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WARNING

Descriptions of experiments that appear in this book are intended only to
illustrate chemical principles. They are not intended to cause or encourage
misuse of commercial or any other products. Household bleach, ammonia,
tincture of iodine, and other products described in this work are and can
be hazardous, corrosive, and poisonous, and must be used only as
directed by the manufacturer. Be aware that anything can be hazardous if
it is used improperly and that all materials must be disposed of according
to law.
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Preface

This book was written for a course in which nonmajors learn chemistry in
the context of the things that can or do affect them in their everyday lives.

Its origin lies in a course originally titled “Consumer Chemistry.” In the
early 1970s, at a time of severe inflation, it occurred to me that such a course
combining chemistry with consumerism and directed at nonscience students
was badly needed. I developed this as a one-credit, one-semester course in
which [ taught chemistry through its applications to consumer products ar.d
used consumer products to illustrate chemical principles. Each reinforced the
other in examinations of gasoline and petroleum, detergents, foods and food
additives, plastics, and the like.

With time, the course expanded beyond consumerism and the more com-
mon of our consumer products, but without ever losing sight of either. Al-
though radioactive substances, for example, aren’t commonly classified as
consumer products, we do encounter them as consumers of medical care.
Although ozone isn’t itself a consumer product, our use of the gasoline engine
and of chlorofluorocarbons affects both the undesirable generation of ozone
(in the air we breathe) and the undesirable destruction of ozone (in the strato-
spheric ozone layer). In evolving, the course content came to include not
only such topics as nuclear chemistry and the chemistry of gases, including
ozone, but other facets of chemistry as well, facets that aren’t easily defined
in terms of consumer goods.

It evolved into a course about the chemistry of the substances of our every-
day world, from the banal to the contentious, from table salt to perception-
altering drugs, from drinking water to nuclear power. It evolved to include
questions of safety, of the meaning and measurement of pollution, and par-
ticularly of the ambiguity of terms like “good” and “bad’’ as they are applied
to chemicals. It evolved to bring the students themselves into the realm of
chemistry, not only to demonstrate that we ourselves are constructed phys-
ically of chemicals but also to show that we can and must have the power of
choice in how we use the chemicals of our universe. Appropriate choices
require wisdom, and wisdom is founded on knowledge.

The course changed in other ways as well. It grew in steps from a one-
credit, one-semester offering into a two-semester sequence of two three-credit
courses, acceptable toward the science requirement for graduation. With
these changes [ have tried always to remain true to my original goal: teaching
chemistry through illustrations taken from the common substances, objects,
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and processes of the world around us. Each hand—chemistry as one, and
the things and substances of our everyday world as the other—shakes the
other.

OBJECTIVES

The objectives of this approach are to teach chemistry:

® In the context of the ordinary things of our everyday lives, and some that
aren’t quite so ordinary but that nonetheless can and do affect our lives.

® In the context of the larger realm of science, drawing on chemical principles
and examples to illustrate the workings of science as a whole and the sci-
entific method.

¢ In the context of the need for science literacy to enable all, scientist and
nonscientist alike, to make reasoned judgments on societal issues that are
founded on the processes and fruits of science in general and chemistry in
particular.

¢ In the context of chemistry as an experimental science.

CHEMISTRY, AN EXPERIMENTAL SCIENCE

The fourth of these objectives deserves further comment. I, and perhaps oth-
ers as well, have long taught chemistry as we know it to be, with an under-
standing shaped by many years, even decades of study. We see chemistry
as a coherent, rational whole and we transmit this model of the chemical
universe to our students. Yet I have found, and I suspect many others agree,
that transmitting this model alone is insufficient and unsatisfying, to both
the teacher and the student. It's important to teach not only the coherent
model of the universe that the science of chemistry presents to us, but to
demonstrate why we are forced to accept it.

[ use the word ““forced” because the model of the world that chemistry
presents to us is one that we are absolutely and unconditionally required to
mold and to accept. We are forced to this particular model by our contact
with physical reality, by our tests of physical reality, by the questions we
frame as we test this real universe experimentally, and by the answers we
receive from our experimental tests. Chemistry is, above and beyond all else,
an experimental science.

We are forced to mold the universe into one particular intellectual construct
because of our commitment to the scientific method and its experimental
approach to knowledge. To teach chemistry, I am convinced, requires teach-
ing the broad outlines of the scientific method, explicitly or implicitly. We
have no choice, for example, but to acknowledge that atoms, subatomic par-
ticles, and chemical bonds do actually exist. But why are we forced to this
view of the world? This is what students must come to understand if they
are to learn chemistry in its richest context: why we are forced to see the
physical universe as we do.

We accept the reality of atoms and all the other structures and concepts
of chemistry because we have no other rational choice. Our experimental
tests of our universe, through the scientific method, lead us to them and only
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to them. Let us then give our students hard, physical, real, demonstrable
evidence that what we are about to tell them is, indeed, true chemistry, real
chemistry. Let us show them in lectures and in textbooks that what we tell
them is true not because we say it is, but because they see it is.

DEMONSTRATIONS

To emphasize the experimental basis of chemistry, all but two chapters begin
with a demonstration or an action of some sort that the students themselves
can perform with simple equipment and common substances. The first chap-
ter, for example, begins with an illustration of the electrical conductivity of
salt water and the nonconductivity of sugar water that employs table sugar,
table salt, and a simple flashlight. The materials of the demonstration are
about as common and ordinary as any we can find. Yet we see, at the first
moment of contact with this realm of chemistry, that there’s something de-
monstrably different about these two substances other than mere taste,
something different that forces us to the concept of ions. Ions are real not
because we say they are, but because students see that they are.

All the other demonstrations, vignettes, and historical sketches that start
off chapters lead us to observations and conclusions about the chemistry of
(mostly) ordinary things that we run across again, as textbook chemistry,
somewhere in the chapter. These can be used as lecture demonstrations, but
they are more than that. All of these demonstrations can be repeated by
students, using common household goods. (Some chapters, like the two on
nuclear chemistry, are better off without descriptions of hands-on experi-
ments.)

SEQUENCE OF CHAPTERS

The sequence of chapters allows the text to be used for either a one- or a two-
semester course. Of the 22 chapters, the first 11 cover most topics considered
to be fundamental to the science of chemistry. The first three are introductory,
dealing with atoms, ions, molecules, elements, compounds and the periodic
table. The next several chapters carry the student from the nucleus, through
the valence shell, to the covalent bond. Chapters 9, 10, and 11 round out the
introductory material with the mole concept and solutions, acids and bases,
and an introduction to the three phases of matter. With applications intimately
tied to concepts throughout, there is no sacrifice of applications if the book
is used in a one-semester course. Furthermore, any of the chapters in the set
13-22 can be included in a one-semester course with little or no modification.
Organic chemistry appears in both the first set with a discussion of hydro-
carbons, petroleum, and gasoline (Chapters 7 and 8), and the second set with
an examination of the components of food and additives.

ORGANIZATION OF CHAPTERS

Every chapter but the two on nuclear chemistry starts with a demonstration
or activity of some sort that leads to the substance of the chapter. In the spirit
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of the experimental approach, the results of the demonstration are explained
in the context of the principles of chemistry developed within the chapter.

Virtually every section is followed by a question designed to induce the
student to reflect on or review the material just covered. Exercises at the end
of each chapter are divided into three categories: 1) review, written for a
straightforward re-examination of the factual material of the chapter; 2)
mathematical, for those who wish to emphasize the mathematical aspects of
chemistry; and 3) thought-provoking. Exercises in this last category some-
times have no “right” answer but are intended to stimulate thought about
the interconnection of chemistry, society, and individual values.

Many of the chapters, especially the earlier ones, contain worked examples
to ease the student’s way through the more difficult concepts.

Other characteristics of the presentation include the introduction of defi-
nitions, concepts, symbols, and the like largely on a need-to-know basis. It
seems to me to make more sense to explain and describe the world about us
as we encounter it, rather than to start by defining and categorizing ideas
well before we need to use them. It's also clear that I like etymologies. I've
found that students learn technical terms more easily if they know where
they came from. I have other preferences that I'm unaware of, and I'm sure
they show up in the book here and there, beneficially I hope. The major
themes of the text are spelled out in Chapter 1 and need not be repeated
here.

SUPPLEMENTS

An innovative package of supplements to accompany The Extraordinary Chem-
istry of Ordinary Things is available to assist both the instructor and the student.

1. Study Guide, by David Dever of Macon College. This Guide is an inval-
uable tool for the student, containing unusual, illustrative scenarios as well
as the more traditional study guide features such as chapter overviews
and solutions to in-text questions. Dr. Dever has also included worked-
out solutions to the problems in the text’s A Little Arithmetic” sections,
along with additional exercises of the same nature and level of difficulty.

2. Laboratory Manual, by Thomas Chasteen of Sam Houston State University
and Bruce Richardson of Highline Community College. Twenty-five lab-
oratory exercises are included in this manual, all written in a clear, concise,
and unintimidating fashion. The themes emphasized in the Laboratory
Manual closely parallel those of the text, incorporating experiments with
both consumer and environmental applications.

3. Instructor’s Manual, by Sharmaine Cady of East Stroudsburg University.
In addition to lecture outlines, chapter overviews, and additional class
demonstrations for each chapter in the text, the Manual also contains back-
ground information and suggestions for using the The Extraordinary Cheim-
istry of Ordinary Things videotape.

4. Test Bank. Written by the text author, the Test Bank contains over 1000
multiple-choice questions.

5. Computerized Test Bank. IBM, Apple II, and Macintosh versions of the
entire Test Bank are available with full editing features to help you cus-
tomize texts.
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6. Full-Color Overhead Transparencies. Over 100 full-color illustrations are
provided in a form suitable for projection in the classroom.

7. Videotape. Over 15 experiments are demonstrated by the author on this
videotape. A few selected chapter-opening experiments are brought to life;
other demonstrations illustrate other pertinent chapter material. In addi-
tion, the author and two chemists from the Dade County Department of
Environmental Resource Management discuss air and water quality con-
trol, pollution tracking, and other vital environmental issues.

THE MAGIC OF CHEMISTRY

Some of the chapters start with what appear to be demonstrations of magic.
Household bleach, for example, mysteriously makes colors appear rather than
disappear, exhaled breath mysteriously causes colors to change, we myste-
riously “squeeze’ air out of a glass bottle, and so on. As each of these chapters
unfolds, the “magic” is explained as the operation of a chemical principle
and the “magic” is seen to be no more than the rational operation of the laws
of the universe. The “magic” is transformed into “‘chemistry”” as the student
comes to understand how the chemical universe about us works. In this way
[ illustrate to students one of the most important contributions that science
in general and chemistry in particular have made to the development of our
civilization: the conversion of superstition into understanding, of fearsome
magic into useful science, all through the acquisition of knowledge. After all,
the difference between “magic’” and “'science”’ is knowledge.
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The Glass
Where Pollution Begins

According 1o one of the less formal princi-

Demonstrations

To emphasize the experimental
basis of chemistry, all but

two chapters begin with a
demonstration that students can
perform with simple equipment

ples of chemistry, “There’s a little bit of
everything in anything.” This implies thal

if we could detect and measure the most

*XCCC 21y S ( cS w () [
and common household goods. = exceedingly small quantilies down 1o th
17 Sy mapaan Giosh Thio very molecules and atoms that make up any
the standard measuring glass
and L 1t 10 tha mark with paorticular substance, we'd find a bit of whatever we might look for inanything
water. Aliow the salt to we choase to examine, Read i as saying that nothing, is pure and that every-
0N, thing 15 contaminated with something else, to one degree or another. 1F we
consider pollotion to be the contamination of any substance with another,
undesirable matenal, then the question we ought to ask isn't whether any
particular substance is polluted but, rather, “What's the extent of the pollu-
tion?”” To put it a st differently, our own concerns in our everyday world of
orthnary things aren’t so much with the very lact of contamination (the un-
avoudable presence of undesirable materials in our air, water, food, consumer
gouds, and other aspects of our environment), but rather with the actual level
of contamination that exists, the concentrations of these disapneeable mate-
COUNTING CHEMICAL PARTICLES
2
Figure 9.1 (continved)
2% 2. Pour the standard glass of sall water info glass 1 and place @ mark one-tenth ol the

way down Irom the top of the sall-waler solution. 3 Using the mark on glass 1 as 3 guide.
pour one-tenh of the solution tiom giass 1 back into the empty standard measuring glass.
4 Difute the sait-wat in the d measuring glass by adding enough Iresh
water 1o bring the level of the soluhion up to the mark. Now you €an pour this solution
from Ihe standard measuring glass into glass 2 Repeat the process so that the
concentration of the salt in each glass of the set 1s one-tenth of the concentration ot the
sail in the preceding glass.

glasses have straight, vertical sides, but even if they don't, the mark will do
nicely for this demonstration.)

Using the mark as a guide, pour 1/10th of the salt water from glass 1 into
the standard glass. Now (ilt the standard glass to its own mark, as you did
brfore, with warm tap water and stir the solution o bit so that the salt is
cvenly distributed. You have just diluted the salt water from glass 1 by a
factor of 10. Empty this new, diluted salt-water mixture into glass 2. Repeat
the procedure until cach of the seven glasses holds a standard glass of salt
water, The first glass contains salt water at a concentration of one tahlespoon
of salt per glass of water. Each of the remaining six contains 10% of the salt
m the one before it. Figure 9.1 shows the preparation of the fisst two.

Taste the water in each, starting with the most dilute. A good way to do
this 15 to use a fresh set of three glasses. Have a friend pour a hittle water
from glass 7 into one of them and put tap water into the other two so that
you don’t know which is which, Now taste the water in the three glasses.
Can you tell which has the salt init? Repeat this procedure, going successively
to the lower numbered glasses (with higher concentrations of salt) until you're
sure you can taste the salt. At what dilution can you first taste the salt,
1/1000th tablespoon per glass? 1/100th tablespeon? 1/1th tablespoon? 1 ta-
blespoon? You probably (ind that the water in glass | 1s too salty to drink.
Would you calt the waler in glass 1 polluted with salt? Do yoa think you can
dnink the water in glass 72 Would you call the water in that glass polluted?
What fraction of a tablespoon of salt 1s there in glass 77

Fry thus again with solutions of sugar instead of salt. As we proceed
through this chapter this demonstration will help us understand how we
count chenmeal particles, what concentrations are and how we deseribe then,
and the importance of measuring levels of pollution and dealing with pol-
lution in a quantitative fashion.
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especially while gomg uphill or when pulling a trailer in severe cases an
engine can knock while the car is simply cruising along a level highway.

Knuocking is the sound of actual explosions in the cylinders. Normally the
gasoline-air mixture burns smoothly when the spark plug fires. The com-
bustion of the compressed hydrocarbons begins at the spark plug and pro-
ceeds outwand stmoothly and evenly, like ripples in a pond. Sometimes knock
ing results from pregmtion, an gnition of the mixture before the piston has
risen to the pomt where the spark plug normally fires. Knocking can also
result from a combustion that begins spontancously of one or thore spots in
the cylinder vither hefore or qust as the plug fires, as though several stones
had dropped into a pond, praducing a set of irregular, overlapping ripples
(Fig. 8.5). Or it can be a combmation of the two. In any case, the resulting
irregular, sncontrolled combustion produces a series of small explosions that
we hear as knocking It causes loss of power, melficient and uneconomical
use of fuel, and, 1 severe cases, damage to the engine. In extreme cases, for
example, knocking can produce pits 1 the top surface of the piston or even
fracture it. With any particular grade ot gasoline, the lugher the compression
ratio, the greater the kkelihood of knocking

| cucsian |

Describe one advantage and oae disadvantage of a high compression ralio v ap
engine.,

8] Octane Rating

101

Smosoth ymtion

I

Figure 8.5

Smooth ignition and knocking

Fhe elimination of knocking through the production of high-quality blends
of gasoline requires, first, some measure of a2 gasoline’s ability to burn
smoothly even under the rigorous conditions of the modern high-compres-
sion engine. To look at the problem from another angle, we need a means
for describing o gasoline’s reststance (o knocking. Studies of the tendencies of
various hydrocarbons to knock in test engines reveal one consistent trend.
the more hughly branched an alkane, the greater its tendency o burn smoothly
and vvenly and to resist knocking. 2,2,4- Trimethylpentane, also called (mis
takenly) “isvoctane” and even simply “oetane” hecause it's one of the isomers
of Cul 1y, consists of a chain of bive carbons that bears three methy! branches
and shows very hittle tendency to knock. a-Heptane, an the ather hand, s
completely unbranched and knocks readily, even under mild condstions (Fig.
8.6).

Mixtures of these two alkanes are used in assigning octane ratings or actane
numhers to commercial gasolines. Because ot its considerable ability to burn
smuulhly and to resist knocking, 2,2,4-trimethylpentane s assigned an octane
rating, of 100; u-heptane, with its great tendency to knock, recerves an octane
rating of 0. Mixtures of the two are given octane ratmgs equal to the per-
centage of the octane they contain

To deternmune the octane rating, of any blend ot gasoline we siaply compare
the knucking tendencies of the particular blend itsell with those of nmixtures
of “octane” and n-heptane. I, for example, a particular blend of gasoline has
knocking tendencies wdentical to those of a mndure of 85% “octane” and 15%
n-heptane, under standard test conditions, we assign the blend an vctane

I'he octane rating or octane
number of o gasoline s o
measure of the gasoline’s
resistance 1o knockmg

Thren grades of gasoline and
their oclane ralings

i

EXAMPLE  Bavancing acT

are balanced.

Balance the chemical equation tor the combustion of propane.

To balance a reaction we must tirst know what happens chemically.
As with methane, the combustion of propane consumes oxygen and
produces carbon dioxide and water:

CHy—CH~Cla 4+ Oy = CO; + HO {an uubalanced cyualion)

Clearly, with three carbons in the propane molecnle to the left ot the
arrow and only one in the carbon dioxide to the right, as well as vight
hydrogens in the propane molecule and only two in the water motecule,
this reaction isn't balanced. To remedy this we'll first place a 3 iy front Union Gas Company, Brookiyn,
of the CO; and a 4 in front of the 1 LO so that the carbons and hydvogens Now York

Cibe—Cl—~Chia 4+ O = 3CO; + 41,0 (better, but bt an unbalanced

We now have three carbon atoms in the carbon dioxide of the products
to balance the three of the propane molecule, and two hydrogens in
cach of four water molecules to balance the eight hydrogens of propane.

But the reaction still isn’t balimced. Notice that there are 10 oxygens
among the products, 6 from the three COY's and 4 from the four 1.0,
but only 2 oxygen atoms ta the feft of the arrow. To correct this, and
therehy produce our balanced equation foe the combustion of propane,
we write a 5 in front of the O,

CHy—Cliz—CH, + 50; ~ 3CO, + 41,0 (n batancedd equation)

The chemical equation for the oxidation of propane to carbon dioxide
and water is now balanced.

The hydrocarbons of natural
gas burning at the Brookiyn

equation)

Questions

Virtually every section is
followed by a Question
designed to induce students to
reflect on or review the material
just covered. Questions can be
of three types: straightforward
review, mathematical, or
thought-provoking.

Worked Examples

Worked Examples are provided
to help students work through
difficult concepts or some

of the quantitative aspects of
chemistry. Frequently broken
down into step-by-step stages,
these examples serve as
models for some of the end-of-
chapter Exercises.
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17 The Extraordinary Chemistry
of Ordinary Things

. Chemistry 1 the branch of Chemistry s the branch of sence devoted to the study of matter, s com-
Runnlng Glossary scwnce that studies the position, its properties, and the changes it undergues. Chemistry studies the
compositan Jnd l"":’*""" matenal substance of the universe, the stufl we can hold, kik, feel, wagh,

E . of mattes and the changes emell, see, touch, and taste
Key terms are def'ne_d both {n that cnaiter undergyes, In this book we'll examine chemistry largely through the properties and
text and in the margin, helplng the compositions of ordinary things, some as ordinary as the water, table
o o h salt, and table sugar we started with, some 3 bat less common or less obvious
students Ident'fy the most but nonetheless important o the way we hve txday or perhaps will hve -
im ponant conce pts marrow. Since all the matenals of our evervday lives, espeaally the food and

the consumer products that form both our nevessities and our lusurnies. are
made up of ordinary matter, the study of ther composition, properties, and
changes 1s, in fact, the study of chemistey itaelt.

Several magor themes ocvur repeatedly throughout this studv One s that
chemical eactions provide us with the energy that dnves our sxiety and
that provides fucl lor our bodies, through pricesses rangng from the com-
bustion of gasoline’s hvdrcarbons to the oxidation of the carbohydrates, fats,

Energy ¢ the alnhty to do and proteins of our loods Energy asell s simply the abslity to do work

work Without the power of chemistry, expressed literally as the energy that these
chemical reactions release, both our lives and our society (at least as we know
it now) would come 1o an end

Anuther theme is that chemscals provide us with the bulk, physical struc-
tures of our everyday lives, irom the polymenc plastics that lorm our con-
sumer goads and that wrap them in convenient packages o the substancis
that torm, shape, amd wrap our own bodies. our bones, organs, and skan.
Pvery it of whatever matenal substance we see, touch, or use is made af
chemicals, and 50 are we

A third theme reveals the importance of chemical partickes themselves,
from the smallest 1ons, atoms, and molecubes 10 the largest and most complex
cdbicncie clucion ol o beatica ol od et dbe e Wotr, a wmple

more than
Molecular

PEASPECTIVE: COUMTING CALORIES. WATH OR MYTH? 345 ire animal

consume along with food, also provides dietary energy. At 7 Cal per gram
it's a bit closer to fats and oils than to carbohydrates and proteins in the
number of Calories per gram it can add to our total intake.

[ auesmow |

The nutrition information panel on a can of a typical commercial chicken noodle soup
reveals that one serving contains 13 g of protein, 15 g of carbohydrates, and 5 g of
fat. (2) How many Calories does one serving of this soup provide? (b) How many
hours of basal metabobe activity would this provide to the normal, healthy, 163-pound '
person menbioned m the question at the end of Secon 1297

e piastics of

PERSPECTIVE:  Counting Calories, Math or Myth?

PerSpecuves “I can eat as much as | want and | don’t gain a pound, and I never exercise.”
Every chapter closes with a “There’s a special enzyme in grapefruit that burns up fat calories.”

Perspective that places the e e
content of that chapter within “You bumn up calories of the food you eat for breakfast, but calories you

eat before you go to bed turn into fat.”

the book's themes: presenting R e

: .
nform_ed cl_nonces to studgnts, How many times have you heard each of these? Are calories a myth or do
analyzmg risks and benefits, they add up relentlessly, like numbers on a computer? As usual, there are

; 7 ; few simple, dear-cut answers and plenty of complexities, coupled with
dISCUSS|ng the experlmenta| perceptions that may fool us. The person who eats everything and never

basis of science. and/or gains a pound, without exercising, may be running up and down steps far

q . more than it appears, or may not think of hours spent bending down and
revealing the chemlstry all straightening up while gardening as “‘exercise,” or may simply have an un-
around us usually high basal metabolism.

No, there’s no specal enzyme in grapefruit or anything else that magically
burns up calories. Calories are a measure of energy and the only way to
expend energy is to do work. The physical laws of the universe take care of
that. You can burn calonies quickly by running fast up a steep hill or slowly
by just lying down and breathing slowly. Either way you have to use energy
to burn calories, at one rate or another

Do you burn up breakfast calories more quickly than dinner calories? Sure
you do, if you go to work alter breakfast and work hard all day long, but
then go to sleep shortly after dinner. A day’s work uses up more energy, and
more calories, than a night's sleep.

Do calories count? Is every caloric just like every other? “Yes” to both
questions, but with a twist. In the sense that each and every calone represents
exactly the amount of energy it takes to heat ] g of water by 1°C, every calorie
is exactly like every other. Every beaker of water in the universe is equally
ready to be warmed up by the same amount, 1°C per gram of water for every
calorie added. But in the sense that our bodies are more complex than con-
tainers of water, each of us responds a shade differently to the universe we
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EXERCISES ‘ g !

What condfusions, i1 anv, could vou draw trom a posiive Ames test (with hactenal
growth) tmn an examination that did et contain added Byver extract? What if this same

examinabon produced 3 negative nesalt?

PERSPECTIVE:  The Search for Salery

ln concluding, we return to the questions about safety that began thas chapter
We've seen that chemicals —all chemicals - preseat hazards. We've seen that
there are, 1ndeed, posons and carcinogens in our {oods, and that thev are
to be found m processed foods and mn natural, unprocessed foods as well
We've seen that vanious governmental agencies have the power to protect
us (rons excessive, known chenncal nisks, but that it is our own judgnient of
the acceptability of risks, both as individuals and as members of society, that

ultimately determines the issue of satety

We've seen, finally, that the idea of alsolute safety 1s a phantasm. To the
extent that we are well informed and that vur judgments are sound, we can
weigh the very real beaehits that chemicals provide and balance them against
the very real nsks of therr use, In this way, and oaly in thus way, can we
ensure that our world, wiile never free of hazards, s indeed safe

EXERCISES

500

2. Describe, d

a. aflatoxin
b. comfrey

3. What cont
make to the sul
liam Lowrance
Ames, (d) Ira Ry
Harvey W. Wil

4. Name achd
ing acts of Con
fects our use of

FORR REVIEW

t. Complete this statement with the following
words and phrases. Fach is used oaly once

Since anvihing can be harmitul il we consume it
in excessive amounts or use it carelessly or unprop-
erly, everything we come in contact with presents
some nsh of | Because of this we find at
useful to defioe safel ty as the of
One measure ot lethal nsk 1a the chemicals we con-
sume is the —_, which 1s the weight of the
substance (per umt of ) that is —to

e 0f & Jarge population of laboratory ammals
According to this measure, the deadliest chencal
known s, produced by o common mucro-
orgamisin. Second and third on the list of deadly
chemucals, respectively, are —__ and .

The lourth most lethal chemical is one pmduud by
laboratory  reactions  carned  out by humans,

—, which is also known by the simpler but
ambiguous teem ____ (made popular by ac-
counts of its hazards). Other risks, not immedistely
lethal, nclude the risk of severe birth defects, pro-

duced by . . the lesser genetic changes in-
duced by , and the nsk of cancer, generated
by - Among the carcinogens are natural
products such as _ - . which is a component
of and the syathetic sweetener

Hoth of lhcs( chemncals are baaned from use as fund
additives by provisions of the . — . but the

sweetener is in continued use because of the enor-
maus public demand for it. The regulation of food
additives s the responsibility of the ., an
agency of the federal government.

23,7 8-tetrachlorosdibenzo-p-dionin -+ injury

acceptability 1D
budy weight tethai
botulinum toxin A mutagens
carcanogens il of
Delaney Amendment sassatras
dioxin risk
diphtheris toxn sacchann
Food and Drug Adnunistration, safrole

or FDA teratogens
halt tetanus foxin

tion Packaging
and Labeling Al

5. In what fod
icals occur: (a) |

isticin, (d) oxalic acid, (€] benzo{alpyrene, (1) tetro-
dotoxin?

6. What governmental agency is responsible for (a)
investigating outbreaks of illness caused by food
spoilage; (b) the chemicals of beer, wine, liquor, and
tobacco; (c) chemical pesticides; (d) exposure to
chemicals in the workplace; (e) chemicals used as
food additives?

7. What was thalidomide used for before it was
found to produce birth defects?

8. What is (he difference between (a) a teratogen
and a mutagen? (b) A mutagen and a carcinogen?

9. On what factors does the harm that any partic-
ular substance can do to us depend?

10.  What characteristic or property of a chemical
does the Ames test reveal?

A LITTLE ARITHMETIC AND OTHER
QUANTITATIVE PUZZLES

11.  Which is more toxic to rodents when admin-
istered orally: (a) arsenic trioxide or sodium chlo-
ride? (b) aspirin or trisodium phosphate? () calleine
or nicotine? (d) acetaminophen or BHA?

12.  Commerdial aspirin contains 325 mg of aspirin
(acetylsalicylic .md) per tablet. Assuming that the
LDs for aspirin in mice and rats applies equally well
to humans, how many aspirin tablets, taken all at
once, would produce a 30% chance of a lethal dose
of aspirin in a 70-kg person?

13. Canned fruit drinks often contain 0.1% of so-
dium benzoate as a preservative. Studies provide a
value of 4 g/kg for the LD-o of sodium benzoate,
orally in rats. Assuming that humans respond to this

ATC T T AT A VT UT T MG K PO vy, oy

bladder cancer at a level of 2 mg/kg per day? Expl.un

THINK, SPECULATE, REFLECT, AND
PONDER

17.  Give two definitions of safety described in this

nfter Is it possible to achieve absolute salety

er either definition? If so, under which? Is it pos-

sible to prove that something is safe under either
definition? If so, under which?

18. What do the molecular structures of the nerve
gases sarin, soman, and taubin have in comunon
with the molecular structure of the insecticide para-
thion?

19. What hazard is associated with each of the
chemicals of Exercise 5?

20, With “safety” defined as the acceptability of
risk, name three activities you would consider to be
unsafe.

2). Suppose that laboratory tests on a newly dis-
covered chemical showed that il produced ‘abso-
lutely no effects on any animal tested, no matter
how or at what level it was administered. Would
vou consider this new chemical to be “saf¢’*? Ex-
plain.

22. A statement sometimes used about the hazards
of medicines is: “The poison is in the dosage.” Ex-
plain what this means.

23, Describe your own thoughts about the salety
of each of the following: (a) sodium chloride, (b)
aspirin, (c) ethyl alcohol, (d) caffeine, (¢) nicotine,

2. [f we can say that anything is hazardous if it is
used in excess, can we also say that everything is safe
if used in very small amounts? Explain.

Exercises

The end-of-chapter Exercises
are broken into three sections.

For Review, with its fill-in-
the-blank, matching, and
straightforward review
questions, provides students
with the opportunity of building
their own chapter summary,
thus checking and reinforcing
their comprehension of the
chapter’s content.

A Little Arithmetic and Other
Quantitative Puzzles drills
students on the more
quantitative aspects of the
chapter.

Think, Speculate, Reflect, and
Ponder problems, which
sometimes have no ‘‘right”
answer, are intended to
stimulate thought about the
interconnections among
chemistry, society, and
individual values.






niroduction
to Chemstry

TURNING ON
THE LIGHT

Science—to know and to understand the universe.




Table sugar (sucrose) and
table salt (sodium chloride).

An electric current is a flow
of electrons. An electric
circuit is the path the
electrons follow.

Enlightenment from
a Flashlight

Our study of chemistry begins with two of
our most common consumer products,
chemicals that most of us use virtually every
day: table salt and table sugar. Table salt,
known chemically as sodium chloride, and
table sugar, sucrose to the chemist, are both

white, crystalline solids. It’s almost impossible for most of us to tell them
apart except by taste.

There’s another important way they differ, though, and that is through
their electrical behavior in water. The difference in how each of these con-
sumer products conducts—or doesn’t conduct—electricity when it’'s dis-
solved in water tells us a great deal about their composition.

We can observe the difference with a simple flashlight, some salt, sugar,
a bit of warm water, and a sponge or absorbent towel. (This demonstration
works best with fresh batteries and a new flashlight, with clean electrical
contacts.) In a small glass dissolve a tablespoon of sodium chloride (table salt)
in about a quarter of a cup of warm water. Do the same with a tablespoon
of sucrose (table sugar) in another small glass. Now wet a sponge or a piece
of an absorbent towel with some warm water. Turn the flashlight on and
unscrew the back of the flashlight.

Naturally, the flashlight goes off when you remove the back. The spring
that you see on the back part of the flashlight does two jobs. It pushes the
batteries firmly up against the bulb and it serves as part of the flashlight’s
electrical circuit, which is simply the path the electrons follow within the
flashlight. Electrons leave the base of the batteries, travel to the bulb over
metal parts within the flashlight, move through the bulb’s filament (causing
it to heat up and emit light), and then back to the batteries (Fig. 1.1). The
flow of electrons along this path constitutes an electric current.

The spring we’ve just removed is part of this circuit. It acts as the path
that carries the electrons from the bottom of the nearest battery to the inside
wall of the flashlight. When we unscrew the back of the flashlight we interrupt
the path and so the light goes out. We're now going to try to make the light
go back on by replacing the metal spring with something else.

First we'll try plain tap water. With the bulb pointed upward (to keep water
from running down into the flashlight), press the wet sponge or towel firmly
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Path of electrons
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Electric current passing through
filament causes the bulb to glow

On-off switch Reflector

against the back of the exposed battery. Push hard against both the back of
the battery and the inside wall of the flashlight so that you make good contact
with both. Watch the bulb as you make contact. You'll see that the flashlight
bulb remains dark since water itself is a poor conductor of electricity. With
tap water, not enough electrons flow across the wet sponge or towel to heat
the filament to glowing. Remove the batteries, clean and dry them and the
inside of the flashlight, and reinsert the batteries.

Now squeeze the tap water out of the sponge and wet it with the warm
sugar-water solution. Repeat the process of pushing the sponge or towel into
the back of the flashlight so that it forms a tight bridge between the back of
the battery and the inside wall of the flashlight. There’s still no sign of a glow.
We're forced to conclude that sugar water is no better at conducting an electric
current than plain tap water. Once again, remove and dry the batteries, dry
the flashlight, and reinsert the batteries.

Repeat the entire process with the salt water. If you watch the bulb, in
dim light, you'll see it glow faintly for a few moments just as you first press
the sponge or towel against the back of the battery and the inside wall of the
flashlight. This must mean that while sugar doesn’t add to water’s ability to
conduct a current, salt does. Figure 1.2 sums up these observations.

With the low voltage of the flashlight battery, this demonstration of the
difference in electrical behavior between salt and sugar is simple and safe
enough for you to carry out (and does no damage to the flashlight or batteries
as long as they are cleaned and dried thoroughly at the end). Yet the batteries’
low voltage pushes electrons through the salt water too weakly to cause more
than a dim glow in the bulb.

Bulb glows brightly Dark Dark Bulb glows dimly

_—
Flashlight on Sponge and Sponge and Sponge and
tap water sugar water salt water

Figure 1.1

The electrical circuit of a
flashlight.

Figure 1.2

The electrical conductivity of
tap water, sugar water, and
salt water.
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|1  Light Bulbs. Salt, and Sugar

An electrolyte is a substance
that conducts electricity
when it is dissolved in water
or when it is melted.

Figure 1.3

An electric light bulb. Pure
water is a very poor conductor
of electricity, as is a solution of
sucrose (table sugar) in water.
A solution of sodium chioride
(table salt) in water is a good
conductor of electricity.

A much more dramatic (and much more dangerous) demonstration would use
pure water rather than tap water, a common household light bulb, and 120
volts of house current, along with table salt and table sugar. WARNING:
Don’t actually try to do this next version of the demonstration yourself!
Attempting it would involve a potentially lethal combination of bare wires
and house current—120 volts—which must not be handled by anyone who
isn’t professionally skilled in working with electricity.

We know that if we plug a light bulb into an electric outlet, the bulb lights
up (Fig. 1.3). The same principles are at work here as in the flashlight. If
someone skilled in working with the high voltages of house current were to
change the circuit by cutting one of the wires and then bending the tree ends
into a beaker of pure water, the bulb would be dark. As we saw with the
flashlight, pure water is a poor conductor of electricity. With water in the
circuit, too little current could pass through the bulb’s filament to make it
glow. Replacing the pure water by a solution of sucrose (table sugar) in water
would make no difference whatever. The light bulb would remain dark and
so we would conclude, as we did with the flashlight, that a solution of sucrose
in water is no better a conductor of electricity than is pure water itself. With
the bent wires dipping into a solution of sodium chloride (table salt), though,
the bulb would now glow brightly.

The remarkable difference between sucrose and sodium chloride, visible
with the flashlight batteries and dramatically apparent with 120 volts of house
current, is that sodium chloride conducts electricity when it’s dissolved in
water, but sucrose doesn’t. Substances that conduct electricity when dissolved
in water—or when melted if they don’t dissolve—are called electrolytes.
Those that don’t are nonelectrolytes. Sodium chloride, then, is an electrolyte
while sucrose is a nonelectrolyte. This difference in electrical conductivity
between salt and sucrose arises from differences in the chemical compositions
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of these two everyday substances. More exactly, it comes from differences in
the kinds of forces that hold matter together in the two.

To understand what these forces are, and how they differ in sucrose and
in sodium chloride, we’ll examine the atoms, ions, molecules, and chemical bonds
that make up the world around us (and that make up us as well) and that
hold it all together. For the moment it’s enough to know that

e Atoms, which were once thought to be the ultimate, indivisible particles
that make up all matter, are among the fundamental particles of the science
of chemistry.

e Molecules are groups of two or more atoms held together by the forces of
chemical bonds.

e lons are atoms or groups of atoms that carry a positive or negative electrical
charge.

In the first few chapters of this book we’ll examine these particles in more
detail, we'll define them more precisely, and we’ll learn how they are held
together in the substances about us. We'll find, among other things, that
atoms are extraordinarily small particles. Strung along in a straight line like
beads on a necklace, for example, it would take 500,000,000 atoms of gold to
stretch across the length of a dollar bill (Fig. 1.4).

After we have laid this foundation, we’ll move on, in later chapters, to
some of the ordinary (and sometimes not so very ordinary) things that these
particles form and make work. Before we do, though, we’ll examine briefly
just what chemistry is and how we are going to explore it in the chapters
that lie ahead. Then we’ll return to our investigation of sugar, salt, water,
and the light bulb to learn why table salt makes the bulb light up, but sugar
doesn’t.

| QUESTION l

What do you think would be the result of placing the wires into a solution made up
of a mixture of equal parts of sucrose and sodium chloride? (You'll find a question of
this sort at the end of most of the sections in this book. Each one is written to help
vou review the material and the ideas contained in the section it concludes.)

< Over 500,000,000 gold atoms >

D 2IDIFFDIIOIPIIIFS I IR DRI P HI S W W NN DN F NS I I Y I I FF Y NN W AN AN DY MNNBY W I Y NENI NN P Y WA NI N YR MO Y OO Y O YOOV OO0

‘ Y i ,*-m‘-‘“:.ale ENDICER A N IR IE S5 IE IR W) igfuuqn. YR o |

S
‘*i{: 500.000.000 AU

WASHINGTON, [3.¢

Figure 1.4
Gold atoms and a dollar bill.
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|7 The Extraordinary Chemistry
of Ordinary Things

Chemistry is the branch of
science that studies the
composition and properties
of matter and the changes
that matter undergoes.

Energy is the ability to do
work.

Chemistry is the branch of science devoted to the study of matter, its com-
position, its properties, and the changes it undergoes. Chemistry studies the
material substance of the universe, the stuff we can hold, kick, feel, weigh,
smell, see, touch, and taste.

In this book we’ll examine chemistry largely through the properties and
the compositions of ordinary things, some as ordinary as the water, table
salt, and table sugar we started with, some a bit less common or less obvious
but nonetheless important to the way we live today or perhaps will live to-
morrow. Since all the materials of our everyday lives, especially the food and
the consumer products that form both our necessities and our luxuries, are
made up of ordinary matter, the study of their composition, properties, and
changes is, in fact, the study of chemistry itself.

Several major themes occur repeatedly throughout this study. One is that
chemical reactions provide us with the energy that drives our society and
that provides fuel for our bodies, thrmm
bustion of gasoline’s hydrocarbons to the oxidation of the carbohydrates, fats,
and proteins of our foods. Energy itself is simply the ability to do work.
Without the power of chemistry, expressed literally as the energy that these
chemical reactions release, both our lives and our society (at least as we know
it now) would come to an end.

Another theme is th icals provide us with the bulk, physical struc-
tures of our everyday lives, from the polymeric plastics that form our con-

“sumer goods and that wrap them in convenient packages to the substances
that form, shape, and wrap our own bodies: our bones, organs, and skin.
Every bit of whatever material substance we see, touch, or use is made of
chemicals, and so are we.

A third theme reveals the importance of chemical particles themselves,
from the smallest ions, atoms, and molecules to the largest and most complex
polymeric molecules of our bodies and of the world about us. Water, a simple
molecule consisting of one oxygen and two hydrogen atoms, forms more than
half the weight of our bodies; no living thing can exist without it. Molecular
oxygen, a union of two small oxygen atoms, provides life to the entire animal

Shopping for the chemicals of our
everyday lives.

The chemicals of gasoline provide Polymeric chemicals form the plastics of
energy for transportation. wrappers and containers.
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kingdom. Atmospheric ozone, a molecular structure built of three oxygen
atoms, shields and protects living things from deadly doses of ultraviolet solar
radiation. Atmospheric chlorine atoms, among the simplest and smallest of
chemical particles, threaten to erode and perhaps destroy that very ozone
shield. At the other end of this spectrum are the large and intricately designed
protein molecules that govern the operations of our bodies.

Our final theme is that chemicals are good or bad, beneficial or harmful,
only in the ways we use them. Chemicals can cause illness and death, and
yet as judiciously chosen food additives they can also protect us against mi-
croorganisms that cause illness and death. The sturdy and durable synthetic
polymers that have long and useful lives in consumer products can become
persistent, degradation-resistant components of our trash. And the by-prod-
ucts of the chemical reactions that provide energy and materials to todayv’s
world can themselves become pollutants that foul our air, land, and water.
Our wise use of chemicals depends both on our own good judgment and on
our clear understanding of what these chemicals of our world are and what
they can do for us and to us.

In a real and broader sense the study of chemistry is the study of our
society itself. To examine either without an understanding of the other is to
leave a void of ignorance about the modern world.

‘ QUESTION |

Which of the following are suitable investigations for the science of chemistry?
(a) Finding the best method for converting old newspapers into writing paper;
(b) learning which air pollutants produce the most corrosive forms of acid rain;
(c) determining the intensity of sunlight falling on an asteroid located between Earth
and Mars; (d) learning how to prepare plastic garbage bags that degrade to harmless
products after they are discarded; (e) designing a low-calorie fat substitute for fried
foods; (f) learning whether weightlessness has any effect on our perception of the
distance of nearby objects; (h) determining which of our foods are electrolytes and
-which are not; (i) analyzing the rocks and soil of the surface of the moon to determine
their composition; (j) measuring the force of gravity at the moon’s surface.

]3 Ions: Electricity in Motion and at Rest

Now, with our understanding of what chemistry is and how we are going
to examine it, we can return to our investigation of table salt and table sugar
and learn how our observations of their properties help us understand them
and the world about us.

We've seen that the light bulb of Figure 1.3 glows as electricity passes
through its filament. An electric current moves through the wires of the circuit
in the form of electrons, which are extremely small particles that carry a
negative electrical charge.

Since the bulb remains dark when a beaker of pure water is put into the
circuit, we can conclude that water itself doesn’t conduct electricity very well.
Actually, we rarely find pure water in the world around us. Most water we
encounter contains dissolved salts, much like the table salt of Figure 1.3, and



An ion is an atom or a
group of atoms that carries
an electrical charge.

An anion is a negatively
charged ion; a cation is a
positively charged ion.

Michael Faraday delivering a
lecture to an audience that
includes the Prince Consort of
Great Britain.

Chapter 1 AN INTRODUCTION TO CHEMISTRY

therefore most of the water we find in our everyday lives does conduct elec-
tricity. Dissolved salts are partly responsible for the common observation that
(impure) water often conducts electricity, and sometimes very well indeed.

Sucrose doesn’t change water’s ability to conduct electricity, but sodium
chloride does. A solution of sodium chloride in water (or molten sodium
chloride, at a very high temperature) is very etfective at conducting an electric
current. Clearly, adding the sodium chloride introduces something into the
water that allows electricity to flow from one wire to the other. Adding sucrose
does not.

The simplest explanation for all this and other, related observations is that
sodium chloride is made up of electrically charged particles that can move
about in water and can transport an electric current through water much as
electrons transport current through the wires of an electrical circuit. On the
other hand, we have to conclude that sucrose is not made up of electrically
charged particles.

These small particles of sodium chloride and other electrolytes, each bear-
ing a negative or positive electric charge, are called ions. As we saw in Section
1.1, an ion is an atom or a group of atoms that carries an electrical charge. To
understand more fully what ions are—and how it is that sodium chloride
can carry an electric current although sucrose cannot—we have to understand
what atoms are (and, later, what molecules are). We’ll have more to say about
atoms and ions in Chapter 2.

lIon is a term derived from a Greek word meaning ““to go.” In 1834 the
English physicist Michael Faraday used the word to describe chemical par-
ticles that move to one electrical pole or another. He divided ions into two
categories: anions are the negatively charged chemical particles that move to
the positive electrical pole (the anode); cations are the positively charged
chemical particles that move to the negative electrical pole (the cathode). We
still use the same definitions today, but now we recognize that ions can remain
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at rest, too. The sodium chloride of our crystalline table salt is made up entirely
of ions that remain quietly in the salt shaker.

Sodium chloride, we now know, is composed of sodium cations and chlo-
ride anions held together in crystalline table salt by the mutual attraction of
opposite electrical charges. The positively charged sodium cations and the
negatively charged chloride anions are held close to each other through the
action of ionic bonds, whose strength comes from this mutual attraction of
opposite electrical charges. Together, the two elements, sodium and chlorine,
form the compound sodium chloride.

| QUESTION ‘

Would you expect to find many ions in pure water? Explain your answer.

|14  Elements and Compounds

An ionic bond is a chemical
bond resulting from the
mutual attraction of
oppositely charged ions.

Elemnents are the fundamental substances of chemistry, composed of the atoms
described in Section 1.1. Today we recognize the existence of 109 different
elements, including hydrogen, oxygen, nitrogen, gold, carbon, calcium, zinc,
iron, uranium, sodium, chlorine, phosphorus, helium, and sulfur. Neither
these nor any other element can be decomposed or converted to a simpler
substance by any form of energy we deal with in our everyday lives. Neither
heat, light, electricity, sound, magnetism, nor any other common form of
energy, no matter how intense, can produce either of these changes in an
element. Nor can one element be transformed into another element, a process
known as transmutation, except under conditions far removed from our com-

The elements gold and silver. The elements mercury, copper, and carbon.
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TABLE 1.1 Representative Elements of the Human Body

Chapter 1 AN INTRODUCTION TO CHEMISTRY

e st ar————

Grams in the
Body of a 60-kg
(132-1b) Person

Element (Approximate) Bodily Location and Function Dietary Source
Calcium 1300. More than 99% of the body’s Milk and milk products including
calcium is in the bones and teeth cheese and ice cream
Chlorine 90. As chloride ion, it is the principal Sodium chloride (table salt)
cellular anion; when combined
with hydrogen ion, forms the
hydrochloric acid of gastric juices
Cobalt Trace Component of vitamin B> Widely distributed (as a component
of vitamin B;,) in meat, especially
liver, kidney, and heart; also in
clams, oysters, milk, and milk
products
Copper Trace Component of many enzymes Widely distributed, especially in
nuts, shellfish, kidneys, and liver
lIodine Trace Thyroid; necessary for normal Seafood, iodized table salt
functioning of the thyroid
Iron 2. Red blood cells; a component of Beef, liver, dried fruits, whole-
hemoglobin grain and enriched cereal products,
and egg volk
Magnesium 20. Second most abundant cation in Green, leafy vegetables
body cells (after potassium); over
half the body’s magnesium is in
the bones
Phosphorus 690. Component of ATP, a cellular Meat, eggs, milk, and milk
energy-releasing agent products
Potassium 200. Most abundant cation in body Widely distributed in a large
cells; regulates water balance in variety of foods
cells
Sodium 60. Most abundant cation in body Sodium chloride; widely
fluids outside cells; regulates water distributed in a large variety of
balance in the body foods
Zinc Trace Occurs in bones and many Seafood, especially oysters; meat,

enzymes

liver, eggs, milk, and whole-grain
products

mon experience, such as at extraordinarily high temperatures, close to those
found at the surface of the sun, and in some other unusual ways as well.
We’ll examine some of these in Chapter 4.

Alone or (more often) in combination with other elements they form our
water, air, food, clothing, homes, automobiles, medicines, and our own bod-
ies. Table 1.1 describes some of the elements that make up the human body.
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<
Diamond
Crystal

MY DROGEN
PEROXIDE

The tank contains oxygen, a gaseous Sodium chloride, hydrogen peroxide,

element. water, and sucrose are some of the more
common compounds of our everyday
world.

By combining with each other in precise, well-defined ratios, two or more
elements can form a pure substance known as a compound. The table salt,
sugar, and water of our investigation with the light bulb are examples of
compounds. Table salt (sodium chloride) is a pure substance formed from a
combination of the two elements sodium and chlorine, with both elements
present in a specific, well-defined, fixed ratio to each other. Table sugar (su-
crose) is a pure substance formed from a combination of the three elements
carbon, hydrogen, and oxygen in a distinct ratio; water forms when hydrogen
and oxygen combine, again in a fixed proportion. Hydrogen peroxide, a
bleaching agent and an antiseptic, also consists of a combination of hydrogen
and oxygen in a specific ratio, but one different from the ratio of these two
elements that forms water.

Any compound can be decomposed into its individual elements, some by
the action of heat or light, some by the effect of an electric current, and some
through reaction with still another compound or with an element. Water, for
example, decomposes into hydrogen and oxygen when an electric current
passes through it. Heating sucrose decomposes it into another compound
(water) and the element carbon. .

It's worth noting that when elements react with one another their ratio
determines the nature of the product. If exactly 23.0 g of sodium and 35.5 g
of chlorine are allowed to react with each other, they form 58.5 g of pure
sodium chloride, with neither sodium nor chlorine left over. As long as this
weight ratio, 23.0/35.5, is maintained, only pure sodium chloride results. If
either sodium or chlorine is present in excess, though, the product is a mixture
of sodium chloride and the element that is in excess. We'll see why this is
so in Chapter 9. '

For an illustration of the importance of the ratios of reacting substances,
consider the following example.

I

A compound is a pure
substance formed by the
chemical combination of two
or more different elements
in a specific ratio.
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EXAMPLE  REacTING IN RATIOS

Suppose we allow 10.0 g of sodium to react with an equal weight of
chlorine. What is the composition of the product?

We know that a ratio of 23.0 g of sodium to 35.5 g of chlorine produces
pure sodium chloride and that if either sodium or chlorine is present in
excess, the product is a mixture of sodium chloride and the element that
is present in excess. Since 35.5 g of chlorine reacts with a smaller weight
of sodium (23.0 g) to produce sodium chloride, it’s clear that with equal
weights of the two there’s an excess of sodium. Our problem, then, is
to calculate just how much excess sodium is present. To find this value
we multiply the 10.0 g of chlorine we’re given by the ratio 23.0 g sodium/
35.5 g chlorine.

23.0 g sodium
35.5 g chlorine

10.0 g chlorine X = 6.5 g sodium

This means that to maintain the ratio of 23.0 g sodium to 35.5 g chlorine,
6.5 g of sodium must react with the 10.0 g of chlorine provided in this
illustration. The reaction consumes all of the chlorine present (10.0 g)
and 6.5 g of the original 10.0 g of sodium to produce 16.5 g of sodium
chloride (from the 10.0 g of chlorine and 6.5 g of sodium), with

10.0 g sodium
—6.5 g sodium
3.5 g sodium left over

The product, then, is composed of 16.5 g sodium chloride and 3.5 g of
sodium. (You might want to consult the appendices at the end of the
book for help with this example and others throughout the text.)

QUESTION l

(a) Name three elements. (b) Name three different compounds, each of which con-
tains at least one of these elements.

Science—Understanding the Universe

Let’s pause here to review what we’ve just done and seen. We've begun our
study of chemistry with the observation that pure water is a very poor con-
ductor of electricity, that dissolving table sugar in water doesn’t improve its
conductivity, but that dissolving table salt in water does increase its conduc-
tivity dramatically. We've used the words ion, anion, and cation to help us
interpret this particular behavior of salt and sugar. We’ve also used the word
electrolyte to name the category that table salt occupies, and the word nomn-
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electrolyte for the category that contains table sugar. We’ve learned that com-
mon table salt is a compound, sodium chloride, composed of the elenients so-
dium and chlorine, held together by ionic bonds. All of this gives us our first
glimpse of the science of chemistry in action.

Science itself is a way of knowing and understanding the universe we live
in. (The word science comes to us from the Latin scire, “to know.”") Science
often operates by

e Asking questions of the universe by means of experiments and similar tests
of the physical world (just as we asked, implicitly, “Does pure water con-
duct electricity?”” when we carried out the investigation of Fig. 1.3).

e Observing the way these questions are answered (as we observed that the
light bulb does not glow when its wires are immersed in water).

e Asking additional questions that are generated by the answers to our earlier
question (as we asked, again implicitly, “Does adding sucrose or sodium
chloride to the water improve its electrical conductivity?”).

¢ Interpreting the answers to our questions—what we have observed—to
help us understand how the universe operates and increase our under-
standing of it (as we inferred from our observations of the light bulb that
adding sodium chloride to the water introduces something into the water,
something we call “ions,” that allows electricity to flow from one wire to
the other, but that adding sucrose does not introduce these ions).

¢ Communicating our observations and interpretations to others so that they
can examine what we have done, repeat and confirm our own observations,
perhaps suggest alternative explanations for what we have observed, ask
questions of their own based on our observations and interpretations, and
thereby continue the entire process.

This general procedure provides us with a never-ending supply of ques-
tions to be asked and results in a continuously refined interpretation of the
universe we live in. Its fruits are the hypotheses and theories we use to explain
our world. A hypothesis is a shrewd but tentative explanation of a relatively
small set of observations; a theory is more firmly grounded interpretation,
based on a larger set of confirmed observations and generally accepted by a
large number of people. It's important to understand, though, that even a
universally accepted theory supported by a great number and variety of ob-
servations may have to be modified, revised, or even abandoned completely
as a result of even a single new observation. In this sense the ultimate value
of science is that it allows us to explain what we continue to observe and
experience in the world about us, through sets of descriptions (which we may
call theories) that are relatively simple, that are consistent with one another,
that cover large numbers of observations and experiments, and that are gen-
erally accepted by most of us.

Taken as a whole, this method of learning is known as the scientific
method. The specific steps of the scientific method may vary from time to
time and from investigation to investigation, but they always involve asking
a question of the universe, determining the answer through an experiment
or other test, and then using the results of the experiment to refine our knowl-
edge of the universe, often with the generation of still other questions. The
quality of the investigation and of our resulting understanding of the universe

13

Science is a way of knowing
and understanding the
universe.

The scientific method is the
process by which science
operates.
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depends on the cleverness of the questions we ask, the skill with which we
carry out the experiments, and our ability to convert the results of the ex-
periments into an ever more sophisticated understanding of ourselves and

all that surrounds us.

As we proceed in this study of the composition and properties of common
(and sometimes not so common) substances of the world we live in, and of
the changes they undergo, we’ll use the results of the scientific method: the
questions that have been asked by those who preceded us and the hy-
potheses, theories, interpretations, pictures, and models of the world that
they constructed to explain the answers they received.

l QUESTION l

What is the principal objective of all scientific investigations?

EXERCISES

The exercises that appear at the ends of chapters fall
into three categories. For Review contains exercises
to help vou review the content of the chapter vou
have just finished. Each For Review section starts
with one or more fill-in-the-blank paragraphs that
provide a brief summary of the major points of the
chapter. Then comes a series of questions that re-
view the substance of the chapter, sometimes in-
cluding material presented in the tables and figures.

The next category, A Little Arithmetic and Other
Quantitative Puzzles, emphasizes the quantitative
basis of chemistry. The problems are often short,
requiring only a bit of simple arithmetic to arrive at
the answer. Occasmnall} the route to the answer is
a little more involved, requiring some quantitative
reasoning. In any case, you never need more than
the four steps of arithmetic—addition, subtraction,
multiplication, and division—to arrive at the solu-
tion.

Think, Speculate, Reflect, and Ponder challenges you
to go beyond the content of the chapter, to think
about the ideas presented, to speculate on alterna-
tive possibilities, to reflect on vour own response to
the interplay of chemistry and society, to ponder
over certain details. While the exercises of the first
two sections have spec1f1c unique “right’”” answers,
many of those you’ll find here have no such “right”
answer, but only the particular response that you
give. Others have a wide choice of answers that can
be considered to be "right,” as well as traditionally
“wrong’”’ answers. Occasionally you may find a
challenge that has no “right” answer at all, given
our current knowledge of chemistry and the prob-
lems facing today’s society. Still other exercises in

this group have a single, unique “right”” answer, as
in the first two categories, but require a more thor-
ough understanding of the material of the current
chapter and perhaps previous chapters as well, cou-
pled with careful thought and some insight as well.

FOR REVIEW

1. Complete this statement with the words and
phrases that follow. Each is used once.

Pure ______ is a very poor conductor of electricity.
Adding common table salt, known chemically as
, introduces into the water in the
form of sodium ____  and chloride
These small chemical particles carry
and as they move through the water they
transport an electrical current through it. The anions
are ____ charged and the cations are
charged. Any substance that carries an electric cur-
rent when it is dissolved in water, or when it is
melted, is called an . Unlike sodium chlo-
ride, common table sugar, or , cannot carry
an electric current when it is dissolved in water.
Table sugar is thus an example of a

anions nonelectrolyte
cations posttively
electricalcharges.  sedium chloride
electrotvte sucrose

ions water

negatively




2. Complete this statement with the words and
phrases that follow. Each is used once.

, which is the study of the composition and
properties of matter, and of the changes that it
undergoes, is a branch of , which itself pro-
vides us with a way of knowing and understanding
the universe we live in. In the operation of the

we ask questions of the universe through
tests and . By observing the results that we
get we can formulate additional questions, perform
additional experiments, and finally develop a ten-
tative explanation of what we have learned. If this
tentative explanation or is confirmed by
others and becomes widely accepted it becomes a

and helps us understand better the world
about us.

scientific method
theory

chemistry
experiments

hypothesis
science

3. Matcheachitemin Group A with onein Group B.

Group A Group B

a. chloride anion 1. assembly of atoms
—b. compound chemical particle that
c. electrolyte carries either a positive

N

— d. ion or a negative electrical
e. ionic bond charge
—f. molecule 3. conducts electricity

when it is dissolved in

water or when it is

molten

element

negatively charged ion

positively charged ion

pure substance formed

by combination of two

or more elements in a

specific ratio

8. results from the
attraction of oppositely
charged ions

—— g. sodium cation
— h. sulfur

R

4. Of the elements listed in Table 1.1,

a. Which is the most abundant in the human

body?

b. Which is a component of the hemoglobin of
red blood cells?
Which occurs primarily in the thyroid gland?
Which forms the most abundant cation of the
body fluids found outside the body’s cells?
e. Which do we obtain principally from milk

and milk products, such as cheese?

& n

5. In your own words, describe briefly the steps of
the scientific method.

EXERCISES ] 5

6. In a dozen words or less, describe what the sci-
ence of chemistry examines.

7. What is the difference between a hypothesis and
a theory?

8. Why is comimunication an important part of the
scientific method?

9. What evidence indicates that sodium chloride is
composed of ions? What evidence indicates that su-
crose is not composed of ions?

10. In what way are water and hydrogen peroxide
similar in chemical composition? In what way are
they different? (See Section 1.3.)

A LITTLE ARITHMETIC AND OTHER
QUANTITATIVE PUZZLES

11. Suppose you carry out a large number of tests
as follows. In each experiment you use 10.0 g of
sodium. In the first experiment you allow the 10 g
of sodium to react with 0.1 g of chlorine; in the sec-
ond you allow 10 g of sodium to react with 0.2 g of
chlorine; in the third, with 0.3 g of chlorine, and so
forth. In each subsequent test you allow 10 g of so-
dium to react with an additional 0.1 g of chlorine
until the series ends with 10 g of sodium and 20.0
g of chlorine. Describe qualitatively how the prod-
uct(s) of the individual reactions change(s) as the
series of experiments progresses from 0.1 g of chlo-
rine to 20.0 g of chlorine.

12. How much chlorine would you have to use if
you wanted 10.0 g of sodium to react with it to pro-
duce pure sodium chloride, with neither excess so-
dium nor excess chlorine left over?

THINK, SPECULATE, REFLECT,
AND PONDER

13. Describe three activities or investigations,
other than those mentioned in the question at the
end of Section 1.2, that involve the science of chem-
istry.

14. Would you expect seawater to be a good con-
ductor of electricity? Explain.

15. Suppose you discovered a new substance and
weren't sure whether you should classify it as a new
element or a new compound. How would you go
about determining whether you discovered a new
element or a new compound?
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16. The following table summarizes the results we
described for the light bulb, water, sodium chloride,
and sucrose early in this chapter:

Condition of the
Light Bulb

pure water only dim or dark
water and sucrose dim or dark
water and sodium chloride bright

What would you have concluded for each of the fol-
lowing results:

Condition of the
A Light Bulb

pure water only dim or dark
water and sucrose bright
water and sodium chloride dim or dark

Condition of the

B Light Bulb
pure water only dim or dark
water and sucrose bright
water and sodium chloride bright

Condition of the

C Light Bulb
pure water only bright
water and sucrose bright
water and sodium chloride bright

Why was it necessary to test the electrical conduc-
tivity of pure water before adding sodium chloride
and sucrose?

17. Several centuries ago, it was generally believed
that heavy objects fall faster than lighter objects, that
the more an object weighs the faster it falls. Ac-
cording to one legend, the Italian scientist Galileo

Galilei, who lived from 1564 to 1642, corrected this
error by dropping two spheres of different weight
simultaneously from a high point of the Leaning
Tower of Pisa and demonstrating that they reach the
ground at the same time. Describe what Galileo sup-
posedly did in terms of the scientific method. What
question did he ask of the universe? What test did
he use to obtain an answer? What did he observe?
How did he interpret this observation?

18. The old saying “A watched pot never boils”
comes from the observation that a pot of water seems
to take longer to come to a boil if you are watching
it than if you aren’t. Describe how yvou could use
the scientific method to learn whether water really
does take longer to boil if you are watching it. If
water takes just as long to boil whether or not you
are watching it, how could vou use the scientific
method to determine whether water actually does
seem to take longer if you are, indeed, watching it,
and just how much longer it seems to take? Describe
what questions you would ask, how you would go
about finding experimental tests that would give
you answers to these questions, and how you would
interpret the answers.

19. Describe another popular belief or perception,
similar to the one about the watched pot or falling
objects, that vou could investigate by application of
the scientific method.

20. Water can be considered to be a “good” chem-
ical in the sense that we cannot live without it. Yet
it is “bad” when floods destroy property or when
someone drowns. Similarly, aspirin is “good” in the
sense that it relieves headaches, vet it is “bad” in
that children have mistaken it for candy, taken over-
doses, and died. (a) Give examples of two other
chemicals that are ordinarily beneficial yet can pro-
duce undesirable, even deadlv effects. (b) Give ex-
amples of two chemicals that are ordinarily thought
of as hazardous or harmful, vet in the right circum-
stances can be beneficial.
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Piles of paper clips, individual
paper clips, and fragments of a
paper clip. The fragments no
longer represent a paper clip.
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Atoms and Paper Clips

To gain some insight into the modern view
of an atom, try this demonstration. It draws
an analogy between a pile of paper clips and
a small amount of one of the 109 known
elements, a bar of gold for example. Al-
though it’s only a simple analogy, one that
can’t be stretched very far, it does illustrate an important point about atoms.
Place a pile of paper clips, perhaps 15 or 20, on a level surface and imagine
a bar of pure gold sitting next to them (Fig. 2.1). Now divide the pile of paper
clips roughly in half. Subdivide one of the new, smaller piles in half and
repeat the process again and again until you are down to a ““pile” that consists

of a single paper clip. In our analogy, that single paper clip represents an
“atom”’ of paper clips, the smallest part of the original pile of paper clips that




2.1 DEMOCRITUS AND A BAR OF GOLD

Gold ingot Gold nuggets Gold dust ..

Ancient;: All matter can be subdivided
into atoms which cannot be

subdivided further.
- . “
Modern: Further subdivision is possible, < o
but the identity of the original x F
element is lost. o _—
Gold atom Atomic fragments

are not gold

you can still identify as a paper clip. The result of all this is that vou have
divided and subdivided the original pile of paper clips into ever smaller piles
until you finally came to the smallest part of the original pile that you can
still identify as a paper clip. By analogy, that simple paper clip represents an
“atom.”

Now imagine that you perform the same operation with the bar of gold.
Picture yourself dividing the (imaginary) bar in half again and again, as you
did with the paper clips, until you finally reach the smallest particle of the
bar that you can identify as the element gold. Like the single paper clip you
eventually reached, that smallest particle, the smallest one vou can still iden-
tify as gold, is an atom of gold. This time, though, it's an authentic atom.

We can’t carry this analogy very far. The paper clip that remains has all
the properties we expect of a paper clip, but even if we could see the atom
of gold, which has a diameter about 1/500,000,000th the length of a dollar
bill, as we saw in Figure 1.4, we wouldn’t expect it to have many of the
properties of the shiny, yellow metal we started with. Nonetheless, as we’ll
see in Section 2.5, you would still be able to characterize this ultimate particle
of the bar as a bit of the element gold.

Now for the final part of the analogy. Suppose vou cut the paper clip in
half or twist it and break it into two pieces, as in Figure 2.1. Each of these
pieces might have some sort of use. Perhaps vou can even devise sensible
names for them. Whatever their value, though, and whatever names you
might assign to them, it’s impossible to identify either of the fragments as a
paper clip. You divided and subdivided the pile of paper clips down to its
smallest component that you could still identify as a paper clip and then you
divided that smallest piece once more, this time into fragments you can no
longer identify as paper clips and that no longer have any of the properties
of a paper clip.

Similarly, we can divide a portion of an element into smaller and smaller
pieces, until we reach a single atom of that particular element. As with the
paper clip, we can split an atom into fragments, but whatever the uses and
properties of these fragments, and whatever names we may give them, we

cannot identify any of them as the element from which the atom originally
came.

19

Figure 2.1

In a parallel to the
demonstration with the paper
clips, repeatedly subdividing a
piece of gold produces smaller
and smaller groups of atoms.
Dividing a single gold atom
into two parts produces
fragments that no longer
represent the element gold.
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2| Democritus and a Bar of Gold

An atom is the smallest
particle of an element that
can be identified as that
element.

The ancient Greeks, who gave us the word ion for a moving electrical particle,
also gave us the word for the structure that is both the smallest particle of
an element and the fundamental particle of chemistry, the atom. The word
comes from the Greek atormos, meaning indivisible or an indivisible particle. One
of the Greek philosophers of antiquity, Democritus, held that infinitely small,
indivisible and eternal particles constitute the essence of all matter and give
substances their particular properties. Democritus and his followers believed
that any particular piece of matter can be divided and subdivided down to
its ultimate particles, its atomos, and no further.

Both philosophy and science have advanced quite a bit since the time of
Democritus. Although we now know that atoms have extremely small but
finite sizes and can indeed be divided or split, Democritus was nonetheless
right in one limited but very real sense. Today chemists recognize atoms as
the smallest particles of 109 known elements that make up our entire universe.
We can subdivide any quantity of any element as much as we wish and still
have that unique element, until we reach the atoms that compose it. Once
we split an atom we can no longer identify the element from which it came.
An atom is the smallest particle of an element that we can identify as that element.

22 The Size and Abundance of Atoms

Q

Helium

\\_) '

Gold

Cesium

Figure 2.2

Relative sizes of helium, gold,

and cesium atoms.

Atoms themselves seem almost as small as Democritus believed them to be.
They are far too small to be seen with even the most powerful optical mi-
croscope. A gold atom, for example, is about 3 x 10~ ® cm in diameter and
has a mass of about 3.3 x 10~ ** g. (For an explanation of this form of writing
numbers, called exponential notation or scientific notation, please turn to Ap-
pendix A.) In other terms, a gold atom has a diameter of about 0.00000003
cm and weighs about 0.00000000000000000000033 g. Compared with atoms
of other elements, the gold atom is about average. Other atoms range in size
from those of helium, a little over half the diameter of a gold atom, to atoms

even larger than those of cesium, which has almost twice gold’s diameter
(Fig. 2.2). :

Individual atoms of xenon spell out |.B.M. The images are seen through a scanning
tunneling microscope.
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EXAMPLE

BILL OF GOLD

How much does a sheet of gold atoms weigh that is the size of a dollar
bill and just 1 atom deep?

A dollar bill is 15.7 cm long and 6.6 cm wide. If, as we've already
seen, it takes about half a billion spherical gold atoms to stretch across
the length of a dollar bill, it takes a proportionally smaller number of
atoms to run along its width:

6.6 cm (the bill’s width)
15.7 cm (the bill’s length)

= 210,000,000 gold atoms along the width

500,000,000 gold atoms X

If we assume that the atoms are lined up on the dollar bill in 210,000,000
rows (or 2.1 x 10°® rows) of 500,000,000 (or 5.0 x 10°) atoms each, then
we can calculate that there are

5.0 x 10® atoms of gold
row

2.1 X 10® rows X
= 10.5 x 10'® atoms of gold

present in the rectangle. Since, as we've just seen, each gold atom
weighs 3.3 x 10~ g, the entire rectangle of gold weighs

3.3x107* ¢
atom

10.5x 10" atoms X =35.x10"°g, or 0.000035 g.

As for the abundance of the various elements, in terms of the actual num-
bers of atoms present, hydrogen is by far the most plentiful element both in
the universe (Fig. 2.3) and in our bodies (Fig. 2.4). The four elements hy-

Of every 200 atoms in the universe, there are:

OOOOOOOOOOOOOOOOOOOO 182 atoms of hydrogen
010/0)0/0.010/0.01010/010/0/010/0/01010 .
010/0.0/0/010/0/01010010/0/010/0/01010,
01010/0/010/0/00101010/0101010/0101010.
0]0/0/0/010/0/00101010101010101010)010
0]0/010/0/01010010/01010/0010/0]010]0)
OOOOOOOOOOOOOOOOOOCO Nearly 18 atoms
QO00000O00Q000000 S @ o iium
0l0]0j0 0l00l0/0l0l0/0ieIele I I" I I
ojejojejeelelojelelelelelelel I I I I' 1™ -

Lﬁ'ess than half an atom
of all other elements

L1

Figure 2.3

Distribution of the elements in
the universe.
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Figure 2.4

Distribution of the elements in
the human body.

Figure 2.5

Composition of the human
body.

b
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Of every 200 atoms of all elements in the human body;, there are:

126 atoms of hydrogen

o0 0000000000006 I
OOOOOOOOOOQOOO

51 atoms of oxvgen

19 atoms of carbon

3 atoms of nitrogen

CO00000000
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00600600600
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006000060660
00000000600
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1 atom of all other
elements

Hydrogen, oxygen,
carbon, and nitrogen
96% by weight,
over 99% by atoms

All other bodily

elements, 5
4% by weight ; [
less than 1% by atoms | |
| ! ? 1
é__ _.__g Measurement Measurement g ! | 4 |
e ] | il . “
I T J 1L 1 ppbyweight by atoms é:—m N

drogen, oxygen, carbon, and nitrogen make up 96% of our weight and over
99% of all the atoms of our bodies (Fig. 2.5).

’ QUESTION ‘

Measure the width and length of the page vou are reading and, with a calculation
similar to the one we have just carried out, calculate the weight of a sheet of gold 1
atom thick and with the same dimensions as this page.

1] Mass and Weight

Mass is observed as a
body’s resistance to
acceleration. Weight results
from the pull of gravity.

In describing the size of atoms and their abundance in our bodies, we have
used two terms, mass and weight, that might seem to be completely inter-
changeable. They aren’t, even though the difference between the two is vir-
tually insignificant in the practical activities of our everyday world. To be
precise, though, mass is a fundamental property of matter that is unaffected
by its location; the mass of a body is defined as its resistance to acceleration




2.3 MASS AND WEIGHT 1]

The astronauts have
mass but no weight.

no matter where in the universe it may be. Weight, on the other hand, results
from the force of gravity. A body’s weight depends on where it is, on what
gravitational force is acting on it. (Appendix B contains a discussion of units
of mass and weight in the metric system and in the English system.)

A person who weighs 60 kg (132 1b) on earth would weigh only 10 kg (22
lIb) on the moon, where the gravitational force is only one-sixth that of the
earth, and nothing at all in an orbiting spaceship (Fig. 2.6). Yet that person’s

L= semeeennrbousanemo]

Small mass; small force
needed for acceleration

Earth ‘ " Moon Spaceship
Mass = 60 kg (132 1b) Mass = 60 kg (132 1b) Mass = 60 kg (132 1b) . i
Weight = 60 kg (132 Ib) Weight = 10 kg (22 lb) Weight = 0 Large mass; large force

needed for acceleration

Figure 2.6
Mass and weight.
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mass remains the same on the moon and in the spaceship as it is on earth.
(Mass, a body’s resistance to acceleration, is sometimes defined more simply
as the quantity of matter present.)

At any rate, since all the activities of our daily lives take place on or near
the surface of the earth, with insignificant variations in the effects of gravity,
we can use the terms mass and weight interchangeably, even in chemistry.
We speak of atomic weights, for example, and then define them in terms of
mass, as we'll see in the next section.

l QUESTION

Suppose you were an astronaut floating weightless at one end of an orbiting spaceship.
An astronaut at the other end of the ship wants two screwdrivers you have in your
hands. One of the tools has a mass of 50 g; the other has a mass of 100 g. (a) What
does each of the screwdrivers weigh in the orbiting spaceship? (b) Would you have
to push one with more force than you would use on the other to get them moving
with the same speed toward the other astronaut, or would vou be able to use the
same force on each? (c) Explain your answers.

74  Subatomic Particles: Protons,
Neutrons, and Electrons

The nucleus is the positively
charged central core of an
atom.

i electrons fill
[\ lithium’s
'.!' inner shell

/l
/ Nucleus
L 1 electron occupies —
the outer shell
Figure 2.7

The nucleus and electron
shelis of a lithium atom, a
typical small atom.

Protons, neutrons, and electrons are the three subatomic particles that de-
termine the properties of an atom. Structurally, all atoms consist of two parts:

1. A positively charged central core, the nucleus, that holds protons and
(except for the great majority of hydrogen atoms) neutrons as well.

2. Surrounding shells of negatively charged electrons (Fig. 2.7).

Small as atoms are, the protons, neutrons, and electrons that compose
them are even smaller. A proton has a mass of about 1.673 x 10~** g and
carries an electrical charge of 1+, a unit positive charge. With a mass of 1.675
x 107** g, a neutron is just a bit heavier than a proton. Unlike the proton,
the neutron carries no electrical charge. An electron’s mass is about 9.11 x
10~ *® g, which we’ll round off and write as 0.0009 x 10~** g for a more direct
comparison with the proton and neutron. The electron bears a charge of 1 —,
a unit negative charge. It is often convenient to use p or p~ to represent a
proton, n or n° to represent a neutron, and e or e~ for an electron.

TABLE 2.1 Subatomic Particles

Subatomic —_

Particle grams amu Location in Atom Charge Symbol
Neutron 1.67 x 10~ 1 Nucleus 0 n, n°
Proton 1.67 x 10~ 1 Nucleus 1+ p.p , H”
Electron 0.0009 x 10~ 0 Outside the nucleus 1- e, e
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Using these numerical values, expressed in grams, for the weights of sub-
atomic particles and atoms soon becomes cumbersome. It’s much more con-
venient to describe the masses of subatomic particles and of the various atoms
by a unit called the atomic mass unit, or amu. An atomic mass unit is defined
as exactly one-twelfth the mass of the most common kind of carbon atom
(Fig. 2.8). This gives the proton a mass of 1.007 amu and the neutron a mass
of 1.009 amu. For most ordinary uses we can round both of these off to 1
amu. The mass of the electron (0.0005 amu) is so small in comparison with
the other particles that we can consider it as zero. Table 2.1 summarizes the
characteristics of these three subatomic particles.

I QUESTION |

(a) The nucleus of a hydrogen atom contains only a single proton. What is the mass
of a hydrogen atom in atomic mass units? (b) The nucleus of a fluorine atom contains
9 protons and 10 neutrons. What is the mass of a fluorine atom in amu?

25 Atoms, the Essence of an Element

The most common
carbon atom

1%

Figure 2.8

The atomic mass unit, amu.

The atomic mass unit, or
amu, is one-twelfth the
mass of the most common
kind of carbon atom. A
neutron is a subatomic
particle with a mass of 1
amu and no electrical
charge. A proton is a
subatomic particle with a
mass of 1 amu and a charge
of 1+. An electron is a
subatomic particle with
negligible mass and a charge
of 1—.

Atoms of hydrogen are the simplest of all atoms and provide a good starting
point for a study of atomic structure. As we saw in Section 2.2, hydrogen
atoms are the most abundant of all atoms in the universe as a whole and also
in our own bodies. They make up two-thirds of all atoms in water, but just
over 11% of the water’s weight. Through a process we’ll describe near the
end of Chapter 4, hydrogen atoms provide the energy of the sun.

The overwhelming majority of all hydrogen atoms consist of just one pro-
ton and one electron. The proton forms the nucleus of the atom, and the
electron occupies a spherical shell or envelope surrounding the nucleus (Fig.
2.9). Since the single negative charge of hydrogen’s lone electron exactly
balances the single positive charge of its single proton, the hydrogen atom
itself has no net electrical charge. This illustrates a general rule: in all atoms
of all elements, the number of electrons surrounding the nucleus exactly equals the
number of protons within the nucleus. All atoms of all elements, then, are elec-
trically neutral.

Because the mass of the electron is negligible in comparison with the mass
of the proton, and of a neutron as well, virtually the entire mass (99.95%) of

1 electron
occupies this shell

4

/
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!

/
A proton, the
hydrogen nucleus

Figure 2.9

The structure of the hydrogen
atom.



Filled with the flammable
element hydrogen for
buoyancy, the German airship
Hindenburg burned in May
1937. The hydrogen ignited as
the airship approached its

dock in Lakehurst, New Jersey,

after a transatlantic crossing.
Thirty-six people were killed as
a result.

The mass number of an
atom is the sum of the
protons and neutrons in its
nucleus.

The atomic number is the
sum of all of an atom’s
protons. An element is a
substance whose atoms all
have the same atomic
number.

Figure 2.10

Relative distances and masses
in the hydrogen atom.
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an atom lies in its nucleus. Since both protons and neutrons have masses of
very nearly 1 amu, we need only count up all the protons and all the neutrons
in an atomic nucleus to get a value for the mass of an atom. This sum of an
atom’s protons and neutrons is known as its mass number, represented by
the symbol A. For a hydrogen atom with a nucleus consisting of a single
proton, the mass number is 1. Thatis, A = 1.

To gain some sense of the difference in mass between the proton and the
electron, and of the enormous distance between the two in the hydrogen
atom, we can represent its nucleus, the single proton, as an adult of average
weight sitting in an empty field. The atom’s electron could then appear as a
small bird, perhaps a common sparrow, flying around the person at a distance
of 2 miles (Fig. 2.10).

In addition to mass numbers, one more atomic value is important to us,
the atomic number, represented by the symbol Z. The atomic number, Z, is
simply the total number of protons in an atomic nucleus. With one proton in its
nucleus, hydrogen’s atomic number is 1. For hydrogen, Z = 1. Atomic num-
bers are particularly important in chemistry because all atoms of the same ele-
ment have the same atomic number. Conversely, all atoms of any specific atomic
number are atoms of the same element. This gives us a convenient definition of
an element as a substance whose atoms all have the same atomic number.

Small bird

<>

Electron

@

Hydrogen nucleus

E——
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As a chemical symbol for hydrogen, we use the capital letter H, which can
represent either the element itself or a single hydrogen atom, depending on
the context. Chemically, then, H can represent a single proton surrounded
by a spherical shell containing a single electron as shown in Figure 2.9. If we
wish to designate not only an atom of a particular element but its mass number
and atomic number as well, we write the mass number (A) to the upper left
of the atomic symbol and the atomic number (Z) to the lower left. For a
hydrogen atom with a mass number of 1 and atomic number of 1, we write

mass number (A) N

elemental symbol —— 1H

atomic number (Z) Y.

With the definitions of mass number and atomic number in mind, we can
easily determine the number of neutrons in an atomic nucleus by subtracting
the atomic number from the mass number: A — Z = neutrons. As an illus-
tration, a common atom of the element fluorine has a mass number of 19 and
an atomic number of 9. Thus, its nucleus is made up of 9 protons and (19 —
9) = 10 neutrons. Because all atoms must be electrically neutral, we know
that there are as many electrons surrounding the fluorine atom’s nucleus as
there are protons within its nucleus, 9. Moreover, since the chemical symbol
for fluorine is F, we can represent the atom as

lgF

EXAMPLE  now mANY NEUTRONS?

How many neutrons are there in the nucleus of an argon atom of mass
number 40? (The atomic number of argon is 18.)

With an atomic number of 18, Z = 18 for argon. Since the mass
number of this particular atom of argon is 40, A = 40. Knowing that
the number of neutrons = A — Z,

neutrons = A — Z

neutrons = 40 — 18

neutrons = 22

The nucleus of this argon atom contains 22 neutrons.

| QUESTION

The most common kind of lithium atom, atomic number 3, has a mass number of 7.
How many protons are there in the nucleus of this lithium atom? How many neutrons?
How many electrons surround the nucleus? Given that the chemical symbol for lithium
is Li, show A, Z, and the symbol as we did in the example of fluorine.

L]
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7f  Isotopes: Deuterium and Tritium

Isotopes are atoms of the
same element with different
mass numbers.

Figure 2.11

Relative abundance of
deuterium.

As we have seen, the atomic nucleus can contain neutrons as well as protons.
An atom with one proton and, in addition, one neutron in its nucleus is an
atom of hydrogen with a mass number of 2. It rmust be an atom of the element
hydrogen because with one proton in its nucleus its atomic number is 1 and
all atoms with an atomic number of 1 belong to the element hydrogen. Its
mass number, though, is 2 since both the proton and the neutron contribute
1 amu each to the total mass.

Atoms that have the same atomic number (and therefore belong to the same element)
but that differ in mass number are called isotopes. To state this a bit differently,
isotopes of any particular element all have the same number of protons (and
therefore the same atomic number) but carry different numbers of neutrons
in their nuclei (and therefore have different mass numbers). As an aid in
differentiating between these two isotopes of the element hydrogen, the iso-
tope of mass number 2 is called deuterium. Deuterium is the so-called “heavy
hydrogen” used in the construction of the hydrogen bomb (Chapter 4).

Naturally occurring deuterium is extremely rare, with almost 6700 hydro-
gen atoms of mass number 1 for every deuterium atom that occurs in nature
(Fig. 2.11). Because the ratio of the two isotopes overwhelmingly favors the
atom of mass number 1, the word hydrogen commonly refers either to the
naturally occurring mixture of the two, or simply to the isotope of mass num-
ber 1. Where confusion can occur, the term protium is used for the isotope of
mass number 1. Furthermore, the symbol D represents specifically an atom
of deuterium.

Naturally occurring hydrogen consists almost entirely of only the two iso-
topes, protium and deuterium. But it’s possible to manufacture a third iso-
tope, tritium, by adding a second neutron to the nucleus. Tritium, with a
nucleus containing one proton and two neutrons, has a mass number of 3
and an atomic number of 1. Tritium is used along with deuterium to produce
the explosive force of the hydrogen bomb. The hydrogen of the universe
consists of about 99.985% protium, 0.015% deuterium, and just a trace of
tritium.

@® For every 6700 hydrogen atoms
of mass 1 in the universe,
there is one deuterium atom

Hydrogen, mass 1

@
e«
Deuterium, mass 2
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' QUESTION ‘

As we've just seen, an atom with a nucleus consisting of one proton and two neutrons
is tritium, an isotope of hydrogen. Is an atom with a nucleus consisting of orne neutron
and two protons still another isotope of hydrogen? Explain your answer.

27 Building up the Elements:
Hydrogen through Neon

Although adding a neutron to an atomic nucleus increases its mass number
and thereby generates a different isotope of the same element, adding a pro-
ton produces an entirely different element. (Adding a proton to an atomic
nucleus isn’t nearly as easy to do, in actual practice, as adding a neutron. In
any case, what concerns us here isn’t the specific procedure we might use
for the addition, but rather the consequence that comes from adding a proton
to an atomic nucleus.)

Adding protons, as we have seen, increases atomic numbers as well as
mass numbers. Adding one proton to a hydrogen nucleus, for example, pro-
duces an atom of the element helium. Virtually all the helium atoms in the
universe have two neutrons in their nuclei as well as two protons, so a helium
atom’s mass number is 4 and its atomic number is 2. With two positively
charged protons in its nucleus, there are two negatively charged electrons in
the surrounding shell. These two electrons completely fill this particular shell;
no more electrons can enter it. We're familiar with helium as a gas used to
fill balloons. Since helium is less dense than air, helium-filled balloons tend
to rise upward into the atomosphere.

A third proton produces lithium, atomic number 3 and (for the most com-
mon isotope) mass number 7. Adding the proton to the nucleus requires

A battery containing lithium.

)
£ 2

Helium-filled balloons.
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2e
2p,2n> =

Names, symbols, electron
structures, and compositions
of nuclei of the first 10

elements.

Filled shells
He
Helium
2e 3e de 6e 7e 8e
2e 2e 2e 2e 2e 2e
4p,5n> 5p,6n> 6p,6r> 7p,7 8p,8rD 9p,10rD 10p,101>
Be B C O I3 Ne
Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
TABLE 2.2 The First 10 Elements
Element Atomic Number Description
Hydrogen 1 Gas that burns in air; combines with oxygen to
form water; more atoms of hydrogen in the
human body than of all other elements com-
bined
Helium 2 Unreactive gas; used medically to dilute anes-
thetic gases; used in lighter-than-air craft such
as blimps and in balloons
Lithium 3 Reactive metal; forms hydrogen gas on contact
with water
Beryllium 4 Strong but toxic metal; used in spacecraft and
Ve missile structures; alloying agent in tools,
springs, and electrical devices
Boron 5 Nonmetal; component of boric acid, an antisep-
tic
Carbon 6 Nonmetal; found in all life; fundamental ele-
ment of organic chemistry; occurs as graphite,
soot, and diamonds; major component of coal,
petroleum, and natural gas
Nitrogen 7 Gas that makes up about 78% (by volume) of
our atmosphere
Oxygen 8 Gas necessary to all animal life; makes up about
21% (by volume) of our atmosphere
Fluorine 9 Extremely corrosive and reactive gas; com-
pounds include fluorides used for hardening
dental enamel, and chlorofluorocarbons (CFCs),
used as refrigerants and formerly as spray can
propellants
Neon 10 Gas of very low chemical reactivity; produces

the glow of neon signs




2.8 MORE ELECTRON STRUCTURES: SODIUM THROUGH CALCIUM 3 ]

L

-~
~

\ AN ML
V\./ "V_/I ‘“‘; ‘-;_- ’{../1 \J/

eINEST

COFFEE &
DONUTS

Nitrogen and oxygen are the major Neon glows as electrons pass through it.
elements of the atmosphere.

adding a third electron to maintain electrical neutrality. Since the shell con-
taining the first two electrons is now full and can hold no more electrons,
the third electron goes into a second shell, larger than the first and concentric
with it, as shown in Figure 2.7. Each of these electron shells occupied by the

electrons that surround the nucleus is called a quantum shell and receives a Each of the electron shells
quantum number: 1 for the shell closest to the nucleus (filled by two electrons), surrounding an atomic
2 for the next shell (which can hold a maximum of eight electrons), 3 for the nucleus is a quantum shell.
next, and so forth. We use the term electron structure to indicate the distri- The electron structure of an
bution of electrons in the quantum shells surrounding a nucleus. atom refers to the

Lithium is a metal used in small, long-lasting batteries that power digital distribution of electrons in
watches, calculators, and similar electronic equipment. Continuing the ad- its quantum shells.

dition of protons to the nuclei and of electrons to the surrounding shells
forms, in sequence, beryllium, boron, carbon, nitrogen, oxygen, fluorine, and neon,
and completes the series of the first 10 elements. Figure 2.12 shows the names,
chemical symbols, electron structures, and compositions of the nuclei for the
first 10 elements; Table 2.2 describes some of their properties, sources, and
uses.

l QUESTION ‘

How many quantum shells does the sodium atom, atomic number 11, have? (We've
just noted that the second quantum shell can hold a maximum of eight electrons.)

ZB More Electron Structures:
Sodium through Calcium

In the neon atom the 10th proton is balanced by a 10th electron, which enters
the second shell and completes that shell with its full complement of eight
electrons. (Remember, there are two electrons in the first quantum shell of
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1 valence
electron in
quantum shell 3

Filled quantum
shells 1 and 2

Chapter 2 ATOMS AND ELEMENTS

every element except hydrogen.) Formation of sodium by addition of an 11th
proton and a counterbalancing 11th electron places that new electron in the
third quantum shell (Fig. 2.13). Adding more protons to the nucleus and more
electrons to the third quantum shell produces, in succession, magnesium, alu-
minum, silicon, phosphorus, sulfur, chlorine, and argon.

Adding a proton to the argon nucleus and another electron, the 19th,
produces potassiun and begins filling the fourth quantum shell. Calcium, with
atomic number 20, has two electrons in the first quantum shell, eight in the
second, eight in the third, and two in the partially filled fourth. The first 20
elements are listed in Table 2.3 with their chemical symbols and electron
structures.

TABLE 2.3 Electron Structures of the First 20 Elements

Quantum Number of

Shell

Element Symbol Atomic Number 1 2 3 -
Hydrogen H 1 1
Helium He 2 2
Lithium Li 3 2 1
Beryllium Be 4 2 2
Boron B 5 2 3
Carbon C 6 2 4
Nitrogen N % 2 5
Oxygen @) 8 2 6
Fluorine F 5 2 7
Neon Ne 10 2 8
Sodium Na i1 2 8 1
Magnesium Mg 12 2 8 2
Aluminum Al 13 2 8 3
Silicon Si 14 2 8 4
Phosphorus I 15 2 8 3|
Sulfur S 16 2 8 6
Chlorine Cl 17 2 8 7
Argon Ar 18 2 8 8
Potassium K 19 2 8 8 1
Calcium Ca 20 2 8 8 2




PERSPECTIVE: A SUMMARY AND A FORETASTE

PERSPECTIVE: A Summary and a Foretaste

31

In this chapter we learned about atoms and elements, the fundamental struc-
tures and substances of chemistry and, indeed, of all the things of the world
we live in. We saw that atoms are the smallest bits of the chemical elements
that make up our universe; that all these atoms are similar in structure, formed
of a nucleus and surrounding shells of electrons; and that they are formed
of three subatomic particles, the protons and neutrons of the nucleus and the
electrons of the surrounding shells. We also learned that although all atoms
of any specific element must have the same number of protons in their nuclei,
they may contain different numbers of neutrons and thus have different
masses and exist as isotopes. We saw as well that as the number of protons
in an atomic nucleus increases, the number of surrounding electrons keeps
pace through the filling of the quantum shells surrounding the nucleus, in
an orderly sequence.

Chapter 3 concludes our introduction to the foundations of chemistry. In
it we’ll examine some similarities that occur periodically in the behavior of
elements as we continue to increase their atomic numbers. As we examine
these periodic similarities we’ll see how the interaction of electrons in the
outermost shells of atoms allows individual atoms to form chemical bonds to
each other and how these connections produce larger, more complex struc-
tures that we call molecules. In later chapters we’ll learn that these structures
range in size and shape from the small, simple molecules of the oxygen and
water that sustain our lives, through the larger and more complex molecules
of our foods and consumer goods, to the huge structures of the polymers
and plastics of our consumer goods, and finally to the long, intricate, inter-
twined threads of the enzymes that allow our bodies to function and the DNA
that forms the molecular basis of heredity.

EXERCISES

FOR REVIEW

1. Complete this statement with the words and
phrases that follow. Each is used once.

are the smallest particlesofan _______, a
fundamental substance of chemistry and of the
world, that can be identified as that element. All
atoms consist of two parts: (1)a_—, which con-
tains positively charged and (except for

, an of hydrogen) they also contain
electrically neutral ______; and (2) _—______ which
liein ____ surrounding the nucleus. The number
of protons in the nucleus defines and atom’s

and is represented by the symbol

. The sum of the protons and neutrons in

/ '(,UJCQS
2ACk

s

the nucleus determines the atom’s ___ and is
represented by . As the atomic number of
the atom increases, the number of electrons in the
shells also increases so that the number of electrons
always equals the number of protons and the atom
remains electrically . The first quantum shell
can contain a maximum of electrons, the

second a maximum of _______ electrons.

A 1sotope protons

atomic number mass number  quantum shells
atoms neutral two

eight neutrons Z

electrons nucleus

element protium
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2. Name an element that is

the major gas of the air we breathe

used in small, long-lasting batteries

used to harden the enamel of teeth
represented in the human body by more
atoms than is any other element

e. present in graphite, diamonds, petroleum,
and all living things

Qn oo

3. Of the first 10 elements, which are metals?

4. Question 3 mentioned ‘“‘the first 10 elements.”
What does this phrase refer to?

5. How many different elements are currently
known to exist?

6. In terms of the number of atoms present, hy-
drogen is the most abundant element in the universe
and also in our bodies. What is the second most
abundant element in the universe, again in terms of
the number of atoms present? What is the second
most abundant element in our bodies?

7. Given the atomic number and the mass number
of an atom, how do we determine the number of
protons in the nucleus? The number of neutrons in
the nucleus? The number of electrons in the sur-
rounding shells?

8. (a) Name the three isotopes of the element
whose atomic number is 1. (b) What name do we
give to a mixture of these three isotopes, collectively,
when they are present in the same ratios as in the
universe as a whole?

9. Whatisaname used for the isotope of hydrogen
indicated by 1H?

10. What chemical symbol is used as the equivalent
of $H?

11. Name and give the chemical symbols for the
elements with the first 10 atomic numbers.

12. Atoms of what element are used to define the
atomic mass unit?

13. Can any isotope of any element have a mass
number of zero? Explain your answer.

14. (a) What would remain if we removed an elec-
tron from a hydrogen atom? What charge would this
particle bear? What would its mass be? (b) How
do you think we could convert a sodium atom into
one of the sodium cations discussed in Chapter 1?

15. Name

a. three elements that have only a single elec-
tron in their outermost quantum shell

b. two elements that have exactly two elec-
trons in their outermost quantum shell

c. three elements with filled outermost quan-
tum shells

d. one element that has only a single electron
in its innermost quantum shell

A LITTLE ARITHMETIC AND OTHER
QUANTITATIVE PUZZLES

16. Give the number of protons and the number
of neutrons in the nucleus of each of the following
atoms and the number of electrons in the first
and second quantum shells: (a) '2C; (b) '¢B;
(© '80; (d) 1K (e) SLi.

17. (a) If we could unite a boron atom with a lith-
ium atom to form a single new atom, what element
would it belong to? (b) If we double the number
of protons in an atom of carbon, with a mass number
of 12, what element would the resulting atom belong
to? (c) If we double the mass number of the atom
of carbon described in part (b) but do not change its
atomic number, what element would the resulting
atom belong to?

18. Section 2.5 contains the statement that hydro-
gen atoms ““make up two-thirds of all atoms in
water, but just over 11% of the water's weight.”
Given that there are twice as many hydrogen atoms
in water as there are oxygen atoms, and that vir-
tually all the hydrogen atoms in water are {H and
virtually all the oxygen atoms are '§0, how do you
explain this apparent discrepancy?

19. Using 3 x 10~% c¢m as the diameter of a gold
atom and 3.3 x 10~ ** g as its weight, calculate the
weight of 1 cm” of gold. (You can start by finding
how many gold atoms fit on a line 1 cm long; see
Section 2.2. ) How does your calculated value com-
pare with the measured den51tv of gold, 19.3 g/cm>?
Suggest some factors that mlght account for the dif-
ference.

THINK, SPECULATE, REFLECT,
AND PONDER

20. Your answers to parts (a) and (b) of this ex-
ercise do not depend on whether the elements
named exist as isotopes or on which isotope you




choose to consider. (a) Lithium, sodium, and po-
tassium are all metals that react with water to lib-
erate hydrogen gas. What, if anything, do atoms of
each of these metals have in common? (b) Helium
is an unreactive gas and neon is a gas of extremely
low reactivity. What, it anything, do their atoms
have in common?

21. Suppose we could combine one electron with
one proton to form a single, new subatomic particle.
What mass, in amu, would the resulting subatomic
particle have? What electrical charge would it carry?
What known subatomic particle would the resulting
particle be equivalent to?

22. Suppose someone discovered a particle that
consisted of a single neutron surrounded by a shell
containing a single electron. Would you classify this
as an atom? Would you classify it as an ion? Would
it represent a new element? Explain your answers.

23. Suppose you have two spheres, one made of
lead and one made of cork. They are standing next

EXERCISES 3 5

to each other at some spot on the surface of the
earth. At that location each weighs 1 kg. Compare
their masses at that location. Does one have a greater
mass than the other? If so, which has the greater
mass? Now move both spheres to one particular lo-
cation on the surface of the moon and again compare
their masses. Does one have a greater mass? If so,
which one? Does one weigh more than the other on
the moon? If so, which? Finally, leave the cork
sphere on the moon and move the lead sphere back
to its original location on earth. Again, compare both
their masses and their weights.

24. The description of the atom that we have used
in this chapter resembles in some ways our own
solar system. What part of our solar system corre-
sponds to the nucleus of an atom? What part cor-
responds to the electron shells surrounding the nu-
cleus? What are some of the other similarities
between the structure of the atom, as described in
this chapter, and our own solar system? What are
some of the more obvious differences?
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Figure 3.1

The attraction that iron has for
a magnet isn’t carried over into
the iron oxides it forms as it
rusts.

The element fluorine forms
part of the inert, non-stick
polymeric coating made from
the compound
tetrafluoroethylene. Although
fluorine is an extremely
reactive and hazardous
element, the
tetrafluoroethylene polymer
that contains fluorine is stable,
inert, and non-toxic.
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seouring Pads
and Kitchen Magnets

In this chapter we examine how and why
elements combine to form compounds. We
learn, too, that their characteristics can
change as they join each other through
chemical bonds. Dangerous or poisonous
elements can form benign compounds, and

the reverse can happen. Reasonably harmless elements can form toxic, cor-
rosive, or otherwise hazardous compounds. An element seldom carries more
than a few of its properties, if any at all, into the compounds it forms.

We see this in our daily lives. Carbon is the element that makes up the
charcoal of the briquettes we use in backyard grills. It's a brittle, black solid
that rubs off onto whatever touches it. Another element, oxygen of the air,
is a gas that supports life and that’s consumed by anything that burns. When
we light charcoal briquettes, the elemental carbon of the briquette and the
elemental oxygen of the air combine to produce heat and the compound carbon
dioxide. Unlike carbon, carbon dioxide is a colorless gas. Unlike oxygen, carbon
dioxide doesn’t support life and won’t keep a fire going. Indeed, carbon
dioxide is widely used to put out fires. The characteristics of the carbon and
of the oxygen are transformed as they combine to form carbon dioxide.

We can see this same sort of thing happening with the metal scouring pads
we use for cleaning pots and pans. These are composed largely of iron that’s
drawn out into fine filaments and woven into pads that are often impregnated
with a detergent. As wet pads of this sort stand in the open air, the iron in
the filaments reacts slowly with the oxygen of the air to form reddish-brown
oxides of iron we call rust. Let a wet scouring pad stand around for a few
days and it rusts.

Try this simple but effective demonstration of the change in properties of
an element—iron, in this case—as it enters into a compound. Elemental iron
is attracted to magnets. Touch a magnet to an iron scouring pad and feel the
attraction they have for each other. You can use one of the small, strong
magnets that holds notes, coupons, and so forth on the sides of refrigerators.

Now wet the scouring pad and let it stand in the open and rust away. As
the days pass and the rust accumulates, the attraction between the pad and
the magnet drops. Elemental iron is attracted to magnets, but it doesn’t carry
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this characteristic into its compounds. The oxides of iron that form rust aren’t
attracted to magnets (Fig. 3.1).

Iron, oxygen, and carbon are elements we find easily in their free state in
the world about us. In this chapter we’ll concentrate our attention on two
elements we don’t often see as the free elements, sodium and chlorine. We’ll
focus our attention on them and on the compound they form when they react
with each other: sodium chloride, our common table salt.

— e EEBBSUUSUSSS———SG

3] Table Salt Revisited

We entered our study of chemistry, at the beginning of Chapter 1, with a
demonstration of a remarkable difference between two common chemicals,
sodium chloride (table salt) and sucrose (table sugar). We saw that pure water
is a very poor conductor of electricity, and although adding sucrose to water
does nothing to improve its conductivity, adding sodium chloride does in-
crease water’s ability to conduct an electric current dramatically, causing the
light bulb to burn brightly. That observation led us to classify substances as
electrolytes and nonelectrolytes and introduced us to the chemical particles
known as ions.

Now that we’ve learned something of elements and compounds, and of
the ions and other chemical particles that make up our world, we’ll return
to sodium chloride, this time to contrast its properties to those of two un-
common chemicals, elemental sodium and elemental chlorine. In the discus-
sions that follow, we’ll use the term elemental to refer to pure elements them-
selves, not combined with any other element, either in a compound or any
other way. With this definition, “elemental sodium” refers to pure, metallic
sodium and “elemental chlorine” to pure chlorine gas, the forms in which
we ordinarily find the pure elements themselves. Thus, although the element
sodium is present in both the metal (as sodium atoms) and in the compound
sodium chloride (as sodium cations), only a piece of the metal itself consists
of elemental sodium. Similarly, the element chlorine is present in both ele-
mental, gaseous chlorine and table salt, but only the gas itself consists of
elemental chlorine.

As we proceed in this chapter we’ll examine atoms and ions in more detail,
we'll learn how atoms are converted into ions, and we’ll learn about the two
different kinds of bonds, ionic and covalent, that hold chemical particles to-
gether in the multitude of substances we find and use in our daily lives.

What’s more, we'll learn that although the sodium cation of our table salt
and the sodium atom of metallic, elemental sodium differ only in the number
of electrons present in their most remote quantum shells (and, as a result, in
the net electrical charge on each), this apparently small difference produces
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remarkable differences in their properties. And while the words ““chloride,”
as in “sodium chloride,” and “chlorine,” as in “chlorine gas,” sound very
much alike, the two chemical particles they represent could hardly be more
different in the ways they behave.

. QUESTION l

The element of atomic number 53 is iodine, with the chemical symbol I. Iodine is an
antiseptic available in commercial preparations in drugstores; potassium iodide is added
to “iodized” table salt to protect against the condition known as ““goiter” (Section
5.10). In which would you find (a) elemental iodine, (b) thel™ anion, and (c) the
element iodine?

77 r7

32 Sodium and Chlorine

Elemental sodium, a metallic
solid. Elemental chlorine, a
gas.

We find elemental chlorine only rarely and elemental sodium not at all in the
common substances of our everyday world, and for very good reasons. They
are both extremely reactive and can be highly dangerous substances if they
aren’t used with care. Chlorine is capable of destroying living tissue and can
be a health hazard and even deadly if it is inhaled in more than trace amounts.
Because it kills bacteria, it is used in small quantities to eliminate infectious
organisms from both swimming pools and public drinking water. It's also a
very effective household bleaching agent. You can smell the odor of traces
of elemental chlorine in the air near swimming pools and around open bottles
of liquid household bleach, and you can taste it in the municipal drinking
water of some regions. Released into the atmosphere in large volumes, it can
kill plants and any animal that breathes it. Chlorine was one of the poison
gases used in World War I.




3.3 CHEMICAL PARTICLES: RISKS AND BENEFITS

Chlorine illustrates the problem with trying to label chemicals as “good”
or ’bad” or as “beneficial” or “harmful” (Section 1.2). The same elemental
chlorine that kills when it's used as a war gas saves lives when it’s used to
purify drinking water. It makes our lives easier and more pleasant as it rids
swimming pools of bacteria and takes stains out of clothing. Released into
the atmosphere in large quantities, it was used as a war gas; released judi-
ciously into swimming pools and into drinking water, it helps prevent epi-
demics. The qualities of ““good”” and “bad” aren’t properties of the chlorine
itself, only of how we ourselves use it.

As for elemental sodium, the hazards of even small amounts of the metal
far outweigh any benefits it might provide. If a piece of sodium the size of
a pea comes in contact with water, it can ignite. A larger mass, perhaps the
size of a walnut, explodes, as we’ll see in Section 3.5. Elemental sodium has
no uses among our consumer products.

I QUESTION l

What compound forms when highly reactive, elemental sodium comes into contact
with highly reactive, elemental chlorine?

33 Chemical Particles: Risks and Benefits
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Sodium reacts explosively with
water.

Sodium chloride, the compound that forms when elemental sodium reacts
with elemental chlorine, is a relatively harmless electrolyte that many of us
use daily to modify the taste of food. While it isn’t completely without
hazard—it’s implicated as a contributing factor in high blood pressure, or
hypertension, and when eaten in large quantities it can be deadly, especially
to small animals, children, and infants—common table salt simply isn’t in
the same class as elemental sodium or chlorine. Yet it's composed of the same
elements. Why both elemental sodium and chlorine should be so hazardous,
and yet the sodium and chloride ions of their compound, sodium chloride,
so benign, stems partly from the difference between an ion and an atom.

We should not assume because of this example that when elements them-
selves are hazardous their compounds will necessarily be harmless. The re-
verse can easily be true. Elemental nitrogen and oxygen, the principal gases
of the air we inhale many times each minute, are themselves ordinarily en-
tirely harmless to us, yet several of their compounds are quite hazardous.
Nitrogen dioxide, for example, a compound containing twice as many oxygen
atoms as nitrogen atoms, is partly responsible for the damage of acid rain
(Section 10.16) and can produce a potentially fatal inflammation of the lungs
if inhaled. The only generalization we can make is that no generalization is
possible. There’s no necessary connection between a hazard of an element
and the chemical form it’s in. Neither elements, compounds, atoms, ions,
nor molecules are necessarily filled with either risks or benefits to us. In any
case, both the risks and benefits we derive from them depend, as we have
already seen, on how we use them.
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The vigorous reaction of Common table salt, the
sodium with chlorine. product of the reaction of
sodium with chlorine.

| QUESTION l

Name an element that is harmless or beneficial to us in its elemental form. Name a
different element that can be hazardous in its elemental form. Now switch things
around and name a hazardous compound of the harmless or beneficial element and
a harmless or beneficial compound of the hazardous element.

34 Valence Electrons

Several factors affect the properties of any particular atom or ion, including
its atomic number, mass number, and electronic structure. Plutonium, Pu,
element 94, may well be the most deadly of all the elements, regardless of
mass number or electronic structure (Section 5.5). And while water, a com-
pound of hydrogen and oxygen, is a necessity of life, drinking water in which
deuterium atoms (7H) have replaced the protium atoms (iH; Section 2.6) can
be fatal. Yet even as atomic number and mass number affect the properties
of a chemical particle, electronic structure also plays a major role in its behavior.
The electron structures of sodium and chlorine, for example, are largely
responsible for sodium chloride’s ability to conduct an electric current. In
considering the effects of electron structure we’ll focus on the electrons in
the outermost electron shell, which is known as the valence shell. It is these
valence electrons that are so important, since atoms tend to react so as to produce




3.5 PERIODICITY

filled valence shells. We’ll examine some effects of this tendency after we first
look at the connection between the number of valence electrons in an atom
and the properties of the element it represents.

QUESTION I

Name two elements of Table 2.2 with filled valence shells. What properties are com-
mon to them?

J§  Periodicity

43

Valence electrons are the
electrons of the valence
shell, which is the
outermost electron shell of
an atom.

When characteristics repeat themselves again and again over time we say that
they recur periodically, or that they are periodic. The seasons are periodic. By
and large, summer’s days are the warmest of the year; days are warmest,
periodically, during the summer. Plants bloom, periodically, in the spring.
Farm harvests come, periodically, during the fall. The sun also rises period-
ically.

If we examine the properties and behavior of all the elements (with the
possible single exception of hydrogen, which is the first in the sequence of
atomic numbers and something of a chemical maverick), we find that their
properties repeat periodically, much as days grow warm or flowers bloom
periodically from one year to the next. The properties of the elements also
repeat themselves, but their repetition occurs over irregular sequences of
atomic numbers rather than over regular periods of time.

Table 2.3, for example, shows that helium (atomic number 2), neon (atomic
number 10), and argon (atomic number 18) all have filled valence shells, while
Table 2.2 describes helium and neon as inert or virtually inert gases. That is,
helium shows no tendency whatever to react with any other substance,
whether it’s an element or a compound. Helium certainly doesn’t burn, for
example. Neon is very nearly as unreactive as helium. Its chemical reactions
are few and rare. Like neon, argon is a virtually inert gas. Similarly, krypton
(36) and xenon (54) have filled valence shells and, like the others, are gases
with extremely little reactivity. We would be correct in guessing that a filled
valence shell is a mark of extraordinarily little chemical reactivity, or none at
all, and that any atom that has (or acquires) a filled valence shell often is (or becomes)
quite inert.

We can make one more generalization from the kind of data we find in
Tables 2.2 and 2.3: Elements with the same numbers of electrons in their
valence shells tend to behave in the same way. Lithium (atomic number 3),
sodium (11), potassium (19), rubidium (37), and cesium (55), for example,
have one valence electron each. All are metals and are all reactive, although
some of these metals react with other substance much more vigorously than
do others of the series. For example, each of them reacts with water at its
own characteristic rate to produce highly flammable hydrogen gas. That's
why, as we saw in Section 3.2, sodium ignites or explodes when it come into
contact with water. Sodium, like the rest of the metals with only one valence
electron, reacts with water to liberate the hydrogen of the water in the form
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of elemental hydrogen gas. With sodium, and all the other alkali metals except
lithium, the heat released in the reaction often causes the hydrogen to ignite
or explode.

I QUESTION

What gas is produced when rubidium, Rb, reacts with water? What is the basis for
your answer?

36 Atomic Weights and the
Genius of Dimitri Mendeleev

Dimitri Mendeleev devised the
first comprehensive periodic
table of the elements.

An early version of the periodic
table.

Recognizing repetitions in properties similar to those we have just examined,
Dimitri Mendeleev, professor of chemistry at the Technological Institute of
St. Petersburg , Russia, devised an arrangement of the elements known
as the Periodic Table. The voungest of 17 children, Mendeleev
was born in Siberia in 1834. In his later vears, during the last decade of the
nineteenth century, he became the director of Russia’s Bureau of Weights
and Measures.

An exceptional teacher and extremely popular with his students at the
Institute, Mendeleev was preparing in 1869 to write a chemistry textbook. As
he was reviewing the properties of the 63 elements known at the time—today
we recognize 109 (Section 1.4)—he realized that by organizing them in order
of increasing atomic weight he produced, on a much greater scale, the same
sort of periodic repetition of properties we have just described.

Because of their importance, we pause here to examine atomic weights
briefly. An element’s atomic weight is simply the average of the masses of

TABLE I Distribution of the Elements in Groups and Series
Group I. iI. 1. IV. V. VI VII. VIII.
Series 1. . . H — — — — — —
2 Li .Be . B . C . N . O F
3. . . Na. Mg . Al . Si . 1P S (T
4 K .Cda . S . Tt . V . Ct . Mn. Fe . Co . Ni . Cu
5 .(Cu) . Zn . Ga . Ge . As . Se . Br
6. . Rb .S . Y . Zr . Nb. Mo. — . Ru . Rh . Pd . Ag
7 .(Ag) . Cd . In . Sn . Sb . Te . [
8. . C .Ba . La . C . D2. — . — . — — — —
9 = _ _ _ _ - _m
10 — — Yb — Ta w — Os Ir Pt Au
Ir. . . (Au) . Hg . T . Pb . B . — . —
12 — — — Th — U =
R, O RO, R.0; R0, R,0s RO, R.O; Higher oxides
— RO — RO; — RO; — RO,
— — — RH; RH; RH, RH Hydrogen compounds
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all of its isotopes, weighted for their individual abundances. For example,
when we mix in the small amount of deuterium (iH) present in the universe
along with all the protium (iH), the average weight of all atoms of atomic
number 1 becomes slightly larger than 1 (the mass of protium alone). Thus,
the atomic weight of hydrogen, the weighted average of all its isotopes (ne-
glecting the trace of tritium present in the universe), is 1.008 amu.

EXAMPLE  cALCULATING ATOMIC WEIGHT

Calculate the atomic weight of chlorine from a knowledge of the abun-
dances of its most common isotopes. The isotope of mass number 35
makes up 75.77% of all chlorine atoms, while the isotope of mass number
37 accounts for 24.23% (the remainder) of chlorine atoms.

To obtain the contribution of each isotope, weighted for its abun-
dance, we multiply the mass of each isotope by the fraction of the total
that each isotope represents. The isotope of mass 35 (75.77% of the total)
thus contributes

0.7577 X 35 amu = 26.52 amu

to the weight-averaged atomic weight of all atoms of the element chlo-
rine. The isotope of mass 37 (24.23% of the total) contributes

0.2423 X 37 amu = 8.96 amu

The weight-averaged atomic weight of chlorine is the sum of these two
contributions:

26.52 amu
+ 8.96 amu
35.48 amu

which we can round off to 35.5 amu. For a review of the atomic mass
unit (amu), refer to Section 2.4.

Although others had also noted the same sort of periodic repetition of
properties even before Mendeleev’s inspiration, none had pursued the idea
as vigorously or in as much detail as the Russian chemist. He organized the
known elements into a table in which, with a few exceptions, atomic weights
increased regularly in the horizontal rows, from left to right, and elements
with similar properties fell neatly into place in the table’s vertical columns.
To maintain a consistent periodicity in elemental properties he was forced to
leave some of the boxes empty. He predicted that they would be filled by as
yet unknown elements. Within 15 years three of the gaps were, indeed, filled
through the discoveries of the elements gallium, scandium, and germanium,
all of which proved to have the very properties he predicted from the locations
of the vacancies. What’s more, atomic weights of some of the elements Men-
deleev had to place (apparently) out of the normal order in his table were
later found to be incorrect. Newer, better values showed that he was, indeed,
correct in his placement of those particular elements, and that they did not

4%

The atomic weight of an
element is the average of
the masses of all of its
isotopes, weighted for the
abundance of each.
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violate a sequence of (now corrected) atomic weights. It was the measured
values of their atomic weights (as they were known at the time) that were in
error, not Mendeleev’s idea of periodicity.

' QUESTION ‘

The atomic weight of lithium (Li) is 6.94. The lithium isotope of mass number 7 is the
most abundant of all lithium’s isotopes, making up about 92.5% of all lithium atoms.
What is likely to be the mass number of the second most abundant isotope of lithium?
Explain your answer.

37 The Periodic Table

A family of elements
consists of all the elements
in any column of the
periodic table.

In the modern version of the periodic table (Fig. 3.2) the elements are or-
ganized in a sequence of increasing atomic number rather than atomic weight.
Mendeleev, who lived from 1834 to 1907, had only atomic weights to work
with; the concept of atomic numbers was not devised until 1913. In most
modern versions of the table, the chemical symbol of each element appears
in the center of the squares, with the atomic number above the symbol and
the atomic weight below.

Now we’re in a position to connect the number of valence electrons of an
element (Section 3.4) with the element’s position in the periodic table. We
now know that each of the table’s columns contains elements with the same
numbers of valence electrons and that this is the basis of their chemical sim-
ilarities. In recognition of these similarities we call all the elements in any
individual column a family of elements. The leftmost family, consisting of
lithium, sodium, potassium, rubidium, cesium, and francium, each with one
valence electron, is the alkali metal family.

As we move from left to right within each row, valence shells of the atoms
fill with electrons, from a single electron in the alkali metals to a full shell in
the inert gases. The rightmost column, composed of gases with filled valence
shells and with little or no chemical reactivity, is the inert gas or noble gas
family, so called because of their almost complete lack of chemical association
with the more common elements. Just to its left is a family of halogens con-
sisting of fluorine, chlorine, bromine, iodine, and astatine. (Halogen comes
from the Greek hals, meaning “salt” or ““sea.” The halogens readily form salts,
which we discuss further in Chapter 10.) Elemental fluorine is extremely
reactive; in combination with carbon it forms the plastic Teflon. Fluorine is
also a component of chlorofluorocarbons (CFCs), which are used as refrig-
erants and which threaten to damage the ozone layer (Chapter 19). Along
with its use as a bleach and disinfectant, chlorine is a component of synthetic
rubber, polyvinyl chloride (PVC) and other plastics, and various pharmaceu-
ticals. Bromine and iodine are also used in the manufacture of pharmaceu-
ticals.

Because it concisely furnishes information about chemical symbols, atomic
weights, atomic numbers, valence electrons, chemical families, and, to those
familiar with its use, the reactivities of the elements, the periodic table pro-
vides one of the most valuable reference works in the entire study of chem-
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istry. Inside the covers of this book you will find a list of the data of the
Periodic Table, alphabetized by the names of the elements, and a list of the
names and symbols of the elements, alphabetized by the symbols.

' QUESTION l

Strontium (Sr), barium (Ba), and radium (Ra) are three members of the alkaline earth
metals family of elements. What are the names and symbols of the other members of
this family?

J§  Valence Shells and Chemical Reactivity

Combining a knowledge of the periodic table and of the reactions of the
chemical elements produces the useful generalization we first saw in Section
3.4: Atoms tend to react so as to produce filled valence shells. Since the valence
shells of the inert gases are already filled, these elements have virtually no
tendency to react in any way with any other elements. N

Each alkali metal, though, has a single electron in its valence shell. Losing
that one valence electron to some other element leaves the alkali metal atom
with a filled shell (the shell just below the one with the lone electron) and
with the very same electron structure as a nearby inert gas. The halogens,
such as chlorine, have valence shells that need only one more electron to be
filled. Filling the shell by acquiring a single electron gives each of the halogens
the same electron structure as a nearby inert gas.

(At this point we might ask why the sodium atom can’t gain seven electrons
to fill its outermost shell, and why a chlorine atom can’t lose seven electrons
to leave a lower, filled shell as its valence shell. We’ll answer these questions
in the next section.)

We'd be correct in expecting that metallic, elemental sodium would react
with gaseous, elemental chlorine with the transfer of sodium’s lone valence
electron into chlorine’s valence shell, giving both sodium and chlorine filled
valence shells and inert gas electron structures. Our expectation is not only
correct; it is explosively correct. Sodium and chlorine react violently, with the
rapid release of a great deal of energy, to produce the very stable, very inert
household commodity, sodium chloride, our common table salt (Fig. 3.3).

One important use for the periodic table now becomes clear. Understand-
ing its construction allows us to begin predicting what elements will react
with each other and what kinds of compounds they can form. Since each
member of the alkali metal family contains only a single electron in its valence
shell, and since each halogen can fill a valence shell by acquiring a single
electron, any of the alkali metals can react with any of the halogens to form
a compound by the simple transfer of a single electron from the valence shell
of the alkali metal atom to the valence shell of the halogen. Potassium, for
example, can react with any of the halogens to form a compound similar in
many ways to NaCl. The results are KF, KCl, KBr, and KI. (Astatine, At, is
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A chlorine A sodium A chloride
atom cation anion
Na + Cl Na* + ClI-

a very rare element, and although it is a member of the halogen family, we
virtually never come across astatine or any of its compounds.) As a parallel
illustration, chlorine reacts not only with sodium, but with the other alkali
metals as well, to form LiCl, NaCl, KCI, RbCl, and CsCl. (Francium, Fr, and
its compounds are about as rare as astatine and are easily ignored.)

l QUESTION l

(a) How many electrons must a magnesium atom lose to acquire a filled valence shell?
(b) How many electrons must oxygen acquire to fill its valence shell? (c) Would vou
expect magnesium and oxygen to react with each other to form a chemical
compound?

J0  From Sodium Atoms to Sodium Cations,
from Chlorine Atoms to Chloride Anions

Figure 3.3

The reaction of sodium and
chlorine to produce sodium
chloride.

4§

As we’ve just seen, the transfer of one or more electrons between atoms
converts the atoms into ions and results in the formation of ionic compounds,
which are compounds composed of ions. Sodium chloride (Fig. 3.3) is just
such an ionic compound, formed when elemental sodium and elemental chlo-
rine react with each other, and in other ways as well. (The suffix -ide of chloride
tells us that we are dealing with an anion. Fluoride, chloride, bromide, and
iodide are the names of the halide anions. The -ine suffix applies to the names
of the elements and to the elemental forms themselves, as in fluorine, chlorine,
etc.) |
A sodium atom contains 11 protons within its nucleus and 11 electrons in
the surrounding shells. The negative charges of these 11 electrons counter
the 11 positive charges of the protons. Loss of the single electron from its
third quantum shell leaves the sodium atom with only 10 electrons (in two
quantum shells) to counterbalance the 11 nuclear protons. This leaves sodium
with a net excess of one proton and thus a net electrical charge of 1+. On
reaction with chlorine, then, the sodium atom loses one electron and is con-
verted to a sodium cation, Na*. We might ask, as in the preceding section,

Ionic compounds are
compounds composed of
ions.
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why the sodium atom can’t just as well gain seven electrons and thereby fill
its outermost shell. If it did, the resulting ion would contain an excess of
seven electrons over protons and thus bear an electrical charge of 7—. Since
like electrical charges repel each other (and opposite electrical charges attract),
the accumulation of seven negative charges on the same small particle would
make it unstable. Losing a single electron and forming the Na™ cation, with
a single positive charge, produces a much more stable particle than the one
that would result from a gain of seven electrons.

The Cl atom contains 17 protons in its nucleus and an equal number of
electrons in three quantum shells. As the valence shell, which holds seven
electrons in the Cl atom, becomes filled with an eighth electron acquired from
some other atom, such as a sodium atom of this example, the Cl gains a net
excess of one electron over its nuclear protons and is transformed from a
chlorine atom into a chloride anion, Cl™. Just as the gain of seven electrons
would produce an unstable ion in the case of sodium, the loss of seven elec-
trons by the chlorine would produce an unstable ion with a charge of 7+.

QUESTION |

The electronic structure of the sodium cation (two electrons in the first quantum shell
and eight in the second) resembles the electronic structure of what inert or noble gas
element? The electronic structure of the chloride anion resembles that of what inert
or noble gas element?

J10 Table Salt, Crystals of an Electrolyte

Sodium ion (Na*)
Chloride ion (CI7)

Figure 3.4

Part of a sodium chloride
crystal.

A crystal lattice is the
orderly, three-dimensional
arrangement of the chemical
particles that make up a
crystal.

An ionic bond results from
the attraction of oppositely
charged ions.

The crystals of the sodium chloride we shake out of a salt shaker are made
up of equal numbers of sodium cations and chloride anions. Crystals as a
class are the well-defined, solid shapes that pure substances often form as
their ions or molecules arrange themselves into a precise, regular, three-di-
mensional order. Crystals of sodium chloride result as the oppositely charged
sodium cations and chloride anions attract each other and become organized
into an extensive, orderly arrangement known as a crystal lattice. Figure 3.4
shows a part of this crystal lattice of NaCl. As this lattice extends outward
in three dimensions it forms the well-defined shape of the crystals that appear,
much enlarged, in Figure 3.5.

The force that holds the ions in place within the lattice comes from the
mutual attraction of the oppositely charged cations and anions. It’s called an
ionic bond and it results in the formation of ionic compounds. (The formula
NaCl does not tell us that sodium chloride is an ionic compound. To em-
phasize that fact we can write the formula as Na*Cl™.)

When sodium chloride dissolves in water the cations and anions separate
from the lattice and from each other, enter the water solution, and provide
the ions that carry an electric current between the poles in Figure 1.3. Crystals
of table sugar (sucrose) consist of electrically uncharged molecules held in
place in the lattice by forces much weaker than the ionic bonds of sodium
chloride. When molecules of sucrose separate from their crystal lattice (Fig.
3.6) they don’t provide ions and thus they don’t conduct a current (Fig. 1.3).
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Figure 3.5 Figure 3.6

Crystals of sodium chloride, an ionic Crystals of sucrose, a covalent compound
compound and an electrolyte. and a non-electrolyte.

That’s why the light bulb glows brightly when the electrolyte sodium chloride
is added to the water, but not when the nonelectrolyte sucrose is added.

l QUESTION |

What do we call the structures, shown enlarged in Figure 3.7, that form as water
crystallizes in the atmosphere in cold weather?

3] ] Chemical Formulas

Figure 3.7

i

Sucrose is a nonelectrolyte because it isn’t made up of ions and doesn’t pro-
vide any means for transporting an electric current across the water between
the two wires of Figure 1.3. Sucrose, water and many other substances are
made up of molecules, which we described briefly in Section 1.1 as groups of
two or more atoms held together by chemical bonds, and which we examine
in more detail shortly. While the ions of a crystalline ionic compound lie next
to each other in a lattice that extends to the edges of the crystal, the atoms
of a molecule are bound cohesively into a unit, the molecule, that has a well-
defined size and shape and that exists as that same unit whether it's packed
into a crystal or dissolved in a liquid like water or in a gas such as the air we
breathe. ,
Water itself is made up of molecules that consist of two hydrogen atoms
and one oxygen bound firmly to each other through chemical bonds. These
three atoms exist as a molecular unit of specific size and shape no matter
whether the water is in the form of ice, liquid water, or steam. To show the
numbers of hydrogen and oxygen atoms in a water molecule we write the
chemical formula of water as H>O, with the subscript 2 indicating the presence
of two hydrogen atoms and an implied subscript 1 at the oxygen, which
indicates only a single oxygen. Sucrose, too, is made up of molecules, but it
contains hydrogens and oxygens in numbers much larger than in water, and
carbons as well. Sucrose molecules have the formula C,H,,01;, which in-
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A chemical formula is a
sequence of chemical
symbols and subscripts that
shows the elements that are
present in a compound and
the ratio of their ions in a
lattice or the actual number

of their atoms in a molecule.

A binary compound is made
up of two elements.
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dicates that 12 carbon atoms, 22 hydrogens, and 11 oxygens make up a mol-
ecule of sucrose. We'll discuss the forces that hold molecules together as a
third kind of chemical particle (in addition to atoms and ions) in Section 3.13,
after we examine chemical formulas in more detail.

The chemical formula of a compound provides us with two pieces of in-
formation:

1. It tells us what elements are present.

2. It gives us the ratio of their ions or the actual numbers of atoms of each
element present in a molecule.

The chemical formula for sodium chloride (NaCl), for example, tells us that
both sodium and chlorine are present, and that they are present in a one-to-
one ratio. The chemical formula H>O tells us that two hydrogen atoms and
one oxygen atom make up a water molecule. Both sodium chloride and water
are binary compounds, made up of two different elements.

Two general rules are helpful for writing chemical formulas:

1. For compounds made up of ions, whether they are binary or contain more
than two elements, write the cation first, then the anion. The cations of
these compounds usually come from the alkali metal or the alkaline earth
families of the periodic table (Section 3.7). The anions often come from the
halogen family or the family beginning with oxygen. For these, name the
cation first and then the anion, with the suffix -ide for the anion. For ex-
ample, CaF, is calcium fluoride, Li,O is lithium oxide, and SrS is strontium
sulfide.

2. For molecules containing carbon (Chapter 7), write carbon first, hydrogen
second, and then the other elements present in alphabetical order. (The
names of many of these compounds don’t follow any simple rules.) CHCl;
(chloroform, an industrial solvent), C12H2>01; (sucrose), C;6H13CIN>O (the
relaxant Valium, known chemically as diazepam), and C¢HgN>O,S (sul-
fanilamide, the first of the sulfa drugs) are examples.

EXAMPLE

Name the compounds Cs,O and BaCl,.

Since Cs is written first in the formula Cs,O, it represents the cation
cesium (Table 3.2). Then comes O, representing the anion of the element
oxygen and providing the word oxide. The full name of Cs;O is cesium
oxide.

For BaCl, we have the cation barium and the anion of the element
chlorine, chloride. The name of BaCl, is barium chloride.

QUESTION l

Name (a) Mgl,, (b) BeS, and (c) K,O. Write the formula of a molecule of urea, a
compound that we excrete to rid our bodies of excess nitrogen and that is composed
of one carbon, one oxygen, two nitrogen, and four hydrogen atoms.

CATIONS COME FIRST
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J]]  Valence and Chemical Formulas

b

The ratio of ions in a binary, ionic compound (and therefore its chemical
formula as well) depends on the valence of the elements it contains. We've
seen that sodium loses and chlorine gains one electron each, so they combine
in a one-to-one ratio in NaCl.

Unlike sodium, the element calcium has two electrons in its valence shell.
In its reaction with chlorine, each calcium atom can transfer two valence elec-
trons to chlorine atoms. Since each chlorine atom still needs only a single
electron to fill its valence shell, one calcium atom can combine with two chlo-
rine atoms in the ionic compound calcium chloride (Fig. 3.8). To show the
association of two chloride anions with one calcium cation we write the chem-
ical formula of calcium chloride as CaCls.

In addition to defining the outermost shell of electrons in an atom, we use
the term valence to describe what we might call the “combining power” of an
element. For ions, this is the same as the numerical value of their charge,
regardless of its sign.

With the ability to lose or accept a single electron, both sodium and chlorine
form ions with a valence of 1; calcium’s valence is 2. In this same vein, mag-
nesium has two electrons in its valence shell and has a valence of 2. Oxygen,
which needs two electrons to complete its valence shell, also has a valence
of 2.

Like a calcium cation, a magnesium cation can combine with two chloride
anions to form magnesium chloride, MgCl,. Combinations with this ratio of
cation and anion can occur between any member of the alkaline earth family
and any halogen. Beryllium and fluorine, for example, can combine to form
beryllium fluoride, BeF,.

Similarly, one oxygen atom can accept both electrons from a single atom,
or one from each of two individual atoms. In the question at the end of Section
3.8, for example, we saw that a single oxygen atom can accept two electrons
from the valence shell of a single magnesium atom to form magnesium oxide,

Ca + 2C1

Figure 3.8

The reaction of calcium and
chlorine.
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MgO. In another example, oxygen can combine with one calcium atom to
form the compound calcium oxide, CaO. In these examples both the magne-
sium atom and the calcium atom lose two electrons from their valence shells
to form a magnesium cation, Mg®>*, and a calcium ion, Ca®?*. In each case
the oxygen acquires two electrons to form an oxide anion, O®~. By a similar
process two sodium atoms can react with one oxygen to produce sodium oxide,
NazO.

The subscripts reflect the fact that the net electrical charge of all the ions
combined must be zero. In practice this means that the total number of pos-
itive charges provided by the cation(s) must equal the total number of negative
charges brought by the anion(s). This occurs when

cation subscript X cation charge = anion subscript X anion charge

Notice that we ignore the sign (+ or —) of the charge here and concern
ourselves only with the numerical value of the charge. The simplest case
occurs when the cation and the anion electrical charges are equal, as in NaCl,
MgO, and CaO. If the charges are equal, the subscripts must be equal, so
we simply use (an implied) 1 for each.

EXAMPLE  cHARGES MusT EQuAL

Write the chemical formulas of calcium chloride, sodium oxide, and
aluminum oxide.

In the first case the charge on the calcium cation is 2+, while the
charge on the chloride anion is 1—. Here we have

1 (the Ca?* subscript) x 2 (the Ca®* charge)
= 2 (the Cl~ subscript) x 1 (the ClI~ charge)
2 =2

The formula is CaCls.
For the compound of sodium and oxygen,

2 (the Na™ subscript) X 1 (the Na™ charge)
= 1 (the O*~ charge) x 2 (the O*~ charge)
2=2

Once again, 2 = 2 and now the formula is Na,O.

When aluminum reacts with oxygen, the aluminum loses three va-
lence electrons (rather than gaining 5) and acquires a charge of 3+.
Oxygen gains two valence electrons and acquires a charge of 2—. For
aluminum oxide,

2 (the AIP* subscript) x 3 (the AP~ charge)
= 3 (the O?~ subscript) x 2 (the O*~ charge)
6 =6
L ard we have AlLOs;.




3.13 WATER, A COVALENT COMPOUND

In each of these formulas the product of (valence x subscript) of one ion
equals the product of (valence X subscript) of the other. Knowing the formula
and the valence of one of the ions allows us to calculate the valence of the
other. Normally, the valence of hydrogen, the alkali metals, and the halides
is 1, and the valence of the alkaline earths and oxygen is 2.

EXAMPLE  cALCULATING VALENCE

Calculate the valence of lead in the compound PbOs.

For lead dioxide, PbO,, a compound used in the lead-acid batteries
of automobiles (Chapter 6), we can calculate the valence of the lead as
follows:

1 (the implied Pb subscript) X (the valence of Pb)
= 2 (the O subscript) X 2 (the valence of O)
1 X (the valence of Pb) = 4

The valence of the lead in PbO,, then, is 4. Since the oxygen carries a
negative charge, the Pb ion must exist as Pb*+.

QUESTION l

What is the valence of (a) platinum in PtO,, a compound used in the catalytic con-
verters of automobiles (Chapter 8); (b) copper in Cu,O, a compound used as a red
pigment in glass and ceramics; and (c) mercury in HgS, a pigment used in plastics,
paper, rubber, and other commodities?

3]3 Water, a Covalent Compound

il

As we saw in our work with the light bulb at the opening of Chapter 1, neither
sucrose nor water is a good conductor of electricity. It follows that neither
one can be composed primarily of ions. Water, whose molecules are much
simpler than those of sucrose, offers a good example of chemical bonding in
nonionic compounds.

As shown by the formula H>O, water’s molecules are formed of two hy-
drogens and one oxygen. Since water is not a good electrolyte, some force
other than ionic attraction must bond the hydrogens to the oxygen. That force
is the covalent bond; we will now see how it forms.

Hydrogen does not release its lone valence electron to oxygen as easily as
sodium loses its valence electron to chlorine. As a result no full transfer of
electrons from one atom to another takes place in the formation of water,
and so ions don’t form as they do in sodium chloride. Instead, the oxygen
and the hydrogens of water share their valence electrons to acquire filled
valence shells. As shown in Figure 3.9, two hydrogens, each with one valence
electron, and one oxygen, with its six valence electrons, combine through the

A covalent bond consists of
a pair of electrons shared
between two atoms.
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Figure 3.9
Covalent bonding in H>O.

A molecule is a discrete
chemical structure held
together by covalent bonds.

A molecular formula is the
chemical formula of a
covalent compound.

The molecular weight of a
compound is the sum of the
atomic weights of all of the
atoms in each of its

molecules.
Figure 3.11
Formation of a molecule of H..
H + H
H P H
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Covelent bond length, 0.96 Angstroms

—.
o f
(1 Angstrom = 108 centimeters.

There are 100,000,000
Angstroms in 1 centimeter.)

H—O
H

Bond angle, 104.5°
Figure 3.10

The structure of the water molecule.

sharing of two pairs of electrons. Each hydrogen, by sharing one of oxygen'’s
electrons, acquires a filled valence shell of two electrons. The lone oxygen,
by sharing one electron from each of the two hydrogens, also fills its valence
shell. The elements of the water molecule, then, are held together by the
sharing of two pairs of electrons. Each pair consists of one electron from the
valence shell of a hydrogen and one electron from the valence shell of the
oxygen.

A shared pair of electrons constitutes a covalent bond, which can be represented
as a pair of dots (H:O:H) or, more often, as a dash (H-O-H). Unlike crystals
of an ionic compound, which are aggregates of enormous numbers of cations
and anions held together by electrostatic forces (Fig. 3.4) molecules are dis-
crete, often relatively small chemical structures held together by covalent
bonds (Fig. 3.10). Molecules have distinct sizes and shapes. In contrast, ionic
compounds, as we saw in Section 3.10, are formed of ions that exist in orderly
lattices extending in all directions to the surfaces of their individual crystals.
Covalent compounds consist of discrete molecules; ionic compounds consist
of vast crystal lattices. And, as we have seen, while the chemical formula of
an ionic compound shows the ratio of its ions, the chemical formula of a
covalent compound shows the actual numbers of atoms that make up each
of its molecules. The chemical formula of a covalent compound is often called
its molecular formula. Knowing the molecular formula of a compound, we
can calculate its molecular weight, which is simply the sum of the atomic
weights of all of the atoms in each of its molecules.

Generally, different elements that fill their valence shells by the gain or
loss of one or two electrons and that lie far from each other in the periodic
table form ionic bonds with each other. Other elements, including those of
the same chemical family, occupying the same vertical column, generally form
covalent bonds with each other. Hydrogen, which we called a maverick ele-
ment in Section 3.5, usually forms covalent bonds with other elements. These
are, of course, no more than useful generalizations. Exceptions do occur, some
of them quite important.

Of all molecules, hydrogen, H,, is the simplest. It's made up of two hy-
drogen atoms, each sharing its single electron with the other and each thereby
filling its valence shell with two electrons, which form the covalent bond (Fig.
3.11). With two atoms composing each of its molecules, hydrogen is diatomic.
Other diatomic molecules include those of elemental nitrogen, N,, oxygen,
Oz, and all the halogens, F,, Cl,, Br, and L.




3.14 HYDROGEN HALIDES AND THE HALOGENS

l QUESTION '

A molecule of propane, the fuel of liquid propane gas supplied by tanks to outdoor
grills, trailers, and many homes, has the structure

H H H

]
H—C—C—C—H

|
H HH

(a) What is the total number of covalent bonds in propane? (b) What is the total
number of shared electrons in propane? (c) What is the molecular formula of
propane?

J101 Hydrogen Halides and the Halogens

A grill that burns propane gas.

We’ve seen that a hydrogen atom does not release its electron to the oxygen
of water, but rather shares it in a covalent bond. Similarly, the hydrogen of
a hydrogen halide, a compound of hydrogen and a halogen, does not release
its electron to the halogen atom, but shares it instead. Figure 3.12 shows the
result for hydrogen chloride. With this sharing, both the hydrogen and the
halogen atom have filled valence shells. We can write the resulting molecule
as HCl or, to emphasize the covalent bond, H—CI.

Something similar results when two halogen atoms react with each other.
Chlorine atoms, for example, lack a single electron for a filled valence shell.
The sharing of two electrons, one from the valence shell of each of two dif-
ferent chlorine atoms, gives each a filled shell and results in the formation
of a covalent bond. The result is a diatomic chlorine molecule, Cl, or Cl—Cl
(Fig. 3.13).

In their pure states, then, both the hydrogen halides and the halogens exist
as diatomic, covalent molecules.

l QUESTION '

Draw a molecule of fluorine, F,, showing all of the electrons in all of the quantum
shells.

Cl + Cl Cl,

HCl
Figure 3.12

Formation of a molecule of
HCIl from a hydrogen atom and
a chlorine atom.

Figure 3.13

Two chlorine atoms combine
to form a chiorine molecule.
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115 Ionization, from Molecules to lons

Ionization occurs as a
covalent molecule is
transformed into a pair of
ions.

Figure 3.14

lonization of a water molecule.

Things are not entirely as simple as the previous sections might suggest.
Sodium chloride, a fine electrolyte, is indeed an ionic compound, and sucrose
is a nonelectrolyte that does indeed exist as covalent molecules (of very com-
plex structure) both in its pure, solid, crystalline state and also when it’s
dissolved in water.

But water itself is a very weak electrolyte. Actually, pure water does conduct
electricity, but only very poorly. Although pure, liquid water is composed
almost (but not quite) entirely of covalent H,O molecules, it does nonetheless
contain a very small concentration of ions. What’s more, while the hydrogen
halides are, indeed, covalent compounds, composed of molecules in which
the hydrogen is attached to the halogen by a covalent bond, if you dissolve
a hydrogen halide, such as HCl, in water you'll find that it is a fine electrolyte
and, like the sodium chloride of Chapter 1, carries an electric current through
water quite nicely. As we conclude this chapter we’ll examine how covalent
compounds can become electrolytes.

Although hydrogen is less efficient than sodium at releasing its valence
electron, full electron transfers do take place to a very small extent between
hydrogen and oxygen, and an occasional covalent water molecule, H,O, can
be transformed into an association of a cationic hydrogen ion, H™, and a
hydroxide ion, OH™. This occurs as the hydrogen nucleus, a proton, leaves
the electron pair that bonded it to the oxygen, with the oxygen keeping all
of its electrons and also remaining bonded to the second hydrogen of the
water molecule (Fig. 3.14).

The conversion of a covalent molecule into ions is known as ionization.
In pure water ionization to a hydrogen cation and a hydroxide anion occurs
to only a very small extent, which explains why water is such a poor conductor
of electricity. At room temperature there is at any given moment only one
pair of H™ and OH ™ ions for every 556,000,000 water molecules. For com-
parison, to produce the same ratio of Na® and Cl~ ions (one pair for every
5.56 x 10°* water molecules) we could add 5 g of sodium chloride (one tea-
spoon of table salt) to 850,000 liters of water. That’s about 225,000 gallons of
water, enough to cover the entire playing surface of a football field to a depth
of about 7.5 in.

With both the ionization and the reverse reaction—the recombination of
ions into water molecules—occurring readily and rapidly throughout the lig-
uid, there is always a dynamic equilibrium of the two processes that keeps the
concentration of the ions constant at one pair of ions for every 5.56 x 10°
water molecules. This equilibrium is symbolized chemically by two arrows.




PERSPECTIVE: HOW DO WE KNOW?

H,0 &« H" + OH = TN =
Figure 3.15
The reversible ionization of H @D) H® + @
water. - \.

—@

H—Cl H* + CI”

One shows the ionization as the separation of a water molecule into a proton
and a hydroxide ion. The other, reversed in direction, shows the recombi-
nation (Fig. 3.15).

While the hydrogen halides are all covalent compounds that exist as gases
under ordinary conditions, all but hydrogen fluoride ionize completely when
they dissolve in water. (HF ionizes only slightly in water, producing only a
few H" and F~ ions.) Hydrogen chloride (HCl), hydrogen bromide (HBr),
and hydrogen iodide (HI) all ionize completely in water, each producing a
hydrogen ion (H ") and the associated halide ion (Fig. 3.16).

I QUESTION I

Like water, hydrogen peroxide (Fig. 3.17) also ionizes slightly to produce a hydrogen
cation and an anion. What is the chemical structure of the anion resulting from the
ionization of H,O,? Show the structure in two ways: (1) with pairs of electrons
represented by pairs of dots and (2) with covalent bonds represented by dashes.

PERSPECTIVE:  How Do We Know?

ik

Figure 3.16

The ionization of a molecule of
H-Cl to a hydrogen ion and a
chloride ion.

H—0:
\
:O.—-H

Figure 3.17

The hydrogen peroxide
molecule, H,05.

With this chapter we conclude laying the foundation for our continuing study
of chemistry. It's a good point to stop, reflect for a moment, and ask, “How
do we know?” How do we know that the hydrogen halides are all formed
of covalent molecules, and that HCI, HBr, and HI ionize completely when
they dissolve in water? How do we know that ““at room temperature there
is at any given moment only one pair of H™ and OH™ ions for every
556,000,000 water molecules” (Section 3.14)? How do we know, for that mat-
ter, that atoms exist, that they have nuclei at their cores and electrons in their
shells, and that there are such things as protons and neutrons? How do we
know any of this?

The answer is that we ask experimental questions of nature and we in-
terpret the answers so that they make as much sense as possible. That, in
essence, sums up the scientific method we examined in Chapter 1. At its
heart, chemistry is an experimental science. There’s no way in the world to know
that ordinary table salt will cause a light bulb to light up and that table sugar
won'’t, unless someone tries it. The results of that experiment and others like
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it tell us all we know of table salt and everything else. There’s no other way
to learn about our physical universe except through the experimental ques-
tions we ask and the answers we get from them.

In the remainder of this book we’re going to learn of the results of exper-
imental questions others have asked, and of the answers they got and of the
theories that these answers eventually coalesced into. Sometimes we’ll follow
the reasoning that leads to our current view of the world, as it exists today.
Occasionally we’ll examine the experimental tests themselves that lead to this
view. In every case, though, what we learn comes from real tests, real ex-
periments, real questions that people through the centuries have asked, and
the hypotheses and theories that have grown from them.

In the next few chapters we’ll examine more closely the chemistry of atoms,
their nuclei, and the electrons surrounding the nuclei. We’ll examine further
the covalent bonds they form as well as many examples of the covalent mol-
ecules that are formed by these bonds. Initially, we’ll examine all this with
special emphasis on one of our major themes: how we obtain, store, and use
chemical energy. We’ll begin with the energy of the atomic nucleus and how
we use it now, and how we may be able to use it even more effectively in
the future to provide plentiful energy, to cure illness and save lives, and to
learn more about our own past.

Then we’ll move our focus outward from atomic nuclei to the electrons of
their valence shells. We’ll examine in detail both the fundamental chemistry
and the more practical applications of the transfer of electrons from one sub-
stance to another and we’ll see how this chemistry allows us to interconvert
electrical energy and chemical energy, and to store electrical energy in the
chemicals of batteries. Following that, we’ll examine some of the covalent
compounds of carbon and hydrogen that come from petroleum. We'll learn
how we use them as sources of energy and what societal consequences they
bring with them.

FOR REVIEW react by a complete ________ of electrons, the prod-

uctsare — . When theyreactby _______ pairs
1. Complete this statement with the words and of electrons, theresultisa . While ionic com-
phrases that follow. Each is used once. pounds exist as crystals made up of extensive

In its modern form the

of all the known elements, arranged in order of in-

of ions, covalent compounds are composed

1S an organization :
& of discrete

creasing ______. Elements that lie in the same

have similar ____ |, have the same num- abundance lattices
ber of _______, and belong to the same chemical atomic number molecules

. The table shows the element’s chemical atomic weight periodic table

, atomic number, and , which is the column properties
average mass of all the of the element, covalent bond sharing
weighted for the ______ of each. The table is par- elements symbol
ticularly useful for predicting the outcome of chem- family transfer
ical reactions between since their atoms ions valence electrons

tend to react so as to fill their

. When atoms isotopes valence shells




2. Define, illustrate, or explain each of the follow-
ing:

a. alkaline earth f. halogen
metal g. ionization
binary compound h. molecular formula
chemical family i. molecular weight

chemical formula . molecule
covalent bond k. valence electron

® on O

3. Which of the following are elements and which
are compounds: (a) oxygen, (b) water, (c) chlorine,
(d) sucrose, (e) hydrogen, (f) sodium chloride,
(g) sulfur, (h) propane, (i) argon, (j) carbon

4. Which of the following consist principally of
molecules, which principally of ions, and which
principally of atoms: (a) water, (b) carbon,
(c) sodium chloride, (d) propane, (e) lithium io-
dide, (f) sucrose, (g) potassium

5. Write chemical formulas for
mide, (b) calcium sulfide, (¢) sodium sulfide,
(d) beryllium oxide, (e) the chlorine molecule,
and (f) the compound formed on reaction of sili-
con and hydrogen.

(a) lithium bro-

6. Write the chemical formulas of all the ionic com-
pounds that could result from reaction of a mixture
of lithium and potassium with a mixture of fluorine
and bromine.

7. Name a commercial product that contains
(a) elemental chlorine, (b) the iodide ion, (¢) both
the element nitrogen and the element chlorine,
(d) the element fluorine, (e) the chloride ion,
(f) the element sulfur, and (g) elemental iodine.

8. Where might you find (a) elemental oxygen,
(b) elemental gold, (c) the element carbon,
(d) sodium ions, (e) the element hydrogen, and
(f) the elements carbon, hydrogen, nitrogen, and
oxygen in a single compound?

9. What element has

an atomic weight of almost exactly 14

an atomic number of 16

one electron in its first quantum shell

three quantum shells, all three of which are

filled with electrons

the electron structure 2 8 2

a valence shell filled with a total of two elec-

trons

g. a total of two quantum shells, each of which
is filled

h. a total of two quantum shells, with two elec-

trons in its valence shell

fno O

= (D
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i. twice as many electrons in its second shell
as in its first

10. Each of the following pairs of elements reacts
to form a binary compound. Which form an ionic
compound and which form a covalent compound?

sulfur and oxygen
hydrogen and fluorine
barium and chlorine
sodium and bromine
nitrogen and oxygen
hydrogen and carbon
lithium and iodine
magnesium and oxygen

50 0 n T

11. Write the chemical symbols of the following
elements: (a) aluminum, (b) argon, (c) calcium,
(d) carbon, (e) cesium, (f) fluorine, (g) gold,
(h) hydrogen, (i) lead, (j) manganese.

12. Name the elements that the following chemical
symbols represent: (a) Ag, (b) Be, (c) He, (d) [,
(e) Kr, (f) Mg, (g) Na, (h) Si, (i) Zn.

13. How many electrons would an oxygen atom
have to lose to obtain a filled valence shell? Why
doesn’t an oxygen atom lose these electrons, rather
than acquire two, when it reacts with other ele-
ments?

14. (a) What are two properties that all elements
in the same column of the periodic table as
helium have in common?

(b) What are two properties that all elements
in the same column of the periodic table as
lithium have in common?

15. What would you expect to happen if you place
a small piece of potassium metal into water?

16. What change occurs in the valence shells of
elements as we move from left to right in any given
row of the periodic table?

17. What change occurs in the valence shells of

elements as we move down a column in the periodic
table?

18. Why do elements in the same column of the
periodic table show similar chemical behavior?

19. The element oxygen can exist in two molecular
forms. In its most common form it exists as a di-
atomic molecule, O,, but it can also exist as ozore,
in which three atoms of oxygen combine to form a
covalent molecule. Write the molecular formula of
ozone.
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20. Pure hydrogen chloride is a gas under ordinary
conditions. Molecules of pure, gaseous hydrogen

chloride consist of a hydrogen atom covalently
bonded to a chlorine atom. When hydrogen chloride
gas dissolves in water, the resulting solution easily
conducts an electric current. As the hydrogen chlo-
ride molecules enter the water, what process occurs
to generate an electrolyte?

A LITTLE ARITHMETIC AND OTHER
QUANTITATIVE PUZZLES

21. Give the valence of the cation in each of the
following  compounds: (a) SrF2, (b) ZnCl,
(C) A]C]3, (d) CUO, (e) FeZO3.

22. What is the total number of electrons being
shared among all the covalent bonds of a molecule
of methane, CH,?

23. What would you write as the molecular for-
mula for the nitrogen dioxide of Section 3.3? (Di- is
a prefix meaning “two.””) What is the valence of the
nitrogen of this molecule?

24. Bromine’s atomic weight is 79.9. Two isotopes
make up virtually all the bromine in the universe.
One, with a mass number of 79, makes up 50.69%
of all the bromine atoms. What is the mass number
of the other isotope?

25. The permanganate anion, MnQOy , bears a single
negative charge. Knowing that oxygen fills its va-
lence shell by acquiring two electrons, what do you
calculate as the valence of the manganese atom in
this ion?

26. What is the valence of neon?

THINK, SPECULATE, REFLECT,
AND PONDER

27. Many compounds, such as carbon dioxide,
CO,, methane, CH,, water, H>O, and sucrose,
C12H2,0,;, exist as molecules. Hydrogen gas, H,,
also exists as molecules. Does this mean that the gas
H, is a compound? Explain.

28. The covalent compound acetylene, the fuel of
the oxyacetylene torch used by welders, has the mo-
lecular formula C;H,. The covalent compound ben-
zene, a commercial solvent, has the molecular for-
mula C¢Hg. Each of these compounds contains
carbon and hydrogen atoms in a one-to-one ratio.
Would it be correct to write the chemical formulas
of each as CH? Explain your answer.

29. Elemental oxygen exists as a diatomic gas, O-.
How many electrons do the two oxygen atoms have
to share between them to form this diatomic mol-
ecule? How many covalent bonds unite the two ox-
ygen atoms of the O, molecule?

30. Arranging the elements in order of increasing
atomic number also places the elements in order of
increasing atomic weight, with a few exceptions.
One of these appears in the sequence of tellurium
(Te) and iodine (I). The atomic weight of tellurium
(atomic number 52) is 127.6. The atomic weight of
iodine (atomic number 53) is 126.9. How do you ac-
count for this?

31. Hydrogen chloride, HCIl, exists as a gas com-
posed of covalent molecules. If we dissolve this gas
in water, the water conducts an electric current well.
If we dissolve HCl in benzene, a solvent of molecular
formula C¢Hsg, the solution does not conduct an elec-
tric current. (Pure benzene does not conduct an elec-
tric current either.) What do vou conclude from this
observation?

32. The element carbon, as we will see later, forms
the basis for all life as we know it. Science fiction
writers sometimes speculate on the properties of dif-
ferent forms of life based on an element other than
carbon. What element do you think they usually
choose, and why? (Referring to Table 2.3 may help
you answer this question.)

33. Some forms of the periodic table show hydro-
gen fwice, once at the top of the column of the alkali
metals and once again at the top of the column of
the halogens. Suggest a reason for putting hydrogen
into both families. (Hint: Consider the structure of
the hydrogen atom and its similarities to the other
elements of each of these families.)

34. Silver chloride, AgCl, is not soluble in water.
Explain how you might be able to determine
whether this is an ionic or a covalent compound.
(Hint: Refer to Section 1.1.)
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The world's first atomic
explosion, July 16, 1945, at
Alamogordo, New Mexico.

The Bomb

At 5:30 a.Mm., during a lull in a storm in the
predawn darkness of July 16, 1945, near
Alamogordo, New Mexico, the world’s first
atomic bomb was detonated. About 6 kg
(137 1Ib) of plutonium exploded with the
force of 20,000 tons of TNT. The resulting
fireball, 10,000 times hotter than the sun, lit up the sky. An observer watching
unprotected 20 miles away was temporarily blinded. People saw the light or
felt the blast for hundreds of miles. It produced a cloud rising 8 miles, shaped
like a mushroom. The hundred-foot steel tower holding the bomb vaporized

and the desert sands below it melted to glass for half a mile. The power of
the nucleus had been unleashed.

l1 The Discovery of Radioactivity: How the
Unexpected Exposure of a Photographic
Plate Led to Two Historic Nobel Prizes

64

We begin our survey of energy and how we generate, store, and use it with
an examination of the nucleus itself. In the chapter before you lies the story
of atomic energy. It's a story that begins quietly, in a desk drawer of a lab-
oratory in Paris in 1896, and comes to a close with the detonation of the first
atomic bomb over the sands of Alamogordo in 1945 and the explosions of
two more atomic bombs over the Japanese cities of Hiroshima and Nagasaki
a few weeks later. As you read you'll learn some of the secrets of the nucleus,

how they were discovered, and why they were first applied to a weapon of
war.




4.1 THE DISCOVERY OF RADIOACTIVITY

In 1896 Antoine Henri Becquerel, a professor at the Ecole Polytechnique,
Paris and the son and grandson of physics professors, made an accidental
discovery that led, within 50 years, to the construction and detonation of the
first atomic bomb. This same discovery led still later to the use of the power
of the nucleus in new, powerful methods for diagnosing and curing diseases,
for establishing the age of civilizations and even of the Earth itself, and for
providing energy to our homes and industries. Becquerel’s discovery occurred
while he was looking for a (nonexistent) connection between X rays, which
had been discovered just the year before, and phosphorescence, a phenomenon
that causes certain substances to glow visibly for a short time after they have
been exposed to some forms of radiation, such as ultraviolet light.

Becquerel thought (incorrectly) that the generation of X rays might some-
how be connected to phosphorescence, that phosphorescing substances
might emit X rays as well as visible light. To learn whether they do, he con-
ducted a series of tests based on the observation that crystals of uranium
compounds phosphoresce after they have been exposed to sunlight. He
placed a crystal of a uranium compound on a photographic plate well
wrapped in black paper. He then placed the combination of the crystal and
the wrapped plate in bright sunlight so that the ultraviolet component of the
sunlight would induce phosphorescence. If the phosphorescing crystal also
emitted X rays, he reasoned, these rays would penetrate the black paper and
expose the photographic plate.

Sure enough, when he developed the plate he found that it contained an
exposed spot corresponding to the position of the crystal. Since Becquerel
had already shown that a similarly wrapped plate placed in the bright sunlight
but without the uranium compound on top of it would remain unexposed,
he concluded (correctly) that the crystal of the uranium compound was re-
sponsible for the exposed spot and (incorrectly) that the crystal emitted X
rays as it glowed with the visible light of phosphorescence.

The true source of the photographic image was revealed when a period of
cloudy weather forced Becquerel to suspend his research. Without sunlight
to induce the phosphorescence (and, Becquerel thought, the accompanying
generation of X rays), he stored the crystal of the uranium compound in his
desk drawer, near a well-wrapped, unexposed photographic plate that he
also kept there. A few days later as he was developing other plates used in
his work, Becquerel also developed this wrapped and presumably unexposed
plate. To his amazement, it showed a distinct spot that indicated intense
exposure. Something had penetrated the black paper and had caused a strong
image to form on the plate even though it had never been exposed to phos-
phorescence or to X rays or to any other known form of radiation.

With additional experiments Becquerel soon found that this mysterious,
penetrating radiation originated in the element uranium itself and had no
connection whatever with ultraviolet light, X rays, or phosphorescence. Al-
most two years after the original discovery Marie Sktodowska Curie, a student
of Becquerel’s and often referred to more simply as Madame Curie, took up
the study of this strange form of radiation. She gave it the name radioactivity,
described many of its properties, showed that it was also emitted from ele-
ments other than uranium, and proposed that its origin lay in changes that
occur within atoms themselves. It was this radioactivity that had penetrated
through the black wrapping paper to form an image on the plate in Becquerel’s

i

Antoine Henri Becquerel. In
1903 he shared a Nobel Prize
with Marie and Pierre Curie for
the discovery of radioactivity.

The Curie family: Marie
Sklodowska, Irene, and Pierre.
In 1911 Marie Curie received a
second Nobel Prize for
discovering the elements
radium and polonium. Iréne
and her husband, Frédéric
Joliot-Curie, shared the Prize
in 1935 for producing
radioactive isotopes of nickel,
phosphorus, and silicon by
artificial means.

Radioactivity is the
spontaneous emission of
radiant energy and/or high-
energy particles from the
nucleus of an atom.



Placing a uranium compound on a
wrapped sheet of film produces...

... an exposed spot on the
developed negative.
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desk drawer (Fig. 4.1). In continuing studies of radioactivity she and her
husband Pierre, who had joined her in her work, soon discovered two ad-
ditional radioactive elements, radium and polonium. Later work confirmed
Marie Curie’s ideas on the origin of radioactivity. Today we recognize that
this form of radiation results from the spontaneous emission of radiant energy
and/or high-energy particles from the nucleus itself.

In 1903 Marie Curie, a native of Poland, became the first woman to receive
a Nobel Prize as she, Pierre, and Becquerel shared the award in physics for
the discovery of radioactivity. In 1911 she again made history, this time by
becoming the first person ever to receive the Nobel Prize a second time. This
second prize was awarded in the field of chemistry for her discovery of the
radioactive elements radium and polonium. Pierre, who might well have shared
the honor with her, had been killed five years earlier when he was struck by
a horse-drawn cart in the streets of Paris.

(In 1935 Marie and Pierre Curie’s daughter, Iréene Joliot-Curie, also received
the Nobel Prize. For producing radioactive isotopes of nickel, phosphorus,
and silicon by artificial means, Iréne and her husband Frédéric Joliot shared
the award in chemistry.)

| QUESTION |

(a) What was the function of the crystal of the uranium compound in Becquerel’s
investigations? (b) What was the function of the photographic plate wrapped in black
paper? (c) What was the significance of the exposed spot on the wrapped photo-
graphic paper that was kept in the desk drawer, out of contact with sunlight?

Serendipity and Science

The story of the discovery of radioactivity provides a fine example of seren-
dipity, which is the ability to make fortunate or happy discoveries quite un-
expectedly and by accident. It was entirely by chance that the Paris weather
happened to turn cloudy during Becquerel’s investigations; lucky that he
stored the uranium crystal and the photographic plate in the same drawer;
and fortunate that he decided to develop the plate, even though he might
have assumed that it had remained unexposed. And yet Becquerel had to be
thoroughly prepared for the work he was doing to grasp the significance of
the mysterious spot on the developed plate and to conclude that he had
discovered a new form of radiation. What’s more, he had to use the scientific
method to confirm his discovery and to investigate its implications with ad-
ditional experiments. We'll see other examples of serendipitous discoveries
as we progress through our study of chemistry.

Notice that a serendipitous discovery depends on more than just luck. It
requires the knowledge to recognize that something unexpected has hap-
pended and the skill to explore, explain, and extend the discovery. Louis
Pasteur, the French chemist whose work led to the pasteurization of milk and
other advances in the fields of chemistry and microbiology, pointed out that
in making accidental discoveries of the kind we are talking about here,
“chance favors only the prepared mind.”




4.3 RADIOACTIVITY AND RADIOACTIVE DECAY

(The word serendipity itself was coined in 1754 by the English politician and
writer Horace Walpole. It refers to the ability to make accidental discoveries
similar to those of the characters of the fairy tale The Three Princes of Serendip.)

I QUESTION ’

Was Columbus’s discovery of the American continent an example of serendipity? If
the American continent did not exist and Columbus had indeed reached the Orient
by sailing westward, as he had expected, would that have been an example of ser-
endipity? Explain your answers.

] Radioactivity and Radioactive Decay

b7

In 1899, three years after the discovery of radioactivity itself, the British phys-
icist Ernest Rutherford showed that its rays consist of more than one form
of radiation. He identified two kinds, which he differentiated by letters of
the Greek alphabet: (1) the a-rays (alpha rays), easily stopped by paper, metal
foil, or even a few centimeters of air (as well as by skin and lightweight
clothing); and (2) the more penetrating B rays (beta rays). It takes a sheet of
metal a few millimeters thick, a block of dense wood, or heavy clothing to
stop B rays. A short time later a third component of the radiation was dis-
covered, the vy rays (gamma rays). Even more deeply penetrating than either
the a or B rays, y rays pass through most substances with ease. Blocking
them requires a shield made of many centimeters of lead or an even thicker
wall of concrete (Fig. 4.2).

Ernest Rutherford was born in New Zealand and did much of his work
with radiactivity, first at McGill University, Canada, and then in Manchester,
England. His studies gave us our modern view of the atom as a chemical
particle consisting of a dense, positively charged central nucleus surrounded
by clouds of negatively charged electrons. In 1908 Rutherford received the
Nobel Prize in chemistry for his contributions to our understanding of ra-

dioactivity.

o. Radiation /\/\»
B Radiation /\/\/ \\/_. .
Y Radiation /\/\/\/\/\/\\ \/\// v

l ||
Paper, metal foil, Metal sheeting, Thick walls of lead,
thin clothing dense wood, concrete

heavy clothing

Ernest Rutherford discovered
a-rays and B-rays. He received
a Nobel Prize in 1908 for his
contributions to our
understanding of radioactivity.

Figure 4.2

The penetrating power of
radiation.
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As a result of the work done by Rutherford and his students and co-work-
ers, we now know that the radiation discovered by Becquerel comes directly
from the nuclei of the atoms of radioactive isotopes. We also know that as
the radioactive atoms emit these rays, their atomic numbers and mass num-
bers often change. (Sometimes only the atomic number changes, sometimes
only the mass, sometimes both, and sometimes, but far less often, neither.
We'll see an example of this last case in Chapter 5.)

Since each atomic number corresponds to a specific element (recall that
the atomic number of hydrogen is 1; helium, 2; lithium, 3, etc.) radioactivity
often results in the transformation of atoms of one element into atoms of (one
or more) other elements.

Furthermore, if the newly formed nuclei are themselves radioactive they,
too, emit radiation and are themselves transformed into still other nuclei until,
eventually, the final product of a series of transformations is a stable or non-
radioactive nucleus. The entire and sometimes intricate path followed in these
transformations, from one radioactive atom to another and eventually to a
stable atom, is called a chain or sequence of radioactive decay. As we've just
seen, the radiation that accompanies this decay consists of a, 3, and vy rays.

QUESTION

Radioactivity does considerable biological damage and can be harmful to living things.
Of the three forms of radiation discussed in this section, the «, B, and vy rays, which
would be the most hazardous to a person standing a few feet from a radioactive
substance that emits all three of these forms of radiation? Which would be the least
hazardous?

44 Nuclear Notation

To follow the events of even the simplest path of radioactive decay and the
changes that occur in the nucleus of an atom as a result of its radioactivity,
and to understand the nature of a, 8, and vy rays, we examine here a con-
venient form of notation that shows both the atomic number and the atomic
mass of an isotope or a subatomic particle. With the particle’s mass number
written to the top left of its symbol, and its atomic number to the bottom left,
we can see at a glance its mass and its total nuclear charge.

With subatomic particles that carry an electrical charge it’s also useful to
show the charge at the upper right of the symbol. Occasionally, we use only
the symbol and its charge or the symbol alone.

With this system (Fig. 4.3) the common isotope of hydrogen, protium (Sec-
tion 2.6), is written H, and the rarer deuterium (often written simply as D)
is TH. Neither of these two naturally occurring isotopes of hydrogen is ra-
dioactive. Tritium, a hydrogen isotope that is radioactive and occurs in nature
only in extremely small quantities, is 1H. As additional examples, virtually
all the helium in the universe occurs as the stable isotope 3He, with a mass
of 4 and atomic number 2. Fluorine occurs almost exclusively as a stable
isotope of mass 19 and atomic number 9, 'SF. Somewhat simpler forms of
notation, such as fluorine-19 or F-19, emphasize the mass of a particular iso-
tope.




4.5 « PARTICLES, B PARTICLES, AND vy RAYS

b

Protium - 1~H
1
Helium atom - He
2 n 235
Deuterium 1 H Uranium-235 92U
Helium nucleus Lzl He2+
Tritium ? H
19 Atomic number 1+ Charge 39 Mass number

39
Potassium ion
19K

Potassium cation 23K1+

Like hydrogen, many other elements can exist both in the form of stable
isotopes and also as naturally occurring or manufactured radioactive isotopes,
known as radioisotopes. About 98.9% of all carbon atoms, for example, exist
as the stable isotope '3C, with another stable isotope, '2C, making up virtually
all of the remainder. The existence of a trace of a naturally occurring radio-
isotope '8C, also known as carbon-14, C-14, or radiocarbon, allows us to date
ancient objects, as we will see in Chapter 5.

I QUESTION l

How many neutrons are in the nuclei of each of the stable isotopes of carbon,
'2C and '2C, and in the radioisotope, '2C? (For help, see Section 2.5.)

1§ o Particles, § Particles, and y Rays

Figure 4.3

Notation showing atomic
number, mass number, and
charge.

A radioisotope is an isotope
of an element that emits
radioactivity.

This same notation helps describe «, B, and vy radiation. The « rays that
Rutherford discovered are composed of streams of high-energy helium nuclei
given off during radioactive decay and traveling at speeds of about 5% to 7%
the speed of light. In effect, these rays consists of large numbers of fast-
moving helium atoms stripped of their two surrounding electrons, or
3He**. Other ways of writing them are 3« and simply a.

a rays penetrate into and through matter only very poorly. With their two
positive charges and their mass of 4 amu, the helium nuclei that make up
these rays simply can’t make much headway through the enormous numbers
of atoms that make up any bit of matter. Frequent collisions with atoms cause
the rays to be stopped easily, even by a thin sheet of paper as we saw in
Section 4.4. In addition, since a nucleus that emits an « particle loses two
protons and two neutrons, the atom losing the « particle drops by two units
in atomic number and by 4 amu in mass.

B radiation consists of a stream of high-energy electrons traveling in a range
of velocities, up to about 90% the speed of light. As each of the high-energy
electrons that make up the B rays carries a charge of 1— and virtually no
mass, the rays (and the particles that form them) are written as 12¢, 128, B,
or simply .

Alpha particles are high-
energy helium nuclei
emitted by radioactive nuclei
and traveling at 5% to 7%
the speed of light.
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Beta particles are high-
energy electrons emitted by
radioactive nuclei and
moving at up to 90% the
speed of light.

o particle

High-energy helium nucleus

4

B particle

p—
A4

High-energy electron
00—

e

1=

v radiation

High-energy
electromagnetic
radiation

Figure 4.4

The components of a rays, B
rays, and vy rays.

Gamma rays are a form of
high-energy electromagnetic
radiation. They have no
mass and carry no electrical
charge.

Ionizing radiation is any
form of radiation capable of
converting electrically
neutral matter into ions.
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With their high speed, single negative charge, and extremely small mass,
the high-energy B particles pass through matter much more easily than do
a particles and are stopped only by heavy clothing or thick walls. They have
about 100 times the penetrating power of a particles.

The loss of a single B particle produces an increase of one unit in the atomic
number of the nucleus. This follows from the requirement that the creation
or destruction of net electrical charge can never occur in a chemical reaction
or in any other process for that matter. No positive (or negative) charge can
appear or vanish unless the opposite charge also appears or vanishes at the
same time, usually through the formation of pairs of ions or of subatomic
particles bearing opposite electrical charges, or their combination and de-
struction or neutralization.

With this in mind we can see that if the nucleus of an atom loses a B particle,
which carries a single unit of negative charge, then the nucleus must balance
this loss of one unit of negative charge by simultaneously increasing in positive
charge, again by one unit. For a physical picture of the ejection of a B particle
from the nucleus, we can think of a neutron as a combination of a proton
and an electron. Since the electron’s mass is negligible compared with the
mass of a proton or a neutron (Section 2.4), combining an electron with a
proton (or removing an electron from a neutron) would hardly affect the mass
of the particle. Moreover, as a union of one positive and one negative charge
the combination would be electrically neutral, as a neutron indeed is. In effect,
then, the loss of a B particle converts a neutron to a proton without sub-
stantially changing the total mass of the nucleus but nonetheless increasing
in its atomic number by one unit.

Like visible light, radio and television waves, and X rays, the vy rays that
constitute the third member of this set of radioactive emissions are a form of
electromagnetic radiation. Because of their high energies (even greater than
the energies carried by X rays) and their ability to penetrate deeply into matter,
they can do considerable biological damage, as we’ll see in Chapter 5. Without
either mass or charge, y rays are written gy or simply .

The physical characteristics of these kinds of radiation help explain their
very great penetrating power. Traveling with high energy at the speed of
light and without either mass or charge, y rays penetrate matter easily. Com-
plete protection from their effects requires the use of thick lead or concrete
shields. They have about 100 times the penetrating power of  rays.

In an interesting commercial application, vy rays are used to detect flaws
in metal parts and structures in much the same way as X rays are used to
detect and diagnose fractures in bones or cavities in teeth. A sample of the
radioisotope cobalt-60, enclosed in a protective capsule, is placed in or near
the metal part under examination. y rays from the radioisotope pass through
the metal and strike a sheet of photographic film on the other side. Developing
the film produces an image that reveals flaws much as medical and dental X
rays highlight fractures and cavities.

When high-energy o or B particles or +y rays collide with electrically neutral
matter they can knock electrons away from atoms or molecules and generate
pairs of ions. Along with other forms of radiation that are powerful enough
to do this, including cosmic rays and X rays, these components of radioactivity
are known as ionizing radiation. Figure 4.4 and Table 4.1 sum up their char-
acteristics.

e
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TABLE 4.1 The Ionizing Radiation of Radioactivity

Penetrating
Radiation Component Symbols Velocity Power
« rays Helium nuclei iHe?", 3o, « 5% to 7% of Low
the speed of
light
B rays Electrons Ye, 9B, B, B Varies, up to Moderate
90% of the
speed of light
Y rays Electromagnetic 0y, vy Speed of light High

waves

I QUESTION ‘

Write symbols for the a particle and the B particle showing their mass, their atomic
number, and their electrical charge.

I From Tritium to Helium. from Carbon to
Nitrogen, from Uranium to Lead

I

We can now use our knowledge of nuclear radiation and its symbols to ex-
amine a few representative illustrations of naturally occurring radioactive
decay. As we do, we'll use nuclear notation to write the kinds of equations
that will help explain, here and in the next chapter, how the mysteries of the
nucleus were explored, how the atomic bomb was built, and how we now
use nuclear reactions in medicine, in commerce, and in the study of history.

Tritium, the simplest of all the radioisotopes, decays by B emission (the loss
of a B particle) to form 3He, a stable isotope of helium:

iH — 3He + 28

When the tritium nucleus loses the electron, one of the neutrons of its nucleus
is transformed into a proton. Although its mass number remains unchanged
at 3, the atom increases by one unit in atomic number and becomes the ele-
ment helium (Fig. 4.5). Tritium itself is a key component of the hydrogen
bomb. The combination of tritium with deuterium at extremely high tem-
peratures provides the explosive force of one version of the hydrogen bomb
(Section 4.15).
Decay of carbon-14 also occurs with loss of a B particle. The result

C— YN + B

in this case is the transformation of a radioactive carbon atom into the most
common isotope of nitrogen (Fig. 4.6). As in the case of tritium’s decay, the

S. UN 2982

A container of radioactive
material bearing the universal
trident symbol for radioactivity.
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Figure 4.5
Radioactive decay of tritium.

Figure 4.6

Radioactive decay of carbon-
14,
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A B particle, a
high-speed

electron\a
1 proton ///

2 protons

2 neutrons 1 neutron

A radioactive

a stable 32He nucleus
tritium (3]H) nucleus . . .

ejects a B particle
and becomes . ..

A radioactive
carbon-14 nucleus.. . .

a nitrogen-14 nucleus

loses a P particle
and becomes . ..

mass of the nucleus remains unchanged while its atomic number increases
by one unit. The radioactive decay of carbon-14 is useful for establishing the
dates of ancient objects, as we’ll see in detail in Section 5.14.

Uranium, which formed an image on the photographic plate in Becquerel’s
desk drawer and led him and the Curies to radioactivity, also provided the
explosive force of one of the first atomic bombs. Its most common isotope,
238U, makes up over 99% of the uranium found in nature—mostly in pitch-
blende, an ore of the earth’s crust—and represents the radioisotope of highest
mass and highest atomic number of any found (in more than trace amounts)
in nature. The radioactive decay of U-238 to thorium by loss of an « particle
and emission of vy radiation represents the first step in one particular sequence
of radioactive decay. Since the +y radiation that accompanies uranium’s decay
has neither mass nor charge and therefore doesn’t affect the mass number
or atomic number of any of the nuclei produced, it's often omitted from the
equations. The equation for the decay of uranium to thorium is usually written
as

238U — ZATh + 3He
Notice that

¢ The sum of the mass numbers to the left of the arrow, the 238 of the U-

238, equals the sum of the mass numbers to the right of the arrow, 234 +
4.

® The sum of the atomic numbers to the left of the arrow, the 92 of the

uranium, equals the sum of the atomic numbers to the right of the arrow,
90 + 2.
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After 13 additional steps the entire chain finally comes to an end with the
formation of a stable isotope of lead, *$Pb. The entire sequence appears in
Figure 4.7.

Notice in Figure 4.7 that the radioactive element radon (Rn) is a transient
part of this decay chain, forming from the radioactive decay of radium (Ra)
and decaying, in turn, to polonium (Po). Radon itself is a gaseous element,
a member of the inert family of elements of the periodic table.

There’s concern that gaseous radon, formed by the decay of very small
amounts of radioisotopes that occur naturally in some kinds of rocks and
soils, may seep upward through the ground, enter homes and other build-
ings, and present an indoor pollution hazard. Ordinarily we might expect
that any radon gas we inhale would leave our lungs with the following ex-
haled breath. Yet radioactive decay of radon while it’s within our lungs would
produce minuscule amounts of polonium and other radioisotopes that are
solids rather than gases. These would not be exhaled, but would remain
within our bodies, doing their biological damage through ionizing radiation
(Chapter 5). There’s still much dispute about whether radon actually consti-
tutes a significant indoor hazard. Nevertheless, the simple possibility of harm
from indoor radon has spurred the design and sales of various radon detectors
for use in homes and other buildings.

(Other naturally occurring radioisotopes decay by paths different from the
one shown in Figure 4.7. Uranium-235, for example, decays initially to tho-
rium-231, by « emission, and then, through an additional 13 steps, to the
stable lead-207. After a total of 15 steps, radioactive curium-245 ends up as
a stable isotope of bismuth, Bi-209.)

90

91

Figure 4.7

The sequence of radioactive
decay from 238U to 285Pb.
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The following example illustrates some of the steps in the sequence of
radioactive decay shown in Figure 4.7.

EXAMPLE  susatomic Loss

What subatomic particle is lost from Ra-226 as it decays to Rn-222?
We can write the reaction that occurs here as

*38Ra — *%Rn + subatomic particle

Since the mass number drops by 4 and the atomic number drops by 2
as radium-226 is transformed into radon 222, the subatomic particle that
is lost must be a combination of two protons and two neutrons. Thus,
it must be a helium nucleus, which is the same in this case as saying
that it is an « particle. The complete nuclear reaction is

226Ra — 232Rn + «

What subatomic particle is lost as radon-222 is converted to polonium-
218?
Again, the equation

%3eRn — 2§8Po + subatomic particle

shows us that a particle with an atomic number of 2 and a mass number
of 4 is lost. It must once again be a helium nucleus. The complete equa-
tion is

222Rn — 28Po + «

What subatomic particle is lost as bismuth-210 is converted to polo-
nium-210 in the next-to-last step of the sequence shown in Figure 4.7?
Here the equation is

243Bi — %4Po + subatomic particle

Since there is no change in mass number and an increase by 1 in atomic
number, an electron must have been lost from the nucleus as a  particle.

The equation is therefore

19Bi — 24Po + B

QUESTION \

What subatomic particle is lost by %3Po as it is converted into
of the decay sequence of U-238? Describe your reasoning.

206
82

Pb in the final step




4.7 RUTHERFORD'S TRANSMUTATION OF NITROGEN

l] Rutherford’s Transmutation of Nitrogen

13

Although scientists could observe the changes that naturally occurring ra-
dioisotopes undergo, as Becquerel and the Curies had done, until 1919 no
one had as yet planned and carried out an artificial nuclear transformation
that would convert a stable isotope of one element into another element. In
that year Ernest Rutherford, the British physicist who had earlier discovered
the a and B rays (Section 4.3), published a report of the first artificial trans-
formation of one element to another. By bombarding nitrogen-14, a stable
(and the most common) isotope of nitrogen, with « particles emitted by rad-
ium, he transformed the nitrogen atom into an atom of oxygen. In the process,
the nitrogen nucleus absorbs the two protons and two neutrons of the «
particle and then loses a proton, all with a net gain of three in mass number
and one in atomic number. The entire procedure results in a transmutation
of one element into another:

4N + 4He — 170 + IH

As we saw for the decay of uranium-238 (Section 4.6), the sum of the mass
numbers to the left of the arrow equals the sum of the mass numbers to the
right, and the sum of the atomic numbers to the left equals the sum of the
atomic numbers to the right. With his conversion of nitrogen into oxygen
Rutherford had achieved the age-old dream of the transmutation of the ele-
ments.

One of the goals of alchemy, an ancient, mystical practice that preceded the
science of chemistry and in many respects prepared its way, was a trans-
mutation of one elemental substance into another. The alchemists sought
especially to convert an inexpensive metal such as lead into precious gold.
Through nuclear transformations much like Rutherford’s the alchemical
dream has by now been realized, but without creating the riches the ancients
sought. Not only is expensive platinum (rather than lead) used as the starting
metal, but the cost of the highly purified platinum needed for the modern
transmutation is far greater than the value of the gold that’s generated.

i QUESTION .

The conversion of platinum into gold has been achieved by bombarding platinum-
198 with neutrons to produce platinum-199. This isotope, in turn, decays to gold-199
with the loss of a subatomic particle:

8Pt + it — 1Pt

%Pt — '73Au + a subatomic particle

What subatomic particle is lost by the platinum as it becomes an atom of gold?

Transmutation is the
process of converting one
element into another
element.
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48 A Nuclear Wonderland

Jerome |. Friedman. In 1990 he
shared a Nobel Prize with
Richard E. Taylor and Henry
W. Kendall for their
experimental demonstration of
the existence of quarks.

A positron is a subatomic
particle that carries a charge
of 1+ but is otherwise
identical to an electron.

Quarks are fundamental
particles that compose larger
subatomic particles such as
protons and neutrons.

Gluons are subatomic
particles that hold the
quarks in their clusters.

As this century has progressed, science has probed ever more deeply into
the structure and behavior of the atom, continuously stripping away its se-
crets. Even today the nucleus is being revealed as a strange and complex
world, seemingly no less bizarre than the one Alice found when she fell down
the rabbit hole of Lewis Carroll’s Alice’s Adventures in Wonderland.

It’s certainly not a world of fiction and imagination like Alice’s. The nucleus
is, after all, the very real chemical foundation of the real matter of our every-
day world. It's a world, though, that seems to operate by a set of natural
rules very much different from the sort we’re accustomed to.

One of its most striking features, for example, is the ability of large numbers
of protons (all positivelv charged) to remain closely packed in the stable clus-
ters of the nucleus. In our more familiar world such a compact assembly of
similarly charged particles would fly apart, propelled by the forces of electrical
repulsion (Section 3.9). Yet most nuclei are stable; they follow laws of nature
that operate most effectively in the nucleus and that we simply don’t find at
work in our more familiar, everyday world.

There are still other strange facets to the nuclear world. In addition to its
relatively familiar protons, neutrons, and electrons, for example, the nucleus
is also inhabited by other, more exotic species. Some, like the positron, appear
briefly, the result of radioactive decay or high-energy collisions at the nuclear
level, and then vanish in still other transformations. The positron is a posi-
tively charged particle, completely identical to an electron except for the sign
of its electrical charge. We can write it as ;2¢™ (Section 4.5). Positrons appear
in some forms of radioactive decay and in several other nuclear processes.
When one of them meets an electron the pair disappears in a burst of vy
radiation. We'll meet the positron once again in Section 4.15.

Another strange set of particles, the quarks, are among the truly funda-
mental particles of the universe. First proposed in 1964 to make sense of the
large and growing number of subatomic particles being discovered, many of
which are more fundamental even than the protons and neutrons of the
nucleus, quarks remained hypothetical particles until a set of experiments
begun in 1967 demonstrated their existence. For discoverying quarks, Jerome
I. Friedman and Henryv Kendall of the Massachusetts Institute of Technology
and Richard I. Taylor of the Stanford Linear Accelerator Center shared the
1990 Nobel Prize in physics.

Named for a word invented by the Irish writer James Joyce for his book
Finnegans Wake, quarks are particles that combine in various ways to form
still other subatomic particles, including protons and neutrons. It takes a set
of three quarks, for example, to form a proton or a neutron. In the work that
demonstrated the existence of quarks, Friedman, Kendall, and Taylor also
found experimental evidence for still another strange particle, the gluon,
which was proposed years earlier to account for the ““glue” that holds the
(then hypothetical) quarks together in their small clusters. The whimsy ev-
ident in the word quark and in its origin, and in gluon, appears repeatedly in
terms used to describe quarks and their properties, classifications such as
color, flavor, charm, and beauty, none of which has anything at all to do with
the colors, flavors, charms, or beauties we find in our everyvday world.
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With one exception, the stranger particles and properties of the nucleus—
its extraordinary behavior and its newly found particles with their unfamiliar
colors, flavors, charms, and beauties—are beyond the scope of our exami-
nation here. That single, important exception, the one that we will examine,
concerns the effect of neutrons on the stability of the nucleus. It is an effect
that has led to the production of new, artificially produced radioisotopes,
valuable in medical diagnosis and treatment, and it led as well to the con-
struction of the atomic bomb.

49 Nuclear Fission
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The stability of any particular nucleus depends, among other things, on the
ratio of its neutrons to its protons. The ratio of greatest stability starts at about
1:1 (one neutron per proton) for elements with low atomic numbers, such
as helium, and rises to about 1.5:1 for stable isotopes of mercury and lead.
The most abundant (stable) isotope of lead, for example, *$Pb, contains 126
neutrons and 82 protons, which amounts to 1.54 neutrons for every proton.

With a few exceptions nuclei with ratios at or very near the ideal are stable,
but those that lie beyond a narrow range are apt to decay. Thus, protium and
deuterium are stable isotopes of hydrogen while tritium, with its ratio of two
neutrons to one proton, is radioactive. Carbon-12 and carbon-13 are stable
isotopes of carbon but carbon-14, with a higher ratio than either of the others,
is radioactive. Adding a neutron to the nucleus of platinum-198 causes it to
decay by B emission to gold-199 (see the question at the end of Section 4.7).
One relatively simple way to destabilize a nucleus, then, is to increase its
content of neutrons.

Although Rutherford had proposed the neutron as a nuclear particle as
early as 1920, its existence wasn’t observed experimentally until 12 years later,
in 1932. (The neutron’s discoverer, British physicist James Chadwick, received
the Nobel Prize for physics in 1935.) In 1938, six vears after the discovery of
the neutron, an investigation of its effect on the nucleus of a uranium atom
led to a new kind of nuclear transformation and to what would soon become
an entirely new source of energy. The world was about to be changed.

The critical event occurred in 1938, almost exactly one year before the
outbreak of World War II. Until then all of the changes either observed or
produced artificially in atomic nuclei involved additions and losses of smalil
particles: a particles, § particles, and protons. What’s more, while some of
the nuclear transformations released a bit of energy, others consumed more
energy than they produced. All this changed in a laboratory in Berlin late in
1938. There Otto Hahn, a German radiochemist who would receive the 1944
Nobel Prize in chemistry for his discovery, bombarded uranium with neu-
trons. Among the products that he and a co-worker, Fritz Strassmann, iso-
lated from the experiment was an isotope of barium, an atom with a little
less than two-thirds the protons of a uranium atom and less than two-thirds
uranium’s mass number. This was an astonishing discovery, not easily ex-
plained on the basis of what was then known about the behavior of atomic
nuclei.
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Lise Meitner interpreted Otto
Hahn's experimental
observations as confirmation
that he had split a uranium
nucleus.

Nuclear fission is the
splitting of the atomic
nucleus into two or more
large fragments.
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What had been dislodged from the uranium nucleus by increasing its ratio
of neutrons to protons ever so slightly was not a few small, subatomic par-
ticles, not a couple of « particles or 8 particles or a proton or two, but fully
a third of the entire nucleus. Something remarkable had happened to the
nucleus. Once again, serendipity was at work.

Uncertain about how to interpret the generation of barium by the addition
of neutrons to the uranium nucleus, but convinced of its significance, Hahn
and Strassmann sent word of their discovery to Lise Meitner, a physicist who
had worked with Hahn in earlier studies of radioactivity. Born in Austria,
Meitner had fled to Denmark when the Nazis took power. Working with her
nephew, Otto Frisch, she concluded that, rather than knocking some small
subatomic particle out of the uranium nucleus, the neutrons had actually
cleaved the nucleus of an atom of uranium into two or more large fragments,
a transformation without precedent in all the previous studies of the atom.
(A few weeks later Hahn and Strassmann came to the same conclusion as
well.) It was Lise Meitner who coined the term nuclear fission for the splitting
of an atomic nucleus.

l QUESTION l

When an atom of uranium-235 is bombarded with neutrons one of the many fission
reactions it can undergo produces barium and an additional element (as well as energy
and additional neutrons), but no a particles or B particles. With this in mind, and
with reference to the periodic table, name the additional element produced in this
particular mode of fission.
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Soon it became clear that fission differs in one very important way from the
other nuclear reactions known at the time. Fission releases enormous amounts
of energy, far more than that released by the loss of a few small particles
from a radioactive nucleus. With the remarkable discovery of nuclear fission
and the recognition of the energy it might release, and with the coming of
World War 1], research on the atomic nucleus accelerated. If a sustained se-
quence of fission reactions could be maintained, consuming an entire package
of fissionable material in an instant, the result might be explosive!

Investigations quickly revealed that the most efficient uranium fission
comes from the addition of a neutron to the isotope of mass 235, uranium-
235, or U-235, rather than the more common U-238. More than 99% of all
naturally occurring uranium is U-238; less than three-quarters of 1% occurs
as the more fissionable U-235.

The cleavage of a U-235 nucleus can occur in many different ways and can
produce any of numerous sets of products. It can, for example, produce tel-
lurium, zirconium, and two neutrons (and energy)

BU + on— 3Te + 30Zr + 2in
or barium, krypton, and three neutrons (and, again, energy)
25U + ¢n— '¥Ba + %Kr + 3in

or still other sets of products. Some 200 different isotopes representing 35
different elements result from the fission of U-235 atoms.

In addition to these various isotopes, the fission of U-235 also releases
several neutrons as shown in the preceding equations. Any one (or more) of
these could penetrate into another U-235 nucleus and continue the chain of
energy-releasing fission reactions or start a new branch. Averaging over all
the sets of products that result from the fission of U-235, one fission reaction
produces about 2.5 neutrons. If each released neutron could cause the fission
of another nucleus, every cleavage of two U-235 nuclei could release enough
neutrons to split an additional five.

In this way the fission of a single U-235 atom could begin a cascading chain
reaction that could consume all the U-235 present and release energy instan-
taneously in amounts never before achieved by humans. (The slow release
of energy, even in very large amounts, can be tapped to obtain electrical,
mechanical, or other kinds of power. The instantaneous release of immense
amounts of energy is explosive.)

Thoughts quickly turned toward the new war and to the building of an
atomic bomb that would convert the sudden release of energy from a rapid
chain reaction into the immense explosive force of a devastating weapon.
What was needed was a critical mass of U-235. This is the minimum mass
of fissionable material needed to produce a self-sustaining chain reaction. It’s
reached when the mass of fissionable material becomes large enough to en-
sure that the released neutrons are, indeed, absorbed by other fissionable
nuclei and that these released neutrons do produce a continuing chain of

Uranium-235, a source of
nuclear power.

A chain reaction is a
continuing series of nuclear
fissions that occurs when
neutrons released in the
fission of one atom cause
the fission of additional
atoms, which in turn release
still more neutrons and
produce still more fissions,
and so on.

A critical mass is the
minimum mass of
fissionable material needed
to sustain a chain reaction.
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Figure 4.8

A typical fission reaction of
U-235.

fission reactions and thereby generate and sustain an energy-releasing chain
reaction. Figures 4.8 and 4.9 show a typical fission of a U-235 atom and the
resulting chain reaction.

U-235 isn’t alone in its ability to begin and sustain a chain reaction. Plu-
tonium-239, a radioisotope that occurs in nature only in traces, can also gen-
erate a chain similar to that of U-235. The fission of Pu-239 is a bit more efficient
and releases about 20% more energy than the fission of U-235.

’ QUESTION l

. (a) What is the advantage to using U-235 rather than U-238 as the fissionable material
Figure 4.9 in building a fission bomb? (b) What is the disadvantage to using U-235 rather than

Schematic diagram of the U-238 as the fissionable material?
cascading effect of a typical

chain reaction initiated by a
single neutron.
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Spurred on by the recognition that a weapon as powerful as an atomic bomb
could determine the outcome of the war, and with the fear that Germany
might be making rapid progress toward the same goal, the United States set
out to build the atomic weapon as quickly as possible. Complete control of
the project and all the economic and political power to complete the work
were given to the U.S. Army Corps of Engineers under the code name of the
Manhattan Engineering District. The entire operation quickly became known
more simply as the Manhattan Project. To provide the nuclear explosive several
secret production facilities were constructed, the most successful of which
were at Oak Ridge, Tennessee, and Hanford, Washington. The scientific cen-
ter that actually designed and assembled the bomb itself was located at Los
Alamos, New Mexico.

At Oak Ridge common uranium, a mixture of isotopes, was converted to
its gaseous fluoride, UF¢ or wranium hexafluoride. The desired isotopic
*33UFs was separated from the more plentiful *35UF, by taking advantage of
subtle differences in the physical properties of the gases through a process
known as gaseous diffusion (Fig. 4.10). The hexafluoride of the U-235 is 3 amu
lighter in mass than that of the more common U-238 and its molecules move
about a bit more rapidly than those containing the heavier isotope. As a result
the lighter *33UF, diffuses through extremely small openings of a porous bar-
rier a little more quickly than the heavier 23UF; (Fig. 4.10). Reconverting the
isotopically pure %33UF to elemental uranium produces the pure metal.

Because of the importance of the bomb, because of the wartime urgency
in its construction, and because the building of the atomic bomb was an
entirely new event in human history, with little or no certain knowledge or
established techniques that would ensure success, several different routes
were followed simultaneously. With several paths taken at the same time,
the failure of any one need not doom the project. As an alternative to U-235
as the explosive, for example, Pu-239 was manufactured at the Hanford plant.
There, fissionable Pu-239 was generated by a controlled reaction that begins
with the absorption of neutrons by U-238. This became the first large-scale
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Gas molecules move through the pores of the barrier, from a
region of higher concentration to a region of lower concentration.

Figure 4.10

Enrichnment by gaseous
diffusion.



J. Robert Oppenheimer, the
scientist who led the team that
designed, assembled, and
detonated the first atomic
bomb.

FAT MAN

LITTLE BOY

The first atomic bombs. The
Plutonium bomb, which
measured 3.25 meters (10.7
feet) long and 1.5 meters (5
feet) in diameter, was given the
code name ‘‘Fat Man.” The
uranium bomb, 3 meters (10
feet) long and 0.7 meters (2.3
feet) in diameter, was called
“Little Boy.”
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The plant at Hanford, Washington, where plutonium-239 was manufactured for the atomic
bomb.

synthetic transformation of one element into another. The alchemists” dream
had become reality on a massive, industrial scale.

With successful production of fissionable uranium and plutonium, the
bomb itself could now be constructed. It would have to contain fissionable
material in several small, subcritical portions that were well separated from
each other to prevent the accidental formation of a single, explosive mass.
In the absence of a critical mass no chain reaction could occur and so the
bomb could not explode. The design of a bomb, then, hung on the mechanical
act of bringing several small portions of uranium or plutonium together into
a single, explosive mass suddenly and with enough force to keep it all together
long enough to produce a critical mass and a nuclear explosion.

To detonate the fission bomb a conventional explosive charge would be
used. As the subcritical fragments met under great force they would form
the critical mass and produce the nuclear explosion (Fig. 4.11). Detonating
the bomb would be a tricky matter, requiring the formation of a mass of
fissionable material that would create an enormous explosion and yet not
blow itself apart before it exhausted its nuclear energies. Finally the design
seemed right, at least on paper. But whether it would all actually work was
unknown. There had to be a test of a finished bomb.

Destruction caused by the uranium bomb at Hiroshima, August 6, 1945.
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In the summer of 1945 a plutonium bomb was constructed at the Los Al-
amos laboratories and detonated in desert testing grounds just outside Ala-
mogordo, New Mexico, as described at the beginning of this chapter. Fol-
lowing the successful test, a second bomb (a uranium bomb, a type never
before detonated) and a third (another plutonium bomb, similar to the one
used at Alamogordo) were exploded above the Japanese cities of Hiroshima
and then Nagasaki on the mornings of August 6th and 9th. They destroyed
the cities and killed or wounded an estimated 200,000 people. Victims who
survived the initial blast and its immediate aftermath suffered for decades
from delayed effects of the r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>