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Introduction

(o

he first essential in chemistry is that you should perform practical work and conduct
experiments, for he who performs not practical work nor makes experiments will never
attain the least degree of mastery.”

—Jabir ibn Hayyan, 8th century

“One of the wonders of this world is that objects so small can have such consequences: Any
visible lump of matter — even the merest speck — contains more atoms than there are stars
in our galaxy.”

—Peter W. Atkins, 20th century

Chemistry is at once practical and wondrous, humble and majestic. And, for someone study-
ing it for the first time, chemistry can be tricky.

That’s why we wrote this book. Chemistry is wondrous. Workbooks are practical. This is a
chemistry workbook.

About This Book

When you're fixed in the thickets of stoichiometry or bogged down by buffered solutions,
you've got little use for rapturous poetry about the atomic splendor of the universe. What
you need is a little practical assistance. Subject by subject, problem by problem, this book
extends a helping hand to pull you out of the thickets and bogs.

The topics covered in this book are those most often covered in a first course of chemistry.
The focus is on problems — problems like those you may encounter in homework or on
exams. We give you just enough theory to grasp the principles at work in the problems. Then
we tackle example problems. Then you tackle practice problems.

This workbook is modular. You can pick and choose those chapters and types of problems
that challenge you the most; you don’t have to read this book cover to cover if you don’t
want to. If certain topics require you to know other topics in advance, we tell you so and
point you in the right direction. Most importantly, worked-out solutions and explanations are
provided for every problem.

Conventions Used in This Book

We provide the following conventions to guide you through this book:

v ltalics highlight definitions, emphasize certain words, and point out variables in formulas.

+* Boldfaced text points out key words in bulleted lists and actions to take in numbered lists.
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Foolish Assumptions

We assume you have a basic facility with algebra and arithmetic. You should know how

to solve simple equations for an unknown variable. You should know how to work with
exponents and logarithms. That’s about it for the math. At no point do we ask you to, say,
consider the contradictions between the Schrédinger equation and stochastic wavefunction
collapse.

We assume you’re a high school or college student and have access to a secondary school-
level (or higher) textbook in chemistry or some other basic primer, such as Chemistry For
Dummies (written by John T. Moore, EdD, and published by Wiley). We present enough
theory in this workbook for you to tackle the problems, but you’ll benefit from a broader
description of basic chemical concepts. That way, you'll more clearly understand how the
various pieces of chemistry operate within a larger whole — you’ll see the compound for the
elements, so to speak.

We assume you don’t like to waste time. Neither do we. Chemists in general aren’t too fond of
time-wasting, so if you're impatient for progress, you're already part-chemist at heart.

How This Book Is Organized

This workbook is divided into thematic parts. By no means is it absolutely necessary to con-
sume all the chapters of a part in sequence, nor is it necessary to progress in a straight line
from one part to the next. But it may be useful to do so, especially if you're starting from a
place of Total Chemical Bewilderment (T.C.B.).

Part I: Getting Cozy with Numbers,
Atoms, and Elements

Chemists are part of a larger scientific enterprise, so they handle numbers with care and
according to certain rules. The reasons for this meticulousness become clear as you con-
sider the kinds of measurements chemists routinely make on very large numbers of particles.
The most familiar of these kinds of chemical particles are atoms. This part covers some
must-know material about numbers in chemistry, describes the basic structure of atoms,
outlines how atoms belong to one or another variety of element, and explains how atoms
interact within different states of matter.

Part II: Making and Remaking Compounds

Reactions are the dramatic deeds of chemistry. By reacting, atoms assemble into compounds,
and compounds transform into other compounds. This part gives you the basic tools to
describe the drama. We explain the basics of bonding and the system for naming compounds.
We introduce you to the mole, to chemical equations, and to stoichiometry, simple concepts
you’ll use for the remainder of your chemical career — however long or brief.
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Part I11: Examining Changes
in Terms of Energy

Chemistry is change. Change either happens or it doesn’t. When it happens, change can
occur rapidly or slowly. Busy and industrious as they are, chemists want to know whether
their chemistry will happen and for how long. This part describes the kinds of changes that
can occur in chemical systems and the kinds of systems — like, say, solutions — in which
those changes occur. We cover the difference between equilibrium (will it happen?) and rate
(how long will it take to happen?), and relate the two to differences in energy between states.
Because chemistry transforms energy as well as matter, we explore some important ways
chemists describe the changes in energy that drive chemical reactions.

Part IV: Swapping Charges

Charge is a big deal in chemistry. Charged particles are marquee players on the chemical
playing field, and this part examines their playbook in greater detail. Acid-base reactions
are vital chemical events that include the actions of charged particles such as hydrogen
and hydroxide ions (H" and OH . . . you'll see). Oxidation-reduction (or “redox”) reactions
are another critical class of reactions that include transfers of electrons, the tiny, negatively
charged particles that get most of the chemical action. Finally, we summarize nuclear chem-
istry, the special branch of chemistry that includes transformations of particles within the
nucleus, the positively charged heart of an atom.

Part U: Going Organic

Because most practicing chemists are alive, it should come as no surprise that many of them
are interested in the chemistry of life. The chemistry performed by living things is largely
organic chemistry, or the chemistry of multicarbon compounds. Although organic chemistry
is a central feature of living organisms, it’s not limited to them. The energy and materials
industries, for example, are chock-full of organic chemists. This part provides a concise
overview of organic chemistry basics, highlighting simple structures and structural motifs,
and surveying some important classes of organic molecules in biology.

Part Ul: The Part of Tens

It’s easy to get lost within a science that covers everything from subatomic particles to cellu-
lar phone batteries to atomic spectra from distant stars. When you grow dizzy with T.C.B.,
plant your feet on solid ground in the Part of Tens. This part is reassuringly succinct and
practical, filled with the equations you need and helpful reminders about tricky details. Time
spent in the Part of Tens is never wasted.

3
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Icons Used in This Book

3

You'll find a selection of helpful icons nicely nestled along the margins of this workbook.
Think of them as landmarks, familiar signposts to guide you as you cruise the highways of
chemistry.

Within already pithy summaries of chemical concepts, passages marked by this icon represent
the pithiest, must-know bits of information. You’ll need to know this stuff to solve problems.

Sometimes there’s an easy way and a hard way. This icon alerts you to passages intended to
highlight an easier way. It’s worth your while to linger for a moment. You may find yourself
nodding quietly as you jot down a grateful note or two.

Chemistry may be a practical science, but it also has its pitfalls. This icon raises a red flag to
direct your attention to easily made errors or other tricky items. Pay attention to this mate-
rial to save yourself from needless frustration.

Within each section of a chapter, this icon announces “Here ends theory” and “Let the prac-
tice begin.” Alongside the icon is an example problem that employs the very concept cov-
ered in that section. An answer and explanation accompany each practice problem.

Where to Go from Here

Where you go from here depends on your situation, your learning style, and your overall
state of T.C.B.:

v If you're currently enrolled in a chemistry course, you may want to scan the Table of
Contents to determine what material you've already covered in class. Do you recall any
concepts that confused you? Try a few practice problems from these sections to assess
your readiness for more advanced material.

v 1If you're brushing up on forgotten chemistry, it may be helpful to scan the chapters
for example problems. As you read through them, you’ll probably have one of two
responses: 1) “Aaah, yes . .. [ remember that.” 2) “Oooh, no . .. [ so do not remember
that.” Let your responses guide you.

v If you're just beginning a chemistry course, you can follow along in this workbook,
using the practice problems to supplement your homework or as extra pre-exam prac-
tice. Alternately, you can use this workbook to preview material before you cover it in
class, sort of like a spoonful of sugar to help the medicine go down.

Whatever your situation, be sure to make smart use of the practice problems, because they
are the heart of the workbook. Work each practice problem completely — even if you sus-
pect you're off-track — before you check your answer. If your answer was incorrect, be sure
you reason through the provided answer and explanation so you understand why your
answer was wrong. Then attempt the next problem.
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Also, remember that the Cheat Sheet (the yellow tear-out card at the front of this book) and
the Part of Tens are your friends. Most of the nitty-gritty stuff you need to work the more dif-
ficult problems is found in there.

Finally, rest assured that chemistry isn’t alchemy. Mysterious as it may sometimes seem,
chemistry is a practical, understandable pursuit. Chemistry is neither above you nor beyond
you. It awaits your mastery.

“Science is, I believe, nothing but trained and organized common sense.”

—Thomas H. Huxley, 19th century

5
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Part |

Getting Cozy with Numbers,
Atoms, and Elements

The Sth Wave By Rich Tennant

“So wha
T used to have my own circus act.”




In this part . . .

C hemistry explains things. The explanations include
ideas like atoms and energy. A winding road of expla-
nation stretches from the structure of a water molecule to
the crash of a melting glacier in the Arctic. The road leads
across the periodic table and is paved with numbers. In
this part, we introduce you to the rules for handling num-
bers within chemistry and begin the exploration of the
basic question of chemistry: How can a limited palette of
elements paint the universe?




Chapter 1
Noting Numbers Scientifically

In This Chapter

Crunching numbers in scientific and exponential notation

Telling the difference between accuracy and precision

Doing math with significant figures

C hemistry is a science. This means that like any other kind of scientist, a chemist tests
hypotheses by doing experiments. Better tests require more reliable measurements,
and better measurements are those that have more accuracy and precision. This explains
why chemists get so giggly and twitchy about high-tech instruments; those instruments
make better measurements. How do chemists report their precious measurements? What'’s
the difference between accuracy and precision in those measurements? How do chemists
do math with measurements? These questions may not keep you awake at night, but know-
ing the answers to them will keep you from making embarrassing, rookie errors in chem-
istry. So we address them in this chapter.

Using Exponential and Scientific Notation
to Report Measurements

WMBER
“&
&

Because chemistry concerns itself with ridiculously tiny things like atoms and molecules,
chemists often find themselves dealing with extraordinarily small or extraordinarily large
numbers. Numbers describing the distance between two atoms joined by a bond, for exam-
ple, run in the ten-billionths of a meter. Numbers describing how many water molecules
populate a drop of water run into the trillions of trillions.

To make working with such extreme numbers easier, chemists turn to scientific notation,
which is a special kind of exponential notation. Exponential notation simply means writing

a number in a way that includes exponents. Every number is written as the product of two
numbers, a coefficient and a power of 10. In plain old exponential notation, a coefficient can
be any value of a number multiplied by a power with a base of 10 (such as 10*). But scientists
have rules for coefficients in scientific notation. In scientific notation, a coefficient is always
at least 1 and always less than 10 (such as 7, 3.48, or 6.0001).

To convert a very large or very small number to scientific notation, position a decimal point
between the first and second digits. Count how many places you moved the decimal to the
right or left, and that’s the power of 10. If you moved the decimal to the left, the power is
positive; to the right is negative. (You use the same process for exponential notation, but
you can position the decimal anywhere.)
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In scientific notation, the coefficients should be greater than 1 and less than 10, so look for

the first digit other than 0.

To convert a number written in scientific notation back into decimal form, just multiply the
coefficient by the accompanying power of 10.

Convert 47,000 to scientific notation.

47,000 = 4.7 x 10*. First, imagine the
number as a decimal:

47,000.00

Next, move the decimal between the first
two digits:

4.7000

Then count how many positions to the
left you moved the decimal (four, in this
case), and write that as a power of 10:
4.7 x 10"

Q. Convert 0.007345 to scientific notation.

=

0.007345 = 7.345 x 1073, First, move the
decimal between the first two nonzero
digits:

7.345

Then count how many positions to the
right you moved the decimal (three, in
this case), and write that as a power of
10: 0.007345 = 7.345 x 107,

1.

Convert 200,000 into scientific notation.

2. Convert 80,736 into scientific notation.

3.

Convert 0.00002 into scientific notation.

4. Convert 6.903 x 10? from scientific notation
into decimal form.
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Multiplying and Dividing in Scientific Notation

A major benefit of presenting numbers in scientific notation is that it simplifies common arith-
metic operations. (Another benefit is that, among the pocket-protector set, numbers with
exponents just look way cooler.) The simplifying powers of scientific notation are most evi-
dent in multiplication and division. (As we describe in the next section, addition and subtrac-
tion benefit from exponential notation, but not necessarily from strict scientific notation.)

To multiply two numbers written in scientific notation, multiply the coefficients, and then
add the exponents. To divide two numbers, simply divide the coefficients, and then subtract
the exponent of the denominator (the bottom number) from the exponent of the numerator

(the top number).

Multiply, using the “shortcuts” of scien-
tific notation: (1.4 x 10%) x (2.0 x 107).

2.8 x 107, First, multiply the coefficients:

14x20=28

Next, add the exponents of the powers
of 10:

10°x10°=10°*"Y =107

Finally, join your new coefficient to your
new power of 10:

2.8x10°

<

Divide, using the “shortcuts” of scientific
notation: (3.6 x 107) / (1.8 x 10%).

2.0 x 107™. First, divide the coefficients:
3.6/18=20

Next, subtract the exponent of the
denominator from the exponent of the
numerator:

10°/10*=10°-* = 107

Then, join your new coefficient to your
new power of 10:

20x107

5.  Multiply (2.2 x 109 x (5.0 x 10).

Divide (9.3 x 107) / (3.1 x 10?).

11
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7. Using scientific notation, multiply 8. Using scientific notation, divide
52 % 0.035. 0.00809 / 20.3.

Using Exponential Notation to Add and Subtract

Addition or subtraction gets easier when your numbers are expressed as coefficients of iden-
tical powers of 10. To wrestle your numbers into this form, you might need to use coeffi-
cients less than 1 or greater than 10. So, scientific notation is a bit too strict for addition and
subtraction, but exponential notation still serves us well.

To add two numbers easily by using exponential notation, first express each number as a
coefficient and a power of 10, making sure that 10 is raised to the same exponent in each
number. Then add the coefficients. To subtract numbers in exponential notation, follow the
same steps, but subtract the coefficients.

Use exponential notation to add these Next, add the coefficients:

bers: 3,710 + 2.4 x 10%
numbers: 3,710 + 2.4 37.1+2.4-395
39.5 x 102 First, convert both numbers

to the same power of 10: Finally, join your new coefficient to the

shared power of 10:

1 x 107 2.4 %10
37.1x10° and 2.4 x 10 39.5 x 107



Use exponential notation to do this sub-
traction: 0.0743 - 0.0022.

A. 7.21 x 1072 First, convert both numbers
to the same power of 10:

Chapter 1: Noting Numbers Scientifically

7.43-0.22 =721

Then join your new coefficient to the
shared power of 10:

7.21 x 10
7.43 x 1072 and 0.22 x 1072
Next, subtract the coefficients:
9. Add398x10°+ 147 x 10, 10. Subtract 7.685 x 10° - 1.283 x 10°.
’ ’ Using exponential notation, add 0.00206 + ’2. Using exponential notation, subtract
0.0381. 9,352 — 431.

13



Distinguishing between Accuracy and Precision

Accuracy and precision . . . precision and accuracy . . . same thing, right? Chemists every-
where gasp in horror, reflexively clutching their pocket protectors — accuracy and precision
are different!

v Accuracy describes how closely a measurement approaches an actual, true value.

v Precision, which we discuss more in the next section, describes how close repeated
measurements are to one another, regardless of how close those measurements are to



Expressing Precision with Significant Figures
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After you know how to express your numbers in scientific notation and how to distinguish
precision from accuracy (we cover both topics earlier in this chapter), you can bask in the
glory of a new skill: using scientific notation to express precision. The beauty of this system
is that simply by looking at a measurement, you know just how precise that measurement is.

When you report a measurement, you should only include digits if you're really confident
about their values. Including added digits in a measurement means something — it means
that you really know what you’re talking about — so we call the included digits significant
figures. The more significant figures in a measurement, the more precise that measurement
must be. The last significant figure in a measurement is the only figure that includes any
uncertainty. Here are the rules for deciding what is and what isn’t a significant figure:

v Any nonzero digit is significant. So, 6.42 seconds (s) contains three significant figures.

v Zeros sandwiched between nonzero digits are significant. So, 3.07s contains three
significant figures.

v Zeros on the left side of the first nonzero digit are not significant. So, 0.0642s and
0.00307s each contain three significant figures.

1 When a number is greater than 1, all digits to the right of the decimal point are
understood to be significant. So, 1.76s has three significant figures, while 1.760s has
four significant figures. The “6” is uncertain in the first measurement, but is certain in
the second measurement.
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+ When a number has no decimal point, any zeros after the last nonzero digit may or
may not be significant. So, in a measurement reported as 1,370s, you can’t be certain
if the “0” is a certain value, or if it’s merely a placeholder.

Be a good chemist. Report your measurements in scientific notation to avoid such
annoying ambiguities (see the earlier section, “Using Exponential and Scientific

Notation to Report Measurements™).

v+ Numbers from counting (for example, 1 kangaroo, 2 kangaroos, 3 kangaroos . . .)
or from defined quantities (that is to say, 60 seconds per 1 minute) are understood
to have an unlimited number of significant figures; in other words, these values are

completely certain.

v If a number is already written in scientific notation, then all the digits in the coeffi-

cient are significant, and none others.

So, the number of significant figures you use in a reported measurement should be consis-
tent with your certainty about that measurement. If you know your speedometer is routinely
off by 5 miles per hour, then you have no business protesting to a policeman that you were

only going 63.2 miles per hour.

How many significant figures are in the
following three measurements?

20,175 yards, 1.75 x 10° yards, 1.750 x 10°
yards

Five, three, and four significant figures,
respectively. In the first measurement,

all digits are nonzero, except for a 0 that
is sandwiched between nonzero digits,
which counts as significant. The second
measurement contains only nonzero
digits. The third measurement contains a
0, but that 0 is the final digit and to the
right of the decimal point, and is there-
fore significant.

15.

Modify the following three measurements so

that each possesses the indicated number of

significant figures (SF) and is expressed prop-
erly in scientific notation.

76.93 x 102 meters (1 SF), 0.0007693 meters
(2 SF), 769.3 meters (3 SF)

16.

In chemistry, the potential error associ-
ated with a measurement is often
reported alongside the measurement,

as in: 793.4 0.2 grams. This report indi-
cates that all digits are certain except
the last, which may be off by as much as
0.2 grams in either direction. What, then,
is wrong with the following reported
measurements?

893.7 £1 gram, 342 £0.01 gram



Doing Arithmetic with Significant Figures
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Doing chemistry means making a lot of measurements. The point of spending a pile of money
on cutting-edge instruments is to make really good, really precise measurements. After
you’ve got yourself some measurements, you roll up your sleeves, hike up your pants, and
do math with the measurements.

When doing that math, you need to follow some rules to make sure that your sums, differ-
ences, products, and quotients honestly reflect the amount of precision present in the origi-
nal measurements. You can be honest (and avoid the skeptical jeers of surly chemists) by
taking things one calculation at a time, following a few simple rules. One rule applies to addi-
tion and subtraction, and another rule applies to multiplication and division.

1 When adding or subtracting, round the sum or difference to the same number of
decimal places as the measurement with the fewest decimal places. Rounding like
this is honest, because you acknowledge that your answer can’t be any more precise
than the least precise measurement that went into it.

+* When multiplying or dividing, round the product or quotient so that it has the same
number of significant figures as the least precise measurement — the measurement
with the fewest significant figures.

Notice the difference between the two rules. When you add or subtract, you assign signifi-
cant figures in the answer based on the number of decimal places in each original measure-
ment. When you multiply or divide, you assign significant figures in the answer based on the
total number of significant figures in each original measurement.

Caught up in the breathless drama of arithmetic, you may sometimes perform multi-step cal-
culations that include addition, subtraction, multiplication, and division, all at once. No prob-
lem. Follow the normal order of operations, doing multiplication and division first, followed
by addition and subtraction. At each step, follow the simple rules previously described, and
then move on to the next step.
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17. Express this difference using the appropri- 18. Express the answer to this calculation
ate number of significant figures: using the appropriate number of signifi-

cant figures:

127.379 seconds — 13.14 seconds + 1.2 x 10™

seconds = ? 345.6 feet x (12 inches / 1 foot) = ?
’9 Report the difference using the appropriate 20. Express the answer to this multistep calcu-
number of significant figures: lation using the appropriate number of sig-

nificant figures:
3.7 x 10™ minutes — 0.009 minutes = ?
87.95 feet x 0.277 feet + 5.02 feet — 1.348
feet / 10.0 feet = ?
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Answers to Questions on Noting Numbers
Scientifically

EE B B E E

~

The following are the answers to the practice problems presented in this chapter.

2 x 10°. Move the decimal point immediately after the 2 to create a coefficient between 1 and
10. Because this means moving the decimal point five places to the left, multiply the coefficient
of 2 with the power 10°.

8.0736 x 10*. Move the decimal point immediately after the 8 to create a coefficient between
1 and 10. This involves moving the decimal point four places to the left, so multiply the coeffi-
cient of 8.0736 with the power 10*.

2 x 107°. Move the decimal point immediately after the 2 to create a coefficient between 1 and
10. This means moving the decimal point five spaces to the right, so multiply the coefficient of
2 with the power 107

690.3. This question requires you to understand the meaning of scientific notation in order to
reverse the number back into “regular” decimal form. Because 10 equals 100, multiply the
coefficient 6.903 with 100. This moves the decimal point two spaces to the right.

1.1 x 108, The raw calculation yields 11 x 10°, which converts to the given answer when
expressed in scientific notation.

3.0 x 107". The ease of math with scientific notation shines through in this problem. Dividing
the coefficients yields a coefficient quotient of 3.0, while dividing the powers yields a quotient
of 107". Marrying the two quotients produces the given answer, already in scientific notation.

1.82. First, convert each number to scientific notation: 5.2 x 10" and 3.5 x 10~ Next, multiply
the coefficients: 5.2 x 3.5 = 18.2. Then add the exponents on the powers of 10: 10'*©® = 107,
Finally, join the new coefficient with the new power: 18.2 x 10" Expressed in scientific notation,
this answer is 1.82 x 10° = 1.82.

3.99 x 10™. First, convert each number to scientific notation: 8.09 x 10 and 2.03 x 10'. Then
divide the coefficients: 8.09 / 2.03 = 3.99. Next, subtract the exponent on the denominator from
the exponent of the numerator to get the new power of 10: 10°~' = 10™. Join the new coefficient
with the new power: 3.99 x 10™. Finally, express gratitude that the answer is already conve-
niently expressed in scientific notation.

545 x 107, Because the numbers are each already expressed with identical powers of 10, you
can simply add the coefficients: 398 + 147 = 545. Then join the new coefficient with the original
power of 10.

6.402 x 10°. Because the numbers are each expressed with the same power of 10, you can
simply subtract the coefficients: 7.685 — 1.283 = 6.402. Then join the new coefficient with the
original power of 10.

40.16 x 107 (or an equivalent expression). First, convert the numbers so they each use the
same power of 10: 2.06 x 10~ and 38.1 x 107, Here, we used 107, but you can use a different
power, so long as the same power is used for each number. Next, add the coefficients: 2.06 +
38.1 = 40.16. Finally, join the new coefficient with the shared power of 10.

89.21 x 10* (or an equivalent expression). First, convert the numbers so each uses the same
power of 10: 93.52 x 10? and 4.31 x 102 Here, we picked 107, but any power is fine so long as the
two numbers have the same power. Then subtract the coefficients: 93.52 — 4.31 = 89.21. Finally,
join the new coefficient with the shared power of 10.

Reginald’s measurement incurred the greater magnitude of error, while Dagmar’s measure-
ment incurred the greater percent error.

Reginald’s scale reported with an error of 256 pounds — 237 pounds = 19 pounds. Dagmar’s
scale reported with an error of 129 pounds - 117 pounds = 12 pounds. Comparing the
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magnitudes of error, we see that 19 pounds > 12 pounds. However, Reginald’s measurement had
a percent error of 19 pounds / 256 pounds x 100 = 7.4%, while Dagmar’s measurement had a per-
cent error of 12 pounds / 129 pounds x 100 = 9.3%.

Jeweler A’s “official” average measurement was 0.864g, while Jeweler B’s official measurement
was 0.856g; thus, Jeweler B’s official measurement is more accurate because it’s closer to
the actual value of 0.856g.

However, Jeweler A’s measurements were more precise because the differences between A’'s
measurements were much smaller than the differences between B’s measurements. Despite the
fact that Jeweler B’s average measurement was closer to the actual value, the range of his meas-
urements (that is, the difference between the largest and the smallest measurements) was
0.041g. The range of Jeweler A’'s measurements was 0.010g.

This example shows how low precision measurements can yield highly accurate results
through averaging of repeated measurements. In the case of Jeweler A, the error in the official
measurement was 0.864g — 0.856g = 0.008g. The corresponding percent error was 0.008g / 0.856g
%x 100 = 0.9%. In the case of Jeweler B, the error in the official measurement was 0.856g — 0.856g
=0.000g. Accordingly, the percent error was 0%.

With the correct number of significant figures and expressed in scientific notation, the measure-
ments should read as follows: 8 x 10~ meters, 7.7 x 10 meters, 7.69 x 10> meters.

“893.7 £ 1 gram” is an improperly reported measurement because the reported value, 893.7,
suggests that the measurement is certain to within a few tenths of a gram. The reported error
is known to be greater, at +1 gram. The measurement should be reported as “894 £1 gram.”

“342 £0.01 gram” is improperly reported because the reported value, 342, gives the impres-
sion that the measurement becomes uncertain at the level of grams. The reported error
makes clear that uncertainty creeps into the measurement only at the level of hundredths of a
gram. The measurement should be reported as “342.00 £0.01 gram.”

1.1436 x 10? seconds. The trick here is remembering to convert all measurements to the same
power of 10 before comparing decimal places for significant figures. Doing so reveals that 1.2 x
107 seconds goes to the hundredths of a second, despite the fact that the measurement con-
tains only two significant figures. The raw calculation yields 114.359 seconds, which rounds
properly to the hundredths place (taking significant figures into account) as 114.36 seconds,
or 1.1436 x 10 seconds in scientific notation.

4.147 x 10* inches. Here, you must recall that defined quantities (1 foot is defined as 12 inches)
have unlimited significant figures. So, our calculation is limited only by the number of signifi-
cant figures in the 345.6 feet measurement. When you multiply 345.6 feet by 12 inches per foot,
the feet cancel, leaving units of inches. The raw calculation yields 4,147.2 inches, which rounds
properly to four significant figures as 4,147 inches, or 4.147 x 10° inches in scientific notation.

-9 x 10 minutes. Here, it helps here to convert all measurements to the same power of 10 so
you can more easily compare decimal places in order to assign the proper number of signifi-
cant figures. Doing so reveals that 3.7 x 10™* minutes goes to the hundred-thousandths of a
minute, while 0.009 minutes goes to the thousandths of a minute. The raw calculation yields
—-0.00863 minutes, which rounds properly to the thousandths place (taking significant figures
into account) as -0.009 minutes, or -9 x 10 minutes in scientific notation.

2.93 x 10' feet. Following standard order of operations, this problem can be executed in two main
steps, first performing multiplication and division, and then performing addition and subtraction.

Following the rules of significant figure math, the first step yields: 24.4 feet + 5.02 feet — 0.135
feet. Each product or quotient contains the same number of significant figures as the number in
the calculation with the fewest number of significant figures.

The second step yields 29.3 feet, or 2.93 x 10" feet in scientific notation. The final sum goes only
to the tenths place, because the number in the calculation with the fewest decimal places went
only to the tenths place.



Chapter 2
Using and Converting Units

In This Chapter

Embracing the International System of units
Relating base units and derived units

Converting between units

H ave you ever been asked for your height in centimeters, your weight in kilograms, or
the speed limit in kilometers per hour? These measurements may seem a bit odd to
those folks who are used to feet, pounds, and miles per hour, but the truth is that scientists
sneer at feet, pounds, and miles. Because scientists around the globe constantly communi-
cate numbers to each other, they prefer a highly systematic, standardized system. The
International System of units, abbreviated SI from the French term Systéme International, is
the unit system of choice in the scientific community.

You find in this chapter that the SI system is a very logical and well organized set of units.
Despite what many of their hairstyles may imply, scientists love logic and order, so that’s
why Sl is their system of choice.

P As you work with SI units, try to develop a good sense for how big or small the various units
are. Why? That way, as you're doing problems, you have a sense for whether your answer is
reasonable.

Familiavizing Yourself with Base Units
and Metric System Prefixes

The first step in mastering the SI system is to figure out the base units. Much like the atom,
the SI base units are building blocks for more complicated units. In later sections of this
chapter, you find out how more complicated units are built from the SI base units. The five SI
base units that you need to do chemistry problems (as well as their familiar, non-SI counter-
parts) are given in Table 2-1.
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Table 2-1 Sl Base Units

Measurement SI Unit Symbol Non-SI Unit

Amount of a substance Mole mol No non-SI unit

Length Meter m Feet, inch, yard, mile

Mass Kilogram Kg Pound

Temperature Kelvin K Degree Celsius or Fahrenheit
Time Second S Minute, hour

Chemists routinely measure quantities that run the gamut from very small (the size of an
atom, for example) to extremely large (such as the number of particles in one mole). Nobody
(not even chemists) likes dealing with scientific notation (which we cover in Chapter 1) if
they don’t have to. For these reasons, chemists often use metric system prefixes in lieu of
scientific notation. For example, the size of the nucleus of an atom is roughly 1 nanometer
across, which is a nicer way of saying 1 x 10™ meters across. The most useful of these pre-
fixes are given in Table 2-2.

Table 2-2 The Metric System Prefixes
Prefix Symbol Meaning Example

Kilo k 10° 1km=10°’m
Deco D 10' 1Dm=10'm
Main Unit varies 1 Tm

Deci d 10" 1dm=10"m
Centi c 10° 1cm=10%m
Milli m 10° 1mm=10m
Micro u 10° Tum=10°m
Nano n 10° 1nm=10"m

Feel free to refer to Table 2-2 as you do your problems. You may want to earmark this page
because, after this chapter, we simply assume that you know how many meters are in one kilometer,
how many grams are in one microgram, and so on.

You measure a length to be 0.005m. How A. 5mm.0.005is5x 10”m, or 5 mm.
might this be better expressed using a
metric system prefix?
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1. How many nanometers are in 1 centimeter? 2. I your lab partner has measured the mass

of your sample to be 2,500g, how might
you record this more nicely (without scien-
tific notation) in your lab notebook using a
metric system prefix?

Building Derived Units from Base Units

Chemists aren’t satisfied with measuring length, mass, temperature, and time alone. On the
contrary, chemistry often deals in quantities. These kinds of quantities are expressed with
derived units, which are built from combinations of base units.

v Area (for example, catalytic surface): Area = Length x Width and has units of length
squared (meter?, for example).

1 Volume (of a reaction vessel, for example): You calculate volume by using the familiar
formula: Volume = Length x Width x Height. Because length, width, and height are all
length units, you end up with length x length x length, or a length cubed (for example,
meter”).

v Density (of an unidentified substance): Density, arguably the most important derived
unit to a chemist, is built by using the basic formula, Density = Mass / Volume.

In the SI system, mass is measured in kilograms. The standard SI units for mass and
length were chosen by the Scientific Powers That Be because many objects that you
encounter in everyday life weigh between 1 and 100 kg and have dimensions on the
order of 1 meter. Chemists, however, are most often concerned with very small masses
and dimensions; in such cases, grams and centimeters are much more convenient.
Therefore, the standard unit of density in chemistry is grams per cubic centimeter
(g/cm®), rather than kilograms per cubic meter.

The cubic centimeter is exactly equal to 1 milliliter, so densities are also often
expressed in grams per milliliter (g/mL).

1 Pressure (an example is of gaseous reactants): Pressure units are derived using the for-
mula, Pressure = Force / Area. The SI units for force and area are Newtons (N) and square
meters (m?), so the SI unit of pressure, the Pascal (Pa), can be expressed as N m*

23
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A physicist measures the density of a
substance to be 20 kg/m®. His chemist
colleague, appalled with the excessively
large units, decides to change the units
of the measurement to the more familiar
g/cm®. What is the new expression of the
density?

0.002 g/cm®. A kilogram contains 1,000
grams, so 20 kilograms equals 20,000
grams. Well, 100 cm = 1m, therefore
(100 cm)®= (1m)?>. In other words, there
are 100® (or 10°) cubic centimeters in

1 cubic meter. Doing the division gives
you 0.002 g/cm®.

The Pascal, a unit of pressure, is equivalent to
1 Newton per square meter. If the Newton, a
unit of force, is equal to 1 kilogram meter per
second squared, what’s the Pascal, expressed

A student measures the length, width,
and height of a sample to be 10 mm,
15 mm, and 5 mm respectively. If the
sample has a mass of 0.9 Dg, what is

entirely in basic units? the sample’s density in g/mL?

Converting between Units: The Conversion Factor

So what happens when chemist Reginald Q. Geekmajor neglects his SI units and measures
the boiling point of his sample to be 101 degrees Fahrenheit, or the volume of his beaker to
be 2 cups? Although Dr. Geekmajor should surely have known better, he can still save himself
the embarrassment of reporting such dirty, unscientific numbers to his colleagues: He can
use conversion factors.
$MBER A conversion factor simply uses your knowledge of the relationships between units to con-
vert from one unit to another. For example, if you know that there are 2.54 centimeters in
every inch (or 2.2 pounds in every kilogram, or 101.3 kilopascals in every atmosphere), then
converting between those units becomes simple algebra. Peruse Table 2-3 for some useful
conversion factors. And remember: If you know the relationship between any two units, you
can build your own conversion factor to move between those units.

Table 2-3 Conversion Factors
Unit Equivalent to Conversion Factors
Lengths
33ft or m
Meter 3.3 feet m 331t
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Unit Equivalent to Conversion Factors
Lengths

12in  1ft
Foot 12 inches 11t 12in

_lin_ , 254cm
Inch 254 cm 254cm Tin
Volumes

16c . 19al
Gallon 16 cups 1gal 16¢c

237 mL or —J¢
Cup 237 mL 1c 237 mL
Milliliter Tem® tmL * Tem’
Mass

221b . 1kg
Kilogram 2.2 pounds 1kg — 22lb
Time

3600sec . 1hr
Hour 3,600 seconds 1hr 3600 sec

Pressure
101.3kPa or 1atm
Atmosphere 101.3 kPa 1atm 101.3kPa
760 mm Hg or 1 atm
Atmosphere 760 mm Hg* 1atm 760 mm Hg

*0ne of the more peculiar units you'll encounter in your study of chemistry is mm Hg, or millimeters of mercury, a unit
of pressure. Unlike SI units, mm Hg don't fit neatly into the base-10 metric system, but reflect the way in which certain
devices like blood pressure cuffs and barometers use mercury to measure pressure.
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VQ‘“\NG! As with many things in life, chemistry isn’t always as easy as it seems. Chemistry teachers
S are sneaky: They often give you quantities in non-SI units and expect you to use one or more
conversion factors to change them to SI units — all this before you even attempt the “hard
part” of the problem! We are at least marginally less sneaky than your typical chemistry
teacher, but we hope to prepare you for such deception. So, expect to use this section
throughout the rest of this book!

The following example shows how to use a basic conversion factor to “fix” non-SI units.

Dr. Geekmajor absent-mindedly measures 0.751bs  2.21bs _ 1.651b” kg
the mass of a sample to be 0.75 pounds 1 1kg ’

and records his measurement in his lab
notebook. His astute lab assistant wants
to save the doctor some embarrassment,
and knows that there are 2.2 pounds in
every kilogram; the assistant quickly
converts the doctor’s measurement to SI
units. What does she get?

0.35 kg.

0.751bs . 1kg
T X0751bs - 030ke

Notice that something very convenient
just happened. Because of the way this
calculation was set up, you end up with
pounds on both the top and bottom of
the fraction. In algebra, whenever you
find the same quantity in a numerator
and in a denominator, you can cancel
them out. Canceling out the pounds is a
lovely bit of algebra, because you didn’t
want them around anyway. The whole
point of the conversion factor is to get
rid of an undesirable unit, transforming it
into a desirable one — without breaking
any rules. You had two choices of con-
version factors to convert between
pounds and kilograms; one with pounds
on the top, and another with pounds on
the bottom. The one to choose was the
one with pounds on the bottom, so the
undesirable pounds units cancel. Had
you chosen the other conversion factor
you would’ve ended up with

This calculation doesn’t simplify your life
at all, so it’s clearly the wrong choice. If
you end up with more complicated units
after employing a conversion factor, then
try the calculation again, this time flip-
ping the conversion factor.

If you're a chemistry student, you're
probably pretty familiar with the basic
rules of algebra (nod your head in
emphatic agreement . . . good). So, you
know that you can’t simply multiply one
number by another and pretend that
nothing happened — you altered the
original quantity when you multiplied,
didn’t you? What in blazes is going on
here? With all these conversion factors
being multiplied willy-nilly, why aren’t
the International Algebra Police kicking
down doors to chemistry labs all around
the world?

Though a few would like you to believe
otherwise, chemists can’t perform magic.
Recall another algebra rule: You can mul-
tiply any quantity by 1 and you’ll always
get back the original quantity. Now, look
closely at the conversion factors in the
example: 2.2 pounds and 1 kilogram are
exactly the same thing! Multiplying by
2.21bs /1kgor1kg/2.2lbs is really no
different than multiplying by 1.



A chemistry student, daydreaming
during lab, suddenly looks down to find
that he’s measured the volume of his
sample to be 1.5 cubic inches. What does
he get when he converts this quantity to
cubic centimeters?

24.6 cm®.
15 in3 X( 254 cm )3 — 246 CmS
1 1in

You’ve already converted between
inches and centimeters, but not between
cubic inches and cubic centimeters.
Rookie chemists often mistakenly
assume that if there are 2.54 centimeters
in every inch, then there are 2.54 cubic
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centimeters in every cubic inch. No!
Although this assumption seems logical
at first glance, it leads to catastrophically
wrong answers. Remember that cubic
units are units of volume, and that the
formula for volume is length x width x
height. Imagine 1 cubic inch as a cube
with 1-inch sides. The cube’s volume is
linx1linx1in=1in’

Now consider the dimensions of the cube
in centimeters: 2.54 cm x 2.54 cm x 2.54
cm. Calculate the volume using these
measurements and you get 2.54 cm x 2.54
cm x 2.54 cm = 16.39 cm®. This volume is
much greater than 2.54 cm® Square or
cube everything in your conversion
factor, not just the units, and everything
works out just fine.

5.

A sprinter running the 100-meter dash runs
how many feet?

At the top of Mount Everest, the air pres-
sure is approximately 0.33 atmospheres, or
one third of the air pressure at sea level. A
barometer placed at the peak would read
how many millimeters of mercury?
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7.

A “league” is an obsolete unit of distance
used by archaic (or nostalgic) sailors. A
league is equivalent to 5.6 kilometers. If the
characters in Jules Verne’s novel 20,000
Leagues Under the Sea actually travel to a
depth of 20,000 leagues, how many kilome-
ters under water are they? If the radius of
the earth is 6,378 km, is this a reasonable
depth? Why or why not?

8.

The slab of butter slathered by Paul
Bunyan onto his morning pancakes is 2
feet wide, 2 feet long, and 1 foot thick. How
many cubic meters of butter does Paul
consume each morning?

Letting the Units Guide You

A\

In the earlier sections in this chapter, the problems have used just one conversion factor at
a time. You may have noticed that Table 2-3 doesn’t list all possible conversions (between
meters and inches, for example). Rather than bother with memorizing or looking up conver-
sion factors between every type of unit, you can memorize just a handful and use them one
after another, letting the units guide you each step of the way.

Say you wanted to know the number of seconds in one year (clearly a very large number,
so don'’t forget about your scientific notation). Very few people have this conversion
memorized — or will admit to it — but everyone knows that there are 60 seconds in a
minute, 60 minutes in an hour, 24 hours in a day, and 365 days in a year. So, use what you
know to get what you want!

lyr 365days 24 hr 60 min, 60 Sec _ 315,10
1 lyr 1 day 1hr 1 min

sec

You can use as many conversion factors as you need as long as you keep track of your units
in each step. The easiest way to do this is to cancel as you go, and use the remaining unit as
a guide for the next conversion factor. For example, examine the first two factors of the
years-to-seconds conversion. The years on the top and bottom cancel, leaving you with days.
Because days remain on top, the next conversion factor needs to have days on the bottom
and hours on the top. Canceling days then leaves you with hours, so your next conversion
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factor must have hours on the bottom and minutes on the top. Just repeat this process until
you arrive at the units you want. Then do all the multiplying and dividing of the numbers and
rest assured that the resulting calculation is the right one for the final units.

A silly chemistry student measures the mass of a sample of mystery metal to be 0.5 pounds
and measures the sample’s dimensions to be 1 cubic inch. When she realizes her error, she
attempts to convert her measurements into proper SI units. What should her units be, and
what’s the density of her sample (in those units)?

A. The units should be g/mL or g/cm®, and the density is 1.4 x 102 g/mL.
g g g

The proper SI units for density are g/mL (g/cm®), 