful sunburn drives him off the beach and back to his apartment to

spend the rest of the day inside.

All of John’s actions required energy. It took
energy to get out of bed, make breakfast, pedal
to the beach, and (as you well know) read his
chemistry book. John gets that energy from
the chemical changes that his body induces in
the food he eats. It took heat energy to cook
his eggs and burn his toast. The radiant energy
from microwaves raised the temperature of his
coffee, and the radiant energy from the sun
caused his sunburn.

What is energy, and what different forms
does it take? Why do some chemical changes
release energy while others absorb it? This
chapter attempts to answer such questions
and then apply our understanding of energy
to some of the important environmental issues
that people face today.

Review Skills

Radiant energy from the sun causes
sunburn
Photo by Dean Tersigni

The presentation of information in this chapter assumes that you can already perform

the tasks listed below. You can test your readiness to proceed by answering the Review
Questions at the end of the chapter. This might also be a good time to read the Chapter

Objectives, which precede the Review Questions.

m  Describe the similarities and differences
between solids, liquids, and gases
with reference to the particle nature
of matter, the degree of motion of the
particles, and the degree of attraction
between the particles. (Section 2.1)

m  Describe the relationship between

temperature and motion. (Section 2.1)
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T 7.1 Energy

Figure 7.1

All chemical changes are accompanied by energy changes. Some reactions, such as
the combustion of methane (a component of natural gas) release energy. This is why
natural gas can be used to heat our homes:

CHy(g) + 205(g9) — COy(g) + 2H,0(/) +>Energy<

Other reactions absorb energy. For example, when energy from the sun strikes oxygen
molecules, O, in the Earth’s atmosphere, some of the energy is absorbed by the
molecules, causing them to break apart into separate atoms (Figure 7.1).

Some reactions absorb energy.

Energy from
the sun

Some reactions
absorb energy. AOQ(({) + energy —> 20(g)

Before we can begin to explain the role that energy plays in these and other chemical
reactions, we need to get a better understanding of what energy is and the different
forms it can take.

You probably have a general sense of what energy is. When you get up in the morning
after a good night’s sleep, you feel that you have plenty of energy to get your day’s work
done. After a long day of studying chemistry, you might feel like you hardly have the
energy necessary to drag yourself to bed. The main goal of this section is to give you a
more specific, scientific understanding of energy.

The simplest definition of energy is that it is the capacity to do work. Work, in
this context, may be defined as what is done to move an object against some sort
of resistance. For example, when you push this book across a table, the work you
do overcomes the resistance caused by the contact between the book and the table.
Likewise, when you lift this book, you do work to overcome the gravitational attraction
that causes the book and the earth to resist being separated. When two oxygen atoms
are linked together in a covalent bond, work must be done to separate them. Anything
that has the capacity to do such work must, by definition, have energy (Figure 7.2).
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Figure 7.2
Energy: the Capacity
to Do Work
20 ‘
Ve
< ) . )—>
Energy is required to separate
two atoms in a molecule and
Energy is required to push a book Energy is required to lift a book overcome the resistance to
across a table and overcome the and overcome the resistance to movement due to the chemical
resistance to movement due to movement due to gravity. bond between them.
friction.
Kinetic Energy

It takes work to move a brick wall. A bulldozer moving at 20 miles per hour has the
capacity to do this work, but when the same bulldozer is sitting still, it’s not going to
get the work done. The movement of the bulldozer gives it the capacity to do work, so
this movement must be a form of energy. Any object that is in motion can collide with
another object and move it, so any object in motion has the capacity to do work. This
capacity to do work resulting from the motion of an object is called kinetic energy,
KE.

The amount of an object’s kinetic energy is related to its mass and its velocity. If OBJECTIVE 2
two objects are moving at the same velocity, the one with the greater mass will have a
greater capacity to do work and thus a greater kinetic energy. For example, a bulldozer
moving at 20 miles per hour can do more work than a scooter moving at the same
velocity. If these two objects were to collide with a brick wall, the bulldozer would do
more of the work of moving the wall than the scooter.

If two objects have equal mass but different velocities, the one with the greater OBJECTIVE 3
velocity has the greater kinetic energy. A bulldozer moving at 20 miles per hour can do
more work than an identical bulldozer moving at 5 miles per hour (Figure 7.3).

Figure 7.3

Factors that Affect

OBJECTIVE 2 OsJECTIVE 3 Kinetic Energy

Q¥ m

A scooter moving at

A stationary bulldozer The faster moving bulldozer does more the same velocity as a
does not have the capacity of the work of moving the wall. The faster bulldozer will do less
to do the work of moving an object moves, the more work it can do, work and therefore

a wall. and the more kinetic energy it has. has less energy.
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OBJECTIVE 4

Figure 7.4

Potential Energy

Energy can be transferred from one object to another. Picture the coin-toss that
precedes a football game. A coin starts out resting in the referee’s hand. After he flips it,
sending it moving up into the air, it has some kinetic energy that it did not have before
it was flipped. Where did the coin get this energy? From the referee’s moving thumb.
When scientists analyze such energy transfers, they find that all of the energy still
exists. The Law of Conservation of Energy states that energy can be neither created
nor destroyed, but it can be transferred from one system to another and changed from
one form to another.

As the coin rises, it slows down and eventually stops. At this point, the kinetic energy
it got from the referee’s moving thumb is gone, but the Law of Conservation of Energy
says that energy cannot be destroyed. Where did the kinetic energy go? Although some
of it has been transferred to the air particles it bumps into on its flight, most of the
energy is still there in the coin in a form called potential energy (PE), which is the
retrievable, stored form of energy an object possesses by virtue of its position or state.
We get evidence of this transformation when the coin falls back down toward the grass
on the field. The potential energy it had at the peak of its flight is converted into kinetic
energy of its downward movement, and this kinetic energy does the work of flattening
a few blades of grass when the coin hits the field (Figure 7.4).

Lo—

Law of Conservation of Energy. As the coin falls,

OBJECTIVE 4

OBJECTIVE 5

OBJECTIVE 6

potential energy

. .o o is converted to
When a coin is flipped, some of The kinetic kinetic energy.

the kinetic energy of the moving energy associated
thumb is transferred to kinetic with the coin's
energy of the moving coin. upward movement
is converted to
A potential energy as
the coin slows and
eventually stops.

—>

There are many kinds of potential energy. An alkaline battery contains potential
energy that can be used to move a toy car. A plate of pasta provides potential energy
to allow your body to move. Knowing the relationships between potential energy and
stability can help you to recognize changes in potential energy and to decide whether
the potential energy has increased or decreased as a result of each change.

Lets look at the relationship between potential energy and stability. A system’s
stability is a measure of its tendency to change. A more stable system is less likely to
change than a less stable system. As an object moves from a less stable state to a more
stable state, it can do work. Thus, as an object becomes less stable, it gains a greater
capacity to do work and, therefore, a greater potential energy. For example, a coin in
your hand is less likely to move than a flipped coin at the peak of its flight, so we say
that the coin in the hand is more stable than the coin in the air. As the coin moves

1 Although chemists recognize that matter can be converted into energy and energy into matter, this
matter-energy conversion is small enough to be disregarded.



from its less stable state in the air to a more stable state on the ground, it collides with
and moves particles in the air and blades of grass. Therefore, the coin at the peak of
its flight has a greater capacity to do the work of moving the objects, and, therefore, a
greater potential energy than the more stable coin in the hand (Figure 7.5). Any time a
system shifts from a more stable state to a less stable state, the potential energy of the system
increases. We have already seen that kinetic energy is converted into potential energy as
the coin is moved from the more stable position in the hand to the less stable position
in the air.

more stable + energy less stable system

%
lesser capacity to do work + energy —  greater capacity to do work
lower PE + energy —  higher PE
%

coin in hand + energy coin in air above hand

7.1 Energy

OBJECTIVE 5

e»>—— m Less stable

m More stable

m Lower potential energy

AN

Figure 7.5
> Relationship Between Stability

OBJECTIVE 6

and Potential Energy

Just as energy is needed to propel a coin into the air and increase its potential energy,
energy is also necessary to separate two atoms being held together by mutual attraction
in a chemical bond. The energy supplied increases the potential energy of the less
stable separate atoms compared to the more stable atoms in the bond. For example,
the first step in the formation of ozone in the earth’s atmosphere is the breaking of the
oxygen-oxygen covalent bonds in more stable oxygen molecules, O, to form less stable
separate oxygen atoms. This change could not occur without an input of considerable
energy, in this case, radiant energy from the sun. We call changes that absorb energy
endergonic (or endogonic) changes (Figure 7.6).

greater force of attraction + >Energy <
more stable + >Energy < less stable
lower PE + >En€rgy < higher PE

Separate atoms

ol

atoms in bond [ls >Energy <

O,(g) + energy 20(g)

- 9

-

lesser force of attraction

OBJECTIVE 7

OBJECTIVE 7

Figure 7.6
Endergonic Change
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OBJECTIVE 7

OBJECTIVE 5

OBJECTIVE 8

Figure 7.7
Exergonic Change

OBJECTIVE 8

The attraction between the separated atoms makes it possible that they will change
from their less stable separated state to the more stable bonded state. As they move
together, they could bump into and move something (such as another atom), so the
separated atoms have a greater capacity to do work and a greater potential energy than
the atoms in the bond. This is why energy must be supplied to break chemical bonds.

When objects shift from less stable states to more stable states, energy is released. For
example, when a coin moves from the less stable peak of its flight to the more stable
position on the ground, potential energy is released as kinetic energy. Likewise, energy
is released when separate atoms come together to form a chemical bond. Because the
less stable separate atoms have higher potential energy than the more stable atoms that
participate in a bond, the change from separate atoms to atoms in a bond corresponds
to a decrease in potential energy. Ozone, O3, forms in the stratosphere when an oxygen
atom, O, and an oxygen molecule, O, collide. The energy released in this change
comes from the formation of a new O-O bond in ozone, O3. We call changes that

release energy exergonic (or exogonic) changes (Figure 7.7).

lesser force of attraction — + %Energy ~
less stable — + >Energy<
higher PE — + >Energy <

separate atoms

O(g) + Osu(9) —>  Os(g) + energy

WD

Some bonds are more stable than others. The products of the chemical reactions
that take place in an alkaline battery, and in our bodies when the chemicals in pasta are
converted into other substances, have more stable chemical bonds between their atoms
than the reactants do. Therefore, in each case, the potential energy of the products is
lower than that of the reactants, and the lost potential energy supplies the energy to
move a toy car across the carpet and propel a four-year-old along behind it.



ExavpLE 7.1 - Energy

For each of the following situations, you are asked which of two objects or substances

has the higher energy. Explain your answer with reference to the capacity of each to do

work and say whether the energy that distinguishes them is kinetic energy or potential

energy.

a.

Incandescent light bulbs burn out because their tungsten filament gradually
evaporates, weakening until it breaks. Argon gas is added to these bulbs to
reduce the rate of evaporation. Which has greater energy, (1) an argon atom,
Ar, with a velocity of 428 m/s or (2) the same atom moving with a velocity of

456 m/s? (These are the average velocities of argon atoms at 20 °C and 60 °C.)

Krypton, Kr, gas does a better job than argon of reducing the rate of
evaporation of the tungsten filament in an incandescent light bulb. Because
of its higher cost, however, krypton is only used when longer life is worth the
extra cost. Which has higher energy, (1) an argon atom with a velocity of 428

m/s or (2) a krypton atom moving at the same velocity?

According to our model for ionic solids, the ions at the surface of the crystal are
constantly moving out and away from the other ions and then being attracted
back to the surface. Which has more energy, (1) a stationary sodium ion well
separated from the chloride ions at the surface of a sodium chloride crystal

or (2) a stationary sodium ion located quite close to the chloride ions on the

surface of the crystal?

The chemical reactions that lead to the formation of polyvinyl chloride (PVC),
which is used to make rigid plastic pipes, are initiated by the decomposition
of peroxides. The general reaction is shown below. The simplest peroxide is
hydrogen peroxide, HyO, or HOOH. Which has more energy, (1) a hydrogen
peroxide molecule or (2) two separate HO molecules that form when the
relatively weak O—O bond in an HOOH molecule is broken?

HOOH — 2HO

Hydrogen atoms react with oxygen molecules in the earth’s upper atmosphere
to form HO; molecules. Which has higher energy, (1) a separate H atom and
O, molecule or (2) an HO, molecule?

H(g) + Ox(¢9) — HO(g)

Dry ice—solid carbon dioxide—sublimes, which means that it changes directly
from solid to gas. Assuming that the temperature of the system remains
constant, which has higher energy, (1) the dry ice or (2) the gaseous carbon
dioxide?

L

7.1 Energy

OBJECTIVE 2
OBJECTIVE 3

OBJECTIVE 5
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a.

Solution

Any object in motion can collide with another object and move it, so any
object in motion has the capacity to do work. This capacity to do work
resulting from the motion of an object is called kinetic energy, KE. The particle
with the higher velocity will move another object (such as another atom)
farther, so it can do more work. It must therefore have more energy. In short,
an argon atom with a velocity of 456 m/s has greater kinetic energy than the

same atom with a velocity of 428 m/s.

The moving particle with the higher mass can move another object (such as
another molecule) farther, so it can do more work and must therefore have
more energy. Thus the more massive krypton atoms moving at 428 m/s have

greater kinetic energy than the less massive argon atoms with the same velocity.

Separated ions are less stable than atoms in an ionic bond, so the separated
sodium and chloride ions have higher potential energy than the ions that are
closer together. The attraction between the separated sodium cation and the
chloride anion pulls them together; as they approach each other, they could

conceivably bump into another object, move it, and do work.

Separated atoms are less stable and have higher potential energy than atoms in
a chemical bond, so energy is required to break a chemical bond. Thus energy
is required to separate the two oxygen atoms of HOOH being held together
by mutual attraction in a chemical bond. The energy supplied is represented
in the higher potential energy of separate HO molecules compared to the
HOOH molecule. If the bond were reformed, the potential energy would be
converted into a form of energy that could be used to do work. In short, two
HO molecules have higher potential energy than an HOOH molecule.

Atoms in a chemical bond are more stable and have lower potential energy than
separated atoms, so energy is released when chemical bonds form. When H and
O, are converted into an HO, molecule, a new bond is formed, and some of
the potential energy of the separate particles is released. The energy could be

used to do some work.
H(g) + Ox(g) — HO(g)

Therefore, separated hydrogen atoms and oxygen molecules have higher
potential energy than the HO; molecules that they form.

When carbon dioxide sublimes, the attractions that link the CO, molecules
together are broken. The energy that the dry ice must absorb to break these
attractions goes to increase the potential energy of the CO; as a gas. If the CO,
returns to the solid form, attractions are reformed, and the potential energy

is converted into a form of energy that could be used to do work. Therefore,

gaseous CO; has higher potential energy than solid CO,.



Exercise 7.1 - Energy

For each of the following situations, you are asked which of two objects or substances
has the higher energy. Explain your answer with reference to the capacity of each to do
work and say whether the energy that distinguishes them is kinetic energy or potential
energy.

a. Nitric acid molecules, HNO3, in the upper atmosphere decompose to form
HO molecules and NO, molecules by the breaking of a bond between the
nitrogen atom and one of the oxygen atoms. Which has higher energy, (1) a
nitric acid molecule or (2) the HO molecule and NO, molecule that come
from its decomposition?

HNOs(g) — HO(g) + NO,(g)

b. Nitrogen oxides, NO(g) and NO,(g), are released into the atmosphere in the
exhaust of our cars. Which has higher energy, (1) a NO, molecule moving at
439 m/s or (2) the same NO, molecule moving at 399 m/s. (These are the
average velocities of NO; molecules at 80 °C and 20 °C, respectively.)

c. Which has higher energy, (1) a nitrogen monoxide molecule, NO, emitted
from your car’s tailpipe at 450 m/s or (2) a nitrogen dioxide molecule, NO,,
moving at the same velocity?

d. Liquid nitrogen is used for a number of purposes, including the removal (by
freezing) of warts. Assuming that the temperature remains constant, which has
higher energy, (1) liquid nitrogen or (2) gaseous nitrogen?

e. Halons, like halon-1301 (CF3Br) and halon-1211 (CF,CIBr), which have been
used as fire extinguishing agents, are a potential threat to the Earth’s protective
ozone layer, partly because they lead to the production of BrONO,, which is
created from the combination of BrO and NO,. Which has higher energy, (1)
separate BrO and NO; molecules or (2) the BrONO, that they form?

f. The so-called alpha particles released by large radioactive elements such as
uranium are helium nuclei consisting of two protons and two neutrons. Which
has higher energy, (1) an uncharged helium atom or (2) an alpha particle and
two separate electrons?

Units of Energy

The accepted SI unit for energy is the joule (J), but another common unit is the calorie
(cal). The calorie has been defined in several different ways. One early definition
described it as the energy necessary to increase the temperature of 1 gram of water
from 14.5 °C to 15.5 °C. There are 4.186 J/cal according to this definition. Today,
however, the U.S. National Institute of Standards and Technology defines the calorie
as 4.184 joules:

4.184] = 1cal or 4.184k] = 1 kcal

The “calories” spoken of in the context of dietary energy—the energy supplied by
food-are actually kilocalories, kcal, equivalent to 4184 J or 4.184 k]. This dietary
calorie is often written Calorie (using an uppercase C) and abbreviated Cal.

4184] = 1Cal  or 4.184kJ] = 1Cal

9
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A meal of about 1000 dietary calories (Calories) provides about 4184 kJ of energy.
Table 7.1 shows the energy provided by various foods. We will use joules and kilojoules
to describe energy in this text. Figure 7.8 shows some approximate values in kilojoules
for the energy represented by various events.

Table 7.1 Approximate Energy Provided by Various Foods

Food Dietary kilojoules | Food Dietary kilojoules
Calories (kcal) | (kJ) Calories (kcal) | (kJ)

Cheese pizza 1180 4940 Unsweetened apple 120 500
(12 inch diameter) juice (1 cup)
Roasted cashew 780 3260 Butter 100 420
nuts (1 cup) (1 tablespoon)
White granular 770 3220 Raw apple 100 420
sugar (1 cup) (medium sized)
Raw black beans 680 2850 Beer 100 420
(1 cup) (8 fl oz glass)
Dry rice 680 2850 Chicken’s egg 90 380
(1 cup) (extra large)
Wheat flour 400 1670 Cheddar cheese 70 290
(1 cup) (1 inch cube)
Ice cream - 10% 260 1090 Whole wheat bread 60 250
fat (1 cup) (1 slice)
Raw broccoli 140 590 Black coffee 2 8
(1 pound) (6 fl oz cup)

Figure 7.8

Approximate Energy of Various Events  (The relative sizes of these measurements cannot be shown on such a small
page. The wedge and the numbers of increasing size are to remind you that each numbered measurement on the scale
represents 10,000,000,000 times the magnitude of the preceding numbered measurement.)

>N




Kinetic Energy and Heat

An object’s kinetic energy can be classified as internal or external. For example, a falling
coin has a certain external kinetic energy that is related to its overall mass and to its
velocity as it falls. The coin is also composed of particles that, like all particles, are
moving in a random way, independent of the overall motion (or position) of the coin.
The particles in the coin are constantly moving, colliding, changing direction, and
changing their velocities. The energy associated with this internal motion is internal

kinetic energy (Figure 7.9).

Figure 7.9

7.1 Energy

OsJecTivE 11

External Kinetic Energy and
Internal Kinetic Energy

External KE is the

energy associated with
the overall motion
of an object.

Internal KE is the energy associated with
the random motion of particles within an
object.

The amount of internal kinetic energy in an object can be increased in three general
ways. The first way is to rub, compress, or distort the object. For example, after a good
snowball fight, you can warm your hands by rubbing them together. Likewise, if you
beat on metal with a hammer, it will get hot.

The second way to increase the internal kinetic energy of an object is to put it
in contact with another object at a higher temperature. Temperature is proportional
the average internal kinetic energy of an object, so higher temperature means a
greater average internal energy for the particles within the object. The particles in a
higher-temperature object collide with other particles with greater average force than
the particles of a lower-temperature object. Thus collisions between the particles of two
objects at different temperatures cause the particles of the lower-temperature object to
speed up, increasing the object’s energy, and cause the particles of the higher-temperature
object to slow down, decreasing this object’s energy. In this way, energy is transferred

from the higher-temperature object to the lower-temperature object. We call energy

OBJECTIVE 12

OBJECTIVE 12
OBJECTIVE 13

OBJECTIVE 14
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Figure 7.10
Heat Transfer

OBJECTIVE 14

OBJECTIVE 12

OBJECTIVE 15

that is transferred in this way heat. The energy that is transferred through an object, as
from the bottom of a cooking pan to its handle, is also called heat. Heat is the energy
that is transferred from a region of higher temperature to a region of lower temperature
as a consequence of the collisions of particles (Figure 7.10).

Lower-temperature object

Lower average force of
collisions

Particles speed up when they
collide with particles of the
higher-temperature object.

Increased energy

heat 1 _

Higher-temperature object

Higher average force of
collisions

Particles slow down when they
collide with particles of the

lower-temperature object.

Decreased energy

The third way an object’s internal kinetic energy is increased is by exposure to radiant
energy, such as the energy coming from the sun. The radiant energy is converted to
kinetic energy of the particles in the object. This is why we get hot in the sun.

Radiant Energy

Gamma rays, X rays, ultraviolet radiation, visible light, infrared radiation, microwaves,
and radio and TV waves are all examples of radiant energy. Although we know a great
deal about radiant energy, we still have trouble describing what it is. For example, it
seems to have a dual nature, with both particle and wave characteristics. It is difficult to
visualize both of these two aspects of radiant energy at the same time, so sometimes we
focus on its particle nature and sometimes on its wave character, depending on which
is more suitable in a given context. Accordingly, we can describe the light that comes
from a typical flashlight either as a flow of about 10" particles of energy leaving the
bulb per second or as waves of a certain length.

In the particle view, radiant energy is a stream of tiny, massless packets of energy called
photons. The light from the flashlight contains photons of many different energies, so
you might try to picture the beam as a stream of photons of many different sizes. (It is
difficult to picture a particle without mass, but that is just one of the problems we have



in describing what light is.)

The wave view says that as radiant energy moves away from its source, it has an
effect on the space around it that can be described as a wave consisting of an oscillating
electric field perpendicular to an oscillating magnetic field (Figure 7.11).

Because radiant energy seems to have both wave and particle characteristics, some
experts have suggested that it is probably neither a wave nor a stream of particles.
Perhaps the simplest model that includes both aspects of radiant energy says that as the
photons travel, they somehow affect the space around them in such a way as to create
the electric and magnetic fields.

Radiant energy, then, is energy that can be described in terms of oscillating electric
and magnetic fields or in terms of photons. It is often called electromagnetic radiation.
Because all forms of radiant energy have these qualities, we can distinguish one form
of radiant energy from another either by the energy of its photons or the characteristics
of its waves. The energies of the photons of radiant energy range from about 1078 J
per photon for the very high-energy gamma rays released in radioactive decay to about
10731 J per photon or even smaller for low-energy radio waves. The different forms of
radiant energy are listed in Figure 7.12 on the next page.

One distinguishing characteristic of the waves of radiant energy is wavelength, A, the
distance between two peaks on the wave of electromagnetic radiation. A more specific
definition of wavelength is the distance in space over which a wave completes one cycle
of its repeated form. Between two successive peaks, the wave has gone through all of its
possible combinations of magnitude and direction and has begun to repeat the cycle
again (Figure 7.11).

Wavelength, A, the distance

Source between two peaks

/ > magnetic field
= D
o WA

perpendicular to electric field energy

-

Gamma rays, with very high-energy photons, have very short wavelengths (Figure
7.12), on the order of 107'% meters (or 10~ nm). Short wavelengths are often
described with nanometers, nm, which are 10~ m. In contrast, the radio waves on the
low-energy end of the AM radio spectrum have wavelengths of about 500 m (about
one-third of a mile). If you look at the energy and wavelength scales in Figure 7.12,
you will see that longer wavelength corresponds to lower-energy photons. The shorter
the wavelength of a wave of electromagnetic radiation, the greater the energy of its
photons. In other words, the energy, €, of a photon is inversely proportional to the
radiation’s wavelength, A. (The symbol € is a lower case Greek epsilon, and the A is a
lowercase Greek lambda.)

1
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As Figure 7.12 illustrates, all forms of radiant energy are part of a continuum with

no precise dividing lines between one form and the next. In fact, there is some overlap

between categories. Notice that visible light is only a small portion of the radiant energy

spectrum. The different colors of visible light are due to different photon energies and

associated wavelengths.

Figure 7.12
Radiant-Energy Spectrum
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7.2 Chemical Changes and Energy T

In most chemical reactions, bonds are broken and new ones formed. Section 7.1 showed
us that the breaking of bonds requires energy and the formation of bonds releases it. If OsJecTivE 20
in a chemical reaction, more energy is released in the formation of new bonds than was
necessary to break old bonds, energy is released overall, and the reaction is exergonic.

The burning of hydrogen gas is an exergonic process:

2H2(g) + Oz(g) —> ZHzo(Z) + w
D - | l) — ‘l

On the one hand, energy is required to break the bonds between the hydrogen
atoms in the hydrogen molecules, Hy, and between the oxygen atoms in the oxygen
molecules, O;. On the other hand, energy is released in the formation of the H-O
bonds in water. Because the bonds in the product are more stable, we say that they are
stronger than the bonds in the reactants, and the product has lower potential energy
than the reactants. Energy is released overall.
weaker bonds —  stronger bonds + energy
higher PE — lower PE + energy OssecTive 20
2H)(g) + Oa(g) — 2H,0(g) + energy
To visualize these energy changes at the molecular level, let’s picture a container OsJecTive 20
of hydrogen and oxygen that is initially at the same temperature as its surroundings
(Figure 7.13). As the reaction proceeds and forms water molecules, some of the
potential energy of the system is converted into kinetic energy. (This is similar to the
conversion of potential energy to kinetic energy when a coin falls toward the ground.)
The higher average kinetic energy of the particles in the product mixture means that
the product mixture is at a higher temperature than the initial reactant mixture and
therefore at a higher temperature than the surroundings. Thus the higher-temperature

products transfer heat to the surroundings. Because the conversion of potential energy

a2

Figure 7.13

Ogsecrive 20 Exothermic Reaction

Stronger bonds — More stable

Tinside > I Energy released <— Lower PE

Increases KEgve of product particles
Increased T — Tinside > Toutside

Heat transferred to surroundings

Exothermic
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OsBJECTIVE 21

OBJECTIVE 21

OBJECTIVE 21

OBJECTIVE 21

Figure 7.14
Endothermic Reaction

to kinetic energy in the reaction can lead to heat being released from the system, the
energy associated with a chemical reaction is often called the hear of reaction. A change
that leads to heat energy being released from the system to the surroundings is called
exothermic. (Exergonic means any form of energy released, and exothermic means beat
energy released.)

If less energy is released in the formation of the new bonds than is necessary to break
the old bonds, energy must be absorbed from the surroundings for the reaction to
proceed. The reaction that forms calcium oxide, often called quicklime, from calcium
carbonate is an example of this sort of change. (Quicklime has been used as a building
material since 1500 BC. It is used today to remove impurities in iron ores. Calcium
oxide is also used in air pollution control and water treatment.) In the industrial
production of quicklime, this reaction is run at over 2000 °C to provide enough energy
to convert the calcium carbonate into calcium oxide and carbon dioxide.

stronger bonds + energy —  weaker bonds
lower PE + energy —  higher PE
CaCOs(s) + energy — CaO(s) + COa(g)

Collectively, the bonds formed in the products are weaker and, therefore, less
stable than those of the reactant, so the products have higher potential energy than
the reactants. The high temperature is necessary to provide energy for the change to
the greater-potential-energy products. Because energy is absorbed in the reaction, it is
endergonic.

Endergonic changes can lead to a transfer of heat from the surroundings. Cold packs
used to quickly cool a sprained ankle are an example of this kind of change. One kind
of cold pack contains a small pouch of ammonium nitrate, NH4NO3, inside a larger
pouch of water. When the cold pack is twisted, ammonium nitrate is released into the
water, and as it dissolves, the water cools (Figure 7.14).

NH4NO3(s) + energy — NHy"(2g) + NO3 (agq)

The attractions between the particles in the final mixture are less stable and have
higher potential energy than the attractions in the separate ammonium nitrate solid
and liquid water. The energy necessary to increase the potential energy of the system
comes from some of the kinetic energy of the moving particles, so the particles in the
final mixture have a lower average kinetic energy and a lower temperature than the

OgJecTIVE 21

Weaker bonds — Less stable
Tinside < Toutside >

Energy :ibsorbed < Higher PE

Decreases KEaye of product particles

Decreased T — Tinside < Toutside

Heat transferred to system — Endothermic
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original substances. Heat is transferred from the higher-temperature sprained ankle to
the lower-temperature cold pack. A change, such as the one in the cold pack, which
leads a system to absorb heat energy from the surroundings, is called an endothermic
change. (Endergonic means any form of energy absorbed, and endothermic means hear

energy absorbed.)

OBJECTIVE 22

Figure 7.15 shows the logic sequence that summarizes why chemical reactions either
release or absorb energy. It also shows why, in many cases, the change leads to a transfer
of heat either to or from the surroundings, with a corresponding increase or decrease in

the temperature of the surroundings.

Each chemical bond has a unique
stability and therefore a unique

potential energy.

Figure 7.15
Energy and Chemical
Reactions

OBJECTIVE 22

Chemical reactions lead to
changes in chemical bonds.

Chemical reactions
lead to changes
in potential energy.

K

If the bonds in the products are more
stable and have lower potential energy
than the reactants, energy will be released.

The reaction will be exergonic.

If the energy released comes from the
conversion of potential energy to kinetic
energy, the temperature of the products
will be higher than the original reactants.

v

The higher-temperature products
are able to transfer heat to the
surroundings, and the temperature
of the surroundings increases.

v

The reaction is exothermic.

o

If the bonds in the products are less stable
and have higher potential energy than the
reactants, energy will be absorbed.

The reaction will be endergonic.

If the energy absorbed comes from the
conversion of kinetic energy to potential
energy, the temperature of the products
will be lower than the original reactants.

v

The lower-temperature products are
able to absorb heat from the
surroundings, and the temperature
of the surroundings decreases.

v

The reaction is endothermic.
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T 7.3 Ozone: Pollutant and Protector

Leaves can be damaged by ozone.

OBJECTIVE 23

OBJECTIVE 24
OBJECTIVE 25

OBJECTIVE 24

OBJECTIVE 26

The discoveries that have caused scientists to worry about ozone levels in the Earth’s
atmosphere offer some excellent examples of the relationship between energy and
chemical changes. Perhaps the news media’s handling of these issues has caused you
some confusion. One day you might see a newspaper headline about an
ozone alert in Los Angeles, triggered by the concentration of ozone in the
air rising to roo high a level. Schoolteachers are warned to keep students
off the playgrounds to prevent damage to their lungs. Turning the page in
the same newspaper, you discover another article that describes problems
resulting from decreasing amounts of ozone in the “ozone layer” of the upper
atmosphere. So, which is it?. .. too much or too little? Is ozone a pollutant or a
protector? What is this substance, and why are we so worried about it?

Two forms of the element oxygen are found in nature: the life-sustaining
diatomic oxygen, O, and ozone, O3, which is a pale blue gas with a strong
odor. The concentrations of ozone in the air around us are usually too low
for the color and the odor to be apparent, but sometimes when we stand
next to an electric motor, we notice ozone’s characteristic smell. This is because an
electric spark passing through oxygen gas creates ozone.

Ozone is a very powerful oxidizing agent. Sometimes this property can be used to
our benefit, and sometimes it is a problem. Ozone mixed with oxygen can be used
to sanitize hot tubs, and it is used in industry to bleach waxes, oils, and textiles, but
when the levels in the air get too high, ozone’s high reactivity becomes a problem. For
example, O3 is a very strong respiratory irritant that can lead to shortness of breath,
chest pain when inhaling, wheezing, and coughing. Anyone who has lived in a smoggy
city will recognize these symptoms. Not only can ozone oxidize lung tissue, but it also
damages rubber and plastics, leading to premature deterioration of products made
with these materials. Furthermore, ozone causes significant damage to plants.

The highest concentrations of O3 in the air we breathe are found in large industrial
cities with lots of cars and lots of sun. The explanation why this is true begins with a
description of the source of nitrogen oxides. Any time air (which contains nitrogen
and oxygen) is heated to high temperature (as occurs in the cylinders of our cars and in
many industrial processes), nitrogen oxides are formed (NO and NO,).

Ny(g) + Ox(g) — 2NO(g)
2NO(g) + Oa(g) — 2NOs(g)

Nitrogen dioxide, NO,, is a red-brown gas that contributes to the brown haze associated
with smog.

The radiant energy that passes through the air on sunny days can supply the energy
necessary to break covalent bonds between nitrogen atoms and oxygen atoms in
NO, molecules, converting NO; molecules into NO molecules and oxygen atoms.
Remember that the shorter the wavelength of light is, the higher the energy. Radiant
energy of wavelengths less than 400 nm has enough energy to break N-O bonds in
NO, molecules, but radiant energy with wavelengths longer than 400 nm does not
supply enough energy to separate the atoms.

NO,(g) —~<40mm, \o() + O(g)
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The oxygen atoms react with oxygen molecules to form ozone molecules.
O(g) + Oz(g) - O3(g) OBJECTIVE 26

Because the process of ozone formation is initiated by light photons, the pollutant
mixture is called photochemical smog. Figure 7.16 shows typical ozone levels
in different areas of the United States. Note that the concentrations are highest in
southern California. Cities such as Los Angeles, with its sunny weather and hundreds OsJeCTIVE 25
of thousands of cars, have ideal conditions for the production of photochemical smog.
This smog is worst from May to September, when the days are long and the sunlight
intense.

lower ozone levels higher ozone levels

Figure 7.16

Typical Ozone
Concentrations in the
United States

Now that we have seen the conditions that lead to oo much O3 in the air we breathe
and why that is a problem, we need to know why depleting the ozone in the upper
atmosphere, creating #0o little ozone there, can also be a problem. Let’s start with a
little information about our atmosphere. Atmospheric scientists view the atmosphere
as consisting of layers, each with its own characteristics. The lowest layer, which
extends from the surface of the earth to about 10 km (about 6 miles) above sea level,
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Figure 7.17

The Earth’s Atmosphere

OBJECTIVE 27

OBJECTIVE 28

OBJECTIVE 27

OBJECTIVE 29

OBJECTIVE 27
OsJecTive 30

is called the troposphere. For our discussion of ozone, we are more interested in the
next lowest layer, the stratosphere, which extends from about 10 km to about 50 km
above sea level (Figure 7.17).

Stratosphere
from 10 to 50 km

Troposphere
from 0 to 10 km
Earth

The stratosphere contains a mixture of gases, including oxygen molecules, O,, and
ozone molecules, O3, that play a very important role in protecting the earth from
the sun’s high-energy ultraviolet radiation. The ultraviolet portion of the sun’s energy
spectrum can be divided into three parts: UV-A, UV-B, and UV-C. Not all UV
radiation is harmful. UV-A, which includes radiant energy of wavelengths from about
320 to 400 nm, passes through the stratosphere and reaches us on the surface of the
earth. We are glad it does, because UV-A radiation provides energy that our bodies use
to produce vitamin D.

The shorter-wavelength UV-B radiation (from about 290 to 320 nm) has greater
energy than the UV-A radiation. Some UV-B radiation is removed by the gases in the
stratosphere, but some of it reaches the surface of the earth. Radiation in this portion
of the spectrum has energy great enough that excessive exposure can cause sunburn,
premature skin aging, and skin cancer.

The highest-energy ultraviolet radiation is UV-C, with wavelengths from about
40 to 290 nm. We are very fortunate that this radiant energy is almost completely
removed by the gases in the atmosphere, because UV-C is energetic enough to cause
serious damage not only to us but to all life on earth. One reason it is so dangerous is
that DNA, the substance that carries genetic information in living cells, absorbs UV
radiation of about 260 nm. Likewise, proteins, which are vital structural and functional
components of living systems, absorb radiation with wavelengths of about 280 nm. If
these wavelengths were to reach the earth in significant quantity, the changes they
would cause by altering DNA and protein molecules would lead to massive crop

damage and general ecological disaster.
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Removal of UV Radiation by Oxygen and Ozone Molecules

Some of the dangerous radiation removed in the stratosphere is absorbed by the O,
molecules there. Radiant-energy wavelengths must be shorter than 242 nm to have
enough energy to break the O-O bond, and UV-C radiation has wavelengths in the
proper range.

ith 4
Oz(g) UV with A < 242 nm 20(g)

UV radiation can also provide the energy to break a bond between oxygen atoms

in ozone molecules. Because less energy is needed to break a bond in the O3 molecule
than to break the bond in O, the UV photons that break the bond in O3 are associated
with longer wavelengths. The O3 molecules will absorb UV radiation of wavelengths
from 240 nm to 320 nm.

03(g) UV with A from 240 to 320 nm O(g) + Oz(g)

Thus oxygen molecules, O,, and ozone molecules, O3, work together to absorb

high-energy UV radiation. Oxygen molecules absorb UV radiation with wavelengths
less than 242 nm, and ozone molecules absorb radiant energy with wavelengths from
240 nm to 320 nm (Figure 7.18). We have seen that wavelengths in the range of
240 to 320 nm can cause problems that include skin aging, skin cancer, and crop
failure. Because O, does not remove this radiation from the atmosphere, it is extremely
important that the ozone layer be preserved.

Figure 7.18
Removal of Ultraviolet
Removed by Oz Radiation in the
V(/éllvelength of . . . Stratosphere
radiant energy ‘ ’ ' ’
(nm) 40 120 200 280 360 440 Crnuse s 2l
f UV-C | H—UV-A-
UV-B

The Natural Destruction of Ozone

Ozone is constantly being generated and destroyed in the stratosphere as part of a
natural cycle. The reactions for the synthesis of ozone are

0, (g) UV radiation 20 (g)

O(g) + Oz(g) — Os(g)

Several natural processes destroy ozone in the stratosphere. Perhaps the most
important are:

NO(g) + Os(g) — NOy(g) + Oag)
and NOy(g) + O(g) — NO(g) + Oy(g)

The first reaction destroys one ozone molecule directly. The second reaction destroys
an oxygen atom that might have become part of an ozone molecule. (Because

OBJecTivE 31

OsgJecTivE 31

OsJecTivE 31

OBJECTIVE 32
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oxygen atoms can collide with oxygen molecules to form ozone molecules, the ozone
concentration is depleted indirectly through the removal of oxygen atoms.) The main
reason that this pair of reactions is so efficient at destroying ozone molecules, however,
is that the NO(g) that is destroyed in the first reaction is regenerated in the second
reaction. Therefore, in the overall reaction, an ozone molecule and an oxygen atom are
converted into two oxygen molecules with no change in the number of NO molecules.
This makes NO(g) a catalyst for the reaction. A catalyst is a substance that speeds a
chemical reaction without being permanently altered itself. The equation for the net

reaction is

NO catalyst
—

O3(g) + O(g) 20,(g)

T 7.4 Chlorofluorcarbons: A Chemical Success Story Gone Wrong

The announcement
today, suggesting a
worse situation than
we thought, affirms
the warning I issued
last Spring: Upper
atmosphere ozone
depletion remains
one of the world’s
most pressing
environmental
threats.
William K. Reilly,
Administrator of the
U.S. Environmental
Protection Agency,

1991

OBJECTIVE 33

Web
Molecules

OBJECTIVE 34

In 1972 the chemical industry was producing about 700,000 metric tons (about 1.5
billion pounds) of chlorofluorocarbons (CFCs) per year, compounds composed
entirely of carbon, chlorine, and fluorine. Most of the CFCs produced in the early 70’s
were either CFC-11, which is CFCl3, or CFC-12, which is CF,Cl,. The development
of these chemicals was considered a major triumph for the industry because they
seemed to be perfect for use as aerosol propellants, solvents, expansion gases in
foams, heat-exchanging fluids in air conditioners, and temperature-reducing fluids in
refrigerators.

One of the reasons why CFCs were so successful is that they are extremely stable
compounds; very few substances react with them. As a result, they are nontoxic and
nonflammable. Another important characteristic is that they are gases at normal room
temperatures and pressures, but they become liquids at pressures slightly above normal.
These were precisely the characteristics needed for the applications listed above.

CFCs and the Ozone Layer

Generally, gases are removed from the lower atmosphere in two ways. They either
dissolve in the clouds and are rained out, or they react chemically to be converted
into other substances. Neither of these mechanisms is important for CFCs.
Chlorofluorocarbons are insoluble in water, and they are so stable that they can persist
in the lower atmosphere for years. For example, CFC-11 molecules have an average
life of 50 years in the atmosphere, and CFC-12 molecules have an average life of about
102 years. During this time, the CFC molecules wander about, moving wherever
the air currents take them. They can eventually make their way into the stratosphere,
where they encounter radiation with enough energy to break them down. For example,
radiant energy of wavelength less than 215 nm will break the covalent bond between a
chlorine atom and the carbon atom in CF,Cl,.

A <215 nm
—_—
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The chlorine atoms released in this sort of reaction can destroy ozone molecules, in a
process similar to the catalytic reactions between NO, O3, and O described in the last
section:

2Cl(g) + 203(g9) — 2ClO(g) + 204(g)
2ClI0(g) — ClOOCI(g)

CIOOCl(g) — ClOO(g) + Cl(g)
ClOO(g) — Cl(g) + Ox(g)

In one cycle, each chlorine atom destroys one ozone molecule. Because the chlorine
atom is regenerated in the last two reactions, its role is that of a catalyst for the reaction.
The equation for the net reaction is

Cl catal
Net reaction:  203(g) _Cl casalyst |

301(g)
Each chlorine atom is thought to destroy an average of 1000 ozone molecules before
being temporarily incorporated into a compound such as HCI or CIONO,.

CHy(g) + Cl(g) — CHj(g) + HCl(g)
and ClO(g) + NOy(g) — CIONO;(g)

In 1985, scientists discovered a large decrease in the atmospheric concentration of
ozone over Antarctica. This “ozone hole” could not be explained with the models used
to describe atmospheric chemistry at that time, but it has since been explained in terms
of an unexpectedly rapid reformation of chlorine atoms from chlorine compounds such
as HCl and CIONO,. The new model suggests that reactions such as the following
take place on the surface of ice crystals that form in the cold air of the stratosphere over
Antarctica.

CIONO;(g) + HCl(s) — Cla(g) + HNOs(s)
CIONO;(g) + H,O(s) — HOCI(g) + HNOs(s)
HOCI(g) + HCI(s) — Cly(g) + HyO()

radiant energy

HOClI(g) Cl(g) + OH(g)

Cly(g) radiant energy 2CI(g)

The chlorine atoms freed in these reactions can once again react with ozone
molecules and oxygen atoms. Many scientists fear that each chlorine atom that reaches
the stratosphere may destroy tens of thousands of ozone molecules before escaping
from the stratosphere. One way they finally escape is by migrating back into the lower
atmosphere in HCI molecules that dissolve in the clouds and return to the earth in
rain.

Special Topic 7.1 Green Chemistry—Substitutes for Chlorofluorocarbons describes
substitutes for chlorofluorocarbons, and Special Topic 7.2 Other Ozone-Depleting
Chemicals describes other ozone-depleting chemicals.

OBJecTIVE 35

OBJecTIVE 35
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SrPECIAL ToOPIC 7.1

Green Chemistry - Substitutes for

Chlorofluorocarbons

Any television, computer, or other fragile item you have
purchased in recent years has probably come packaged

in polystyrene foam (Styrofoam®) for protection. The
same foam is likely to be serving as insulation in the
cooler you take along on a picnic. It is a stiff, low-density,
non-heat-conducting solid produced by blowing gas into
polystyrene liquid as it solidifies. Over 700 million pounds
were manufactured in 1995.

Chlorofluorocarbons have been used as the blowing
agents in the production of polystyrene foam, but because
of the damage CFCs may be causing to the ozone layer,
chemists are actively secking other ways of doing the
job. In 1996, the Dow Chemical Company received a
Presidential Green Chemistry Challenge Award, specifically
the Alternative Solvents/Reaction Conditions Award, for
developing a process that makes polystyrene foam using
100% carbon dioxide, CO, as the blowing agent. (See

SrPECIAL ToOPIC 7.2

Although CFCs have gotten the most attention as a threat
to the ozone layer, there are other chemicals that are also
thought to pose a danger to it. Halons, which are similar to
CFCs but contain at least one bromine atom, are one such
group of compounds. Halon-1301 (CF3Br) and halon-1211
(CF,CIBr) have been used as fire-extinguishing agents, but
the bromine atoms they release have been shown to be even
more efficient at destroying ozone than chlorine atoms are.
While governments are in general agreement that halons
should be banned, the status of another bromine-containing
compound is more ambiguous. This compound is methyl
bromide, CH3Br. The controversy revolves around whether
or not methyl bromide has a significant effect on the
ozone layer and whether the benefits of using it outweigh
the potential hazards. This ozone-depleting compound is
different from CFCs and halons because it is not produced
by humans only, but by many prolific natural sources. For
example, the ocean is thought to both release and absorb
significant amounts of CH3Br, and wildfires generate
methyl bromide as well. The actual contribution of the
various sources of methyl bromide to the atmosphere is
still uncertain, but many scientists agree that significant
amounts do come from human activities (so-called
anthropogenic sources) such as the burning of rain forests,

Special Topic 1.1: Green Chemistry.) Carbon dioxide is
nonflammable and nontoxic and does not deplete the ozone
layer. The process does not even increase the level of CO,
in the atmosphere, because the carbon dioxide it uses comes
from other commercial or natural sources, such as ammonia
plants or natural gas wells. This new technology reduces the
use of CFCs by 3.5 million pounds per year.

Other Ozone-Depleting Chemicals

the use of insecticides, herbicides, and fungicides, and the
use of leaded gasoline that contains ethylene dibromide.
One of the reasons methyl bromide has been considered less
threatening to the ozone layer than CFCs or halons is that
it has a much shorter lifetime. The best estimates predict its
average lifetime to be 1 to 2 years compared to over 50 years
for the shortest-lived common CFC and over 20 years for
the most common halons. Although research on the possible
effects of methyl bromide continues, experts now consider
it damaging enough that steps have been taken to begin
phasing it out.

With the discovery of the damaging effects of CFCs,
alternatives were developed that have many of the desirable
characteristics of CFCs but are less stable in the lower
atmosphere and less likely to reach the stratosphere. These
chemicals, called hydrochlorofluorocarbons (HCFCs),
are similar in structure to CFCs but contain at least one
hydrogen atom. For example, HCFC-22 is CF,HClI, and
HCFC-123 is CF3CHCI,. Although these chemicals are
thought to be less damaging to the ozone layer, they too can
reach the stratosphere and lead to some depletion of O3.
Thus they are viewed as transitional compounds to be used
until better substitutes have been found.
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Energy 'The capacity to do work.

Kinetic energy The capacity to do work due to the motion of an object.

Law of Conservation of Energy Energy can neither be created nor destroyed, but
it can be transferred from one system to another and changed from one form to
another.

Potential energy A retrievable, stored form of energy an object possesses by virtue of
its position or state.

Endergonic (endogonic) change Change that absorbs energy.

Exergonic (exogonic) change Change that releases energy.

Joule (J) The accepted international unit for energy.

calorie (with alowercase ¢) A common energy unit. There are 4.184 joules per calorie
(abbreviated cal).

Calorie (with an upper case C) 'The dietary calorie (abbreviated Cal). In fact, it is a
kilocalorie, the equivalent of 4184 joules.

Internal kinetic energy The energy associated with the random motion of particles.

Temperature A measure of the average internal kinetic energy of an object.

Heat The energy transferred from a region of higher temperature to a region of lower
temperature due to collisions between particles.

Radiant energy or electromagnetic radiation Energy that can be described in terms
of either oscillating electric and magnetic fields or in terms of a stream of tiny
packets of energy with no mass.

Photons Tiny packets or particles of radiant energy.

Wavelength (A) The distance in space over which a wave completes one cycle of its
repeated form.

Exothermic change Change that leads to heat energy being released from the system
to the surroundings.

Endothermic change Change that leads the system to absorb heat energy from the
surroundings.

Troposphere The lowest layer of the earth’s atmosphere. It extends from the surface of
the earth to about 10 km above the earth.

Stratosphere The second layer of the earth’s atmosphere, which extends from about
10 km to about 50 km above sea level.

UV-A Ultraviolet radiation in the range of about 320 to 400 nm wavelengths. This is
the part of the ultraviolet spectrum that reaches the earth and provides energy for
the production of vitamin D.

UV-B Ultraviolet radiation in the range of about 290 to 320 nm wavelengths. Most
of this radiation is filtered out by the earth’s atmosphere, but some reaches the
surface of the earth. Excessive exposure can cause sunburn, premature skin aging,
and skin cancer.

UV-C Ultraviolet radiation in the range of about 40 to 290 nm wavelengths. Almost
all UV-C is filtered out by our atmosphere. Because DNA and proteins absorb
radiation in this range, UV-C could cause crop damage and general ecological
disaster if it were to reach the earth’s surface in significant quantities.

Catalyst A substance that speeds a chemical reaction without being permanently
altered itself.

Chlorofluorocarbon (CFC) A compound composed of just carbon, chlorine, and
fluorine.

Chapter
Glossary

You can test
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textbook’s
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Chapter
Objectives

The goal of this chapter is to teach you to do the following.

1.

Define all of the terms in the Chapter Glossary.

Section 7.1 Energy

2.

®©

10.

11.

12.
13.

14.
15.
16.
17.

18.

19.

Explain why a more massive object, such as a bulldozer, has a more energy than a
less massive object, such as a scooter, moving at the same velocity.

Explain why an object, such as a bulldozer, has more energy when it is moving at
a higher velocity than the same object moving at a lower velocity.

State the Law of Conservation of Energy.

Describe the relationship between stability, capacity to do work, and potential
energy.

Explain why an object, such as a coin, gains potential energy as it moves farther
from the earth.

Explain why energy must be absorbed to break a chemical bond.

Explain why energy is released when a chemical bond is formed.

Convert between the names and abbreviations for joule (J), calorie (cal), and
dietary calorie (Calorie or Cal).

Write or identify the relative sizes of the joule, calorie, and dietary calorie
(Calorie).

Explain the difference between external kinetic energy and internal kinetic
energy.

List the three ways that an object’s internal kinetic energy can be increased.
Write or identify what is meant in terms of average internal kinetic energy when
we say that one object has a higher temperature than another object.

Describe the changes that take place during heat transfer between objects at
different temperatures.

Write a brief description of radiant energy in terms of its particle nature.

Write a brief description of radiant energy in terms of its wave nature.

Wrrite or identify the relationship between the wavelength of radiant energy and
the energy of its photons.

Write or identify the relative energies and wavelengths of the following forms

of radiant energy: gamma rays, X rays, ultraviolet (UV), visible, infrared (IR),
microwaves, and radio waves.

Write or identify the relative energies and wavelengths of the following colors of
visible light: violet, blue, green, yellow, orange, and red.

Section 7.2 Energy and Chemical Reactions

20.
21.
22.

Explain why some chemical reactions release heat to their surroundings.
Explain why some chemical reactions absorb heat from their surroundings.
Explain why chemical reactions either absorb or release energy.

Section 7.3 Ozone: Pollutant and Protector

23.

24.
25.

Explain why the same characteristic that makes ozone useful in industry also
leads to health problems.

Describe how ozone is produced in the air we breathe.

Explain why the highest concentrations of ozone in the air we breathe are found
in large industrial cities with lots of cars and lots of sun.
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