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Introduction

« e st essential in chemisty s that you should perform practical work and condct
xperiments. for he who /)er(urmt 1ot practical work nor makes experiments will never
atiai he loas Gpgpee of msen

—Jabir ibn Hayyan, Sth century
“One of the wonders of this world is can have suc

visible lump of malter— even the merest speck — contains more atoms than there are stars
in our galaxy

—Peter W Atkins, 20th century
Chemistryis 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, Cheimistry is wondrous. Workbooks are practical. This is a
chemistry workbook

About This Book

When you're fixed in the thickets or bogged down by

you've got lttle use for rapturous poetry about the atomic splendor of the universe. Wha
Jou s e peactioa sl Subfect By sjac, o by probter, this Book
‘extends a helping hand to pull you out of the thickets and bogs

T epiés civered ki boukae hose st ofen covsted et v o chamiiy,
The locus is.0n problems — |)mhlems like those you may encounter in homework o

17 yore 1, EnGHE DhEory 6 Exien he PAASHIpLA ot wark it g e, Thes
o tb cxnale proHi e, Then sox 15001 prachie problon

“This workbook is modular. You can pick and choose thase chapters and types of problems
that challenge you the most you don't have 0 read this bock cover to cover i you don't
want 1o, If certain topi u o know other topics In advance, we tell you so and
point you in the right irecsion. Mow mperiantl, worksdout solutions nd explanaions:are
provided for every problem.

Conventions Used in This Book

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

> definitions, emp

. and point out variables in formulas.
1 Boldfaced text points out key words in bulleted lists and actions ta take in numbered lsts.
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Foolish Assumptions

‘We assume you have a basic facility with algebra and arithmetic. You should know how
10 s0lve simple equatians for an unknown variable. You shoukd know how to work with
exponents and logarithms. That's about it or the math. At no point do we ask you 1o, say,
consider between the § " and stochastic

collapse.

e assume you're a high school or college student and have acces to a secondary schook-
For

level o higher)tetbook i chenistey o some other sl prites uch ax henis
. EdD, and puhhshed by Wiley). We present enough
this workbook for you to tackle the problems, but youll benelit from a broader

description of asic chemical concepts. That way, youlmere clearly unceratand how the
various pieces of chemistry operate within a larger whole — you'll see the compound for the
lements, 0 10 speak.

We assume you don't like to waste time. Neither do we. Chemists in general aren't too fond of
time-wasting, 50 i 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 neces
il 50 g ve A Bab I ABGIERC) 0k A e B eater 9 eiea sl M
from one part 10 the next. But it may be useful t0 do so, especially il you're starting from a
place of Total Chemical Bewilderment (T.CB),

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

Chemists are part of a larger scientif , 50 they handle numb b care and
according to certain rules. The reasons for this meticulousness become clear as you con-

ler 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 ancther variety of element, and explains how atoms
interact within different states of matter

Part II: Making and Remaking Compound:
Reactions are th ic deeds of ch By reacting, atoms assemble i ds,
‘and compounds transform into other compounds, This part gives you the basic tools to
describe the drama. We explain the basics of boning and the system fof auming compouds.
We introduce you o the mole, p
you'll use for the remainder of your chemical career — howmser long or briet




Part 111: Examining Changes
in Terms of Energy

Chemistry is change. Change either happens or it doesnt, When it happens, change can
occur rapidly or slowly. Busy and Industrious as they are, chemists want to know whether
Wi cheristry i appen and Lo b g, This pat datelbn the ivds of chasges s
can occnr Inchemical systems i the Kinds ofsyteins— e, say, sclutioes— o
Gl happen?y an e
(how long will it take to m,;pe.m m rsteetwo o flerencar nonery hetwimn iles
we explore some important ways.
Chamiats daserib the ehanges i EAbeEy that delve chemlest sRcHIons.

Part 1U: Swapping Charges

Charge s ig dealn chemiptry: Charged portcls ars masyues players cn the chemcal
Plying e, st part xamines thele paybookn grmter etall feid boge eactions

inchude

and hydronide lons (1 and OH you' i seé). Oxsimionseducton (er rednx') reactions
are another citcal class o reactions that nclude Iramlersnlelmlmm the tiny, negatively

charged particles that get most of the

istry, the special branch of chemistry s mclmes s b particles within the

nucleus, the positively charged heart of an atoin.

Part U: Going Organic

Because most practcing chemists re alive it should come as 10 surprise that many of them
are nterested in life ¥ performed by living thi

vorilgeh

sa cem.ral fesguse al lwmzorg'amsms it's not
e organic e
and surveyi

ted to them. The energy and materials
hemists. This part provid: i

ry basics, highlighting simple structures and structural motifs,
some important classes of organic molecules in biology.

Part Ul: The Part of Tens

It's ensy toget lost within a science that covers everything from subatomic particles to cellu-
lar phone batteries to atomle spectra from distant stars. When you grow dizzy with TCB.,
plant youeleet an sold ground n the Pt of Teb, This part I easauringhy scogt
practical,filled with you need and help ricky details. Time
spent in the Part priorad
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lcons Used in This Book

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

by thislcon iepeson
hoi it of normation, You' nead 10 know this st selve bl

the pithiest, must

b ‘Sometimes there's an easy way and a hard way. This lcon alerts you to passages intended to
highlight an easier way. IV 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 flagto
direct your attentionta easily made errors or other tricky items. Pay attention to this mate-
rial 10 save yourself from needless frustration.

4 chapter, this I “Here ends theory” and “Let the prac-
tice begin,” Alongside the icon s 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 on your situation, and your overall
State of TCB.:

< lyouthecursecny s i cheistry couess, you may eant o scan e Table o
Contents what material you' in class. Do you recall any
concepts that confused you? Try aflew practice problems from these sections to assess
your readiness for more advanced material

+ lf you're brushing up on fargotten chemistry, it may be helpful to scan the chapters
for example problem u read through them, you'll probably have one of two
responses: 1) "Aaah, yes .. | remember that " 2) “Ocoh, no ... 150 do nof remember
that ” Let your responses guide you

I you're just beginning a chemistry course, you can follow along in this workbook,
using the practice problems to supplement your hoimework 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 s0 you understand why your
‘answer was wrong, Then attempt the nest problem.



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 dit-
ficult problems is found in there

Finally, rest assured that chemistry isn't alchemy. Mysterious s it inay sometimes seem,

em,
chemistry is a practical. understanable pursuit, Chemistry is neither above you nor beyond
you. It awaits your mastery.

“Science is, 1 believe. nothing but trained and organized common sense.”

—Thomas H. Huxley, 19th century
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Part |

Getting Cozyﬁth Numbers,
Atoms, and Elements

he 5th Wave By Rich Tennant
R TENNAT

O o

T used to have my own circus ack.”



In this part . . .

beniiey explli things, The explstations Incide
ideas like atoms and energ road of expla-
nation stretches from the structure of a water molecule o
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-
bera vithin herestey and beglthe exploratiomofthe
ic question of chemistry: How can a limited palette of
bomei 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 sigaificant figures

‘ 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 mea:
and better measurements e those that have more accuracy and precision. Tl

giggly ar hightech
ke e s s o o chealstyrepon thelr precous messumements? Whats
the difference et d precision in How do chemists

50t 1t Sopnte? Thdo Qucat a8 Ry At Yenp YOR 0lS ot i, it Ko
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

itself with ridi like atoms and molecules,
hemists often find themselyes dealing with sasll or
numbers. Numbers describing the distance between two atoms joined by a bond, for exam-
ple, un i the tervbillionths of a meter. Nunbers describing how many water molecule:
f water run into the trill

To make working with such extreme numbers easier, chemists turn to scientific nofation,
which is a special kind of exponential notation, Exponential nolation simply means writing
anumber ina 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 scien
haye rules for coefficients in scientific notation. In scientific notation, a coefficient is always
atleast | and always less than 10 (such as 7, 3.48, or 6.0001).

To samert iy aigs o very sl nmbes o slenic noytin, poskion sdeciial polot
between the fi et igha. ol i ary {5z 9ot ALuRclabe Hecicat s the
right or left, and hats the power of 10, Il 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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¥,

4

Aa

the first digit other than 0

To convert a number written
contilont by the accompanylog pover of

Convert 47,000 to scientific notation. 0.

,000 = 4.7 x 10, First, imagine the A
number as a decimal:

47,000.00

Next, move the decimal between the first

two digits:
47000

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

In scientilic notation, the coefficients should be greater than 1 and less than 10, s0 look for

scientific notation back into decimal form, just multiply the

Convert 0,007345 to scientific notation

0.007345 = 7.345 x 10 First, move the
decimal between the first two nonzero
ts:

7345

‘Then count how many positions to the

right you moved the decimal (three
this case), and write that as a power of
10:0.007345

Convert 200,000 into

ientific notation.

Convert 80,736 into scientific notation.

3

Convert 0.00002 into scientific notation 4.

Convert 6,903 x 10° from scientific notation
into decimal lorm.
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Multiplying and Dividing in Scientific Notation

Asajorbensl of presesting mubers i sclaptficnofsion s hat I ssplfes commen s
metic operations. (Another benefit Is that, among the pocket-protector set, numbers with
Sponenisfost ok e coclei) T snpMy g e of sl kit e most vk

lbe In the next

notation.)

Sonbensm 1 but not

“To multiply two numbers written in scientific notation, multiply the coefficients, and then
add the exponents. To divide two numbers, simply divide the coeffcients, and then subtract
bottom number) of

the n
(the 10p number)

0. Divide, using the “shortcuts” of scientific

Multiply, using the “shortcut
notation: (3.6:x 10°)/ (L8 x 10,

tific notation: (14 1(7) x 2.

2.8 10° First, multiply the coefficients: | A, 2.0 x 107, First, divide the coefficients

14%20-28 36/18=20

Next, add the exponents of the powers Next, subtract the exponent of the

o010, denominator from the exponent of the
numerator:

10 % 10% = 102 10°

102710 1074 = 107
Finally, join your new coefficient to your

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

new power

2810
20%107

5.

Multiply (22 109 (5.0 10°), 6. Divide©

X109/ (31109,

11
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7. Usingsclentific notation, multiply 8. Using scientific notation, divide
52 0.00809/ 203

Using Exponential Notation to Add and Subtract

Addition o subtraction gets easier when your numbers are expressed as coeflicients of iden-
tical powers of 10, To wrestle your numbers into this form, you might need tq use coeffl-

jents less than | or greater than 10. 50, scientific notation is a bit 100 strict for addition and
subtraction, but exponential notation still serves us well,

Tosddtuo mumbersensiy by i ot exponcatial notslon,festexpressesch rumbes st
coefficient and a power of 10, re that 101s raised to the same exponent in each
manmber Then adhthe coclicionts o subiract mumber in exponential neraton; ollow
same steps, but subtract the coeflicients.

Use exponential notation to add these Nest, e the coadiicionts;
%10

numbers: 3710 + 24

b 371424-395

A, 395 10% First, convert both numbers
i0 the s povesof 10:

Finally, join your new coeff
shared power of

370 10° and 24 10° 5
370 10* and 24 16F —



Chapter 1: Noting Numbers Scientifically

Use exponential notation to do this sub-
traction: 00743 - 0.0022.

7.21 % 10° First, convert both numbers
16 the same power of 10

7.43% 10% and 0.2210°

Net, subtract the caefficients:

1 your new coeflicient to the
o power of 10:

721%10%

9. Add398x 10%+ 1475 10

10. subtract 7685 % 10°~ 1283 x 10"

11. Using exponential notation, add 0.00206 +
00381

12. Using exponential notation, subtract
9,352~ 431

13
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Distinguishing between Accuracy and Precision
J)‘Kﬂ'

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

ket protectors —accuracy and precision

|+ Accuracy describies how closely a measurement approaches an actual, true value.
s Frcision, which we discuss more In the next section, describes how close repeated
i how close those
the actual value, The bigger e dilence botweenihe argostand smallst vihues ol a
| repentad measurement, e less procision you have

“The two most common measurements related to accuracy are errar and percent error

» Error measures accuracy, the difference between a measured value and the actual
value:

Actual value - Measured value « Exror
1 Percent error compares error o the size of the thing being measured:
IError / Actual value - Fraction error
Fraction errorx 100 = Percent error

Belngoff by | meter st such a big deal when measuring the atitude ofa mountain.but its
ashameful amount of error whe g the height of an individual

A police officer uses a radar gun to clock 0. Calculate the percent error in the offi-

& passing Ferrari at 131 miles per hour cer's measurement of the Ferrari’s speed
(onphy e Ferrar was relly speaing
at 127 mph. Calculate the error in th A, 3.15%. Fiest, divide the absolute value
officer’s measurement (the size, as a positive number) of the

exror by the actual value:

A. -4 mph. First, determine which value is
the actual value and which is the meas- I~4 mph /127 mph = 4 mph /127 mph =
ured value: 00315
Actual value « 127 mph; measured value Next, multiply the result by 100 to obtain
<131 mph the percent error:

0315100 - 8.15%

Then mlcnlﬂle the error by subtracting Percent error = 0.
red value from the actual

Error = 127 mph - 131 mph =4 mph
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13. Two people, Reginald and Dagmar, measure 14, Two jewelers were asked to measure the
theirweight in the morning by using typi- mass of a gold nugget. The true mass of the
calbatheoom scales, et irsd D858 P ), Exch el

hat “The average of
Reginald weighs 237 pmmrh lhcugh % e et e
actually weighs 256 pour na the “official” measurement with the follow-
Scalaraporis hot weight o5 117 s, ing results:
eater Jeweler A: 0,863, 0.869g, 0.859g
arrost Whose ncurred  greaer paccest
error? Jeweler B: 0,875, 0.834g, 0858

A efetée e fian st winh

what was the eror and percent error in the
official measurement?

Expressing Precision with Significant Figures

After you know how t0 express your numbers in scientific notation and how to distinguish
cover both ). you can bask in the

glory of anew skl using sclentifc notlion 10 express precision. The heauty ofthis systean

is that simply by looking at & measurement, you know just how precise that measurement is

252 Whenyou report messurernent, you should ony include digts ifyou'e eally conldent
about their valu it mea
that you really know what you're I.nllungnlmul —s0we 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 measurament is the only figure that inciudes any
uncertainty. Here are the rules for deciding what is and what figure:

v Any igi 50,6, three sigaificant figures.
1~ Zeros sandwiched between nonzero diglts are significant. So, 3.07s
significant figures.
1~ Zeros on the left side of the first nonzero digit are not significant. So, 006425 and
0.00307s each contain three significant figures.
e Wi nmmber e graes Ll dihs o Vieright of the dectmal
Thren signficant fgures, whig ) e s
s uncertain n the fit measuroment, but s cartain n

00d to be si
four signicant lgares. Tha 5"
the second measurement.

15
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9.

S

A

Wi sl s deckmal i, any st st s gl oy
£ S0, Ina messurement reported as.1310s. you cant e certaln
i[the -0 15 acortain vaus, o f I's merelya placeholde

Be agood chemist. Report your measurements in scientific notation 1o avoid such
annoying ambiguities (see the earlier section, "Using Exponential and Scientific
Notatlonio Regort Msasicements”.

+ Numbers f | oo 21 3 00s..)
or from defined quantities (hat s 1o say, 60 secor 1te) are understood
1o have an unlimited number of significant nyum- in other words, these values are
completely certain

+ If anumber is already writien in scientific notation, then all the digits in the coeffl-
cient are significant, and none others.

So,the number of glant gueés you g '8 répariad iempureniant should be contis
tent 1 you know your utinely
off by 5 miles per hour, then yau it i i protesting to a policeman that you were
only going 63.2 miles per hour.

are nonzero, except for 0 that
hed between

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

Hotw many sigrificant fgures sre nthe
following

20,175 yards, 175 10° yards, 1.750 x 10
ds.

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

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 % 10~ meters (1 5F), 0.0007693 meters
(28F), 769.3 meters (3 SF)

6.

In chemistry, the potential error assccl-

ted with a measurement is often
repaneu slongside the messsinanl,
0.2 grams. This report indi-
St aata 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?

893741 gram, 342 40,01 gram
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Doing Arithmetic with Significant Figures

The point of spending a pile of money
se measurements. After
you've gol yoursell some measurements, you rall up your sleeves, hike up your pants, and
o math with the measurements,

Wher g that ;s need 15 ol o res ke sure Vit your susk A

ences, products, and quotients honestly reflect the amount of precision present in the orig-

ol me e Yoitcs e st (g void e eplical par of sy hamiss) by

taking things ane o & ime. following a ew simple rules, One rule applies 0 aci-
o < diision,

4+ When adding or subtracting, round the sum or difference 1o the same number of
laces 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
4~ 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 mumber of significant figures in each original measurement.

¢ Caught u i

p bty nclude addiion, :uhtmclbn. mulnpllcanml and division. all at ance, No prab
lem. Follow th 4 division first, Tollowed
by addition and bt i oo ‘st lolow the il rols previsudly desceibed, and

then move on 10 the next step.

Express the following sum with the 0.
proper number of significant figures:

45.7 miles + 63438 miles + (.97 miles =

671.1 miles. Adding the three values A
yields a raw sum of 7105 miles,

However, the 35,7 miles measurement

extends only o the tenths place; the

answer must therefore be rounded to the
tenths place, from 671,05 10 671.1 miles.

Express the lollowing product with the
proper number of significant figures:

27 feet x 13.45 feet « ?

3.6 10° feef’, Of the two measurements,
one has two signilicant figures (27 feet)
and the other has four significant figures
345 leet), The answer is therefore lin-
ited 10 1w significant figures. The rav:
5 feet, must be rounded.
You could write 360 feet’, but doing
50 implies that the final 0 is significant
and not Just a placeholder. For clarity,
express the product in scientific nota-
tion, a5 3.6 < 10° feet’

17
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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 signif-
cant figures:

127379 seconds - 13,14 seconds + 1.2 107
second: 3456 feet x (12 inches / 1 foot) =7

. Exiprest the answer ta-thi milils i
lation using the appropriate number of sig-
nificant figures:

19. Report the g th
number of significant figures:

3.7% 10" minutes - 0.009 minutes - ?
B7.95 feet x 0277 fest + 502 feet - 1.348
feet /100 feet 7
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Answers to Questions on Noting Numbers
Scientifically
The following are the answers to the practice problems presented in this chapter.

Wl 2 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"

[l 8.0736 < 10" Move the decimal point immediately after the § o create a coefficient between

1and 10, This involves moving the decimal point four places to the left, so multiply the coefi-

cient of 80736 with the power 10°,

2% 10, Move the decimal point immediately after the 2 to create a coefficient between 1 and

10, This means moviog the decimal polatfve spacestothe right, 4o mulply the coefilent ol

2 with the power

690.3. This qnesllun requires you to understand the meaning of sclentific notation in order to

Teverse the puisher back ot regula” deciml o, Because 1 sunl 100, iy the

coeffcient 6903 with 100. This moves the decimal poiit two s tothe

L1 10°, The raw 115107, which when

expressed in scientific notation.

2.0% 107, The ease of math with scientilic 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 quatients produces the given answer, already In scientific notation.

L2 Furt.convert each nusher Lo scieatiBc notelons 2101 ad 3510 Nest multifly

- 18.2. Then add. the powers of 1

Finally, Jon the nw coelicient with the new power: 182 ¢ 10° Expressad in sdenllllc numm,

this answer is 182

[T convert each number to scientific notation: 8,09 x 107 and 2,03 x 10'. Then

divide the coelficients: 8.09 /203 = ext, subizactthe exponest on the denominator frors

the exponent of the numerator to get the new power of 10: 10~ = 10 Join the new coefficient
with the new power: 399 x 10 Finally, express gmnmda that the answer is already conve-
nlenlly expressed in scientiic notation.

515 % 10°, Because the numbers are each already expressed with identical powers of 10, you

cnuslmply add the coallicunts: 398 » 147 - 545, Than join the new coelllient with the original

power of 10.

6.402x 10°. Because the numbers are each expressed with the same power of 10, you can

simply subtract the coefficients: 7.685 ~ 1.283 « 6402, Then join the new coefficient with the

original power of 10,

EEI 40.16% 10° (or an equivalent expression), First, convert the numbers so they each use the
same power of 10: 2,06  10” and 38.1 <10 Here, we used 107, but you can use a different
ower, a0 long 52 the game power i ysed foresch ouber Next 2 the coulcients: 205
31 Finally, join the new coefficient with the shared power of 10.

A 8921 1n= (or an equivalent expression). First, convert the numbers 50 eich uses the same
power of 10: 9.52 10 and 4.31 x 10°. Here, we picked 107, but any power is fine 50 longas the
1o numbers have the same power. Then subiract the coefficients: 93.52 - 431 - 89.21. Finally,
1010 the now emeificiant hi 4o shared poveer ot 10

EE Reginald’s measurement incurred the greater magnitue of exvor, while Dagmar' micpsuse.
ment incurred the greater percent
Reginald's scale reported with an error s 56 pounds - 237 pounds « 19 pounds, Dagmar'
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
apercent error of 19 s /25 pouadex 100 - 4%, whlle Dagnar’s measuremment had  pe-
o oo o1 12 pountls | 120 pountls 100 =
Jeweler A's "official® average measurement was 0 Wg, while Jeweler B's official mezsurement
was 0.856g: thus, Jeweler B's official measurement is more accurate because it

the actual value of 0.856;

However, Jeweler is the A
measurements were much smaller than between B Despite the
fact that Jeweler 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 (.01

shows how low precision ylld "

through of repeated the. e A the exror n e st
measurement was 0.864g - 0.856g = 0.008g. e can'espundmg percent error was 0008 / 0 856g
%100 = 0.9% In the case of Jeweler B, the ercor in the official measurement was 0856 — 0.856¢
000z, Accammqu. the percent error was 0%.

g

mber of signifi cientific notation, the measure-

ot should read aafolows 8 x 10° mel:n.77x s mum, 7.69 % 10° meters.

“893.7 + 1 gram” Is an reported because value, 893.7,
a ths of T ropirted iror

is known t0 be greater, at +1 gram. The measurement should be reported as “894 £1 g
23422001 gram” a ingroperly reported becatse the reported valug, 342, ghves e impres-
sion that the measurement becomes uncertain at the level of grams. The reported error
makes clear that into the Iyt the level ol h h

gram. The measurement should be reported as “342.00 £0.01 gram.”

11436 x 10° seconds. The! mu Beresnyenanhedng o coniestall nesnuenenicis Desans
poyeer of 10 before compas i places ot sigificat fgurss, Do s0 revals that 1.2
o seconds goss 1o hamy msetihg o s sesondy 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 11436 x 10° seconds in scientific notation.

4147 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 n the 345.6 feet measurement. When you multiply 35,6 feet by 12 inches per foot,
theleetcancel loming unit o inches; The o caleulpion iekla 4147.2 sches, which rounds
properly to four sigaificant figures as 4,147 inches, or .147 x o tion

-9 10 minutes, Here, it helps here 10 convert all measurements 16 the same power of 10 50

you can more easily compare decimal places in order 1o assign the proper number of sigifi-

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
ks, whichoads propely o the thousandihe lace Qaking igaflcant gces

into account) as-0.009 minutes, or -9 x 10° atilic not

293 10" feet. Following standard order of eperalmns, IMs pmhlem can he executed In two main

o A division, and ddition and subtract

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 yiekds 20,3 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 ta the tenths place.




Chapter 2
Using and Converting Units

In This Chapter
Embracing the International §
Relating base units and derived units
Converting between units

stem of units

the speed limit in kilometers per hor se measurements may seema bit odd to
those folks who are used to feet, pounds, and miles per hour, but the truth is that scientists
smoeeat ot pounds, s e Because sclntiste roud the globe constantly communi-
cate numbe: . they prefer a highly he
Inemational yatom of ik, abbrivated S o the French veem Sy ismaionial. s
the unit system of cholce in the seientific community.

You find in this chapter that the Sl system s a very logical and well organized set of units,
spite what many of their hairstyles may imply, scientists love logic and order, 50 that's
Wby Sl thels e of chiés

As you work with Sl 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  sense for whether your answer is
reasonable.

Familiarizing Yourself with Base Units
and Metric System Prefives

The first step in mastering the S1 system Is to figure out the base units., Much like the atom,
the Sl 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 I base uriits. The five SU
base units that you need to do chemistry problems (as well as their famillar, no-S1 counter-
parts) are given in Table 21
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Table 2-1 SI Base Units

Measurement S1Unit Symbol ___ Non-S1 Unit
Amountefasubstance  Mole mol Nonon-S urit

Length Meter m Feet, inch, yard, mile

Mass Kiogran Ko Pound

Temperature Kelvin K Degre Celsius or Fahrenhelt
Time Second s Minute, hour

Crismsts routicly inensirs quantbies i un th gt very il Qi s o
om, for example) 10 extremely large (such as the number of particles in one mole), Nobody
ot éven ehemists) s deallng wih selentilc nctation Ghich we cover n Chapter )
they don't have to, For these reasons, chemists often use metric system prefixes in lieu of
clticfiojaton. Rorexampl; s of e nilais ol ar st
ichis & nicer way of saying 1 x 10° meters across. The most useful of these pre-
fies e gven i Tabl

Table 2-2 The Metric System Prefixes
Prefix Symbol Meaning Example
Kilo k 0 1 km=10m
Deco [ 0 10m=10'm
Mein Unit varles ! n
Decl d 10! Tdm=10'm
Centi 3 10° 1om=10'm
] m 10! 1 mm=10'm
Micro u 10t 1yum=10'm
Nano n 10° 1m=10"m
Feelfree toreferto Table 22 as you do your prablemns. ou may wait t0 earmark this page

because, aite this chapter, we simply assume that y \w many meters are in one kilometer,
it St i R

You measure alength to be 0.006m. How A, 5 mm. 0,006 is 5 10°m, or 5 mm.
might this be better expressed usinga
metric system prelix?
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1. How many nanometers are in 1 centimeter? 2. liyour lab partner has measured the mass

of your sample to be 2,500g how might
you recard this more nicely (wihout scen-
Hific notation) i your lab notebook using
metric system prefix?

Building Deri(/ed Units from Base Units

Chemis masmurkng ety mass. ture, and time alone, On the
contrary, chemistry often deals in quantities. These kinds of quantities are expressed with
ercet i which ar bl from combination ofbase unl.

1 Area (for example, catalytic surface): Arei = 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 < length, or a length cubed (for example,
meter’).

+ Density (of an unidentified substance): Density, arguably the most important derived
unit 10.a chemist, is built by using the basic lormula, Density = Mass / Volume.

n the Sl system, m;

s s measured in kilograms. The standard S| units for mass and
length were chosen by the Scientific Powers That Be because many objects that you
encounter in everyday life welgh between 1 and 100 kg and have dimensions on the
order of 1 meler Chemise, liousver, are most olen concersied with very eitall s
and dimensions; in such cases, grams and centimeters are much more convenient
Theselore s st iy of Gersty. I heIHtes 8 yarss peF bk et
(g/en), rather than kilograms per cubic meter.

H

2

‘The cubic centimeter is exactly equal 1o 1 millliter, so densities are also often
expressed in grams per milllter (g/mL),

v Frogente (s exumiple 4 5t gasonm soaeiol g Precus ol s Jrived g i oy
mula, Pressure = Force / Area. The Sl units for force and area are Newtons (N) and square
méters (o), 50 the S it O prossie, th Paseal (P, Cam he xpressect s N

23
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&

20

w

ppalled with the excessively
large units, decides to change the units,
of the measurement 10 the more familiar
gem’. What is the new expression of the
density?

0.002 g/em’. A unamm contains 1,000
arams, 50 20 kilo quals 20,000
rams, 00 e therefore
(100 cm)’ - (. n otharwads, thee
are 100" (or 10°)cuble centimeters in
cubie meter. Doing the division gives
you 0.002 glenr’

‘The Pascal, a unit of pressure, is equivalent to | 4.
1 Newton per square meter. If the Newton, a

unitof force, Is equal to 1 kilogram meter per
second squared, what's the Pascal, expressed
entirely in basi

A student measures the length, width,
and height of a sample 10 be 10 mm,
15 mm, and 5 mm respectively. If the
sample has a mass of 0.9 D, what is
units? the sample’s density in g/ml.?

Converting between Units: The Conversion Factor

Sowlathappels uhenchesat Refiald . Geelalo uerdects b St ynls and ricnsures
of his sample to be 101 degrees Fahrenheit, or the volume of his bezker to

the bol
heZm ¥ Although Dr. Geekmajor should surely have known better, he can still save himself
the eatinriassincat ot rapertg st bty e RN AAISE A6 his COTBS HECAA

use conversion fuclors.

A conversion factor simply uses your knowledge of the relationships between units to con-
vert from one unit to another. For example, il you know that there are 2 54 centimeters in
every inch (or 22 pounds in every Kilogram, or 1013 kilopascals in every atmosphers). then
converting between those units becomes simple algebra. Peruse Table 233 for some useful
conversian faciars,And remerahar: 1 you ko the reationsbip between any two s, you
can bulld your own conversion factor to move between those units

Table 2-3 Conversion Factors
Uit Equivalent to Conversion Factars.
Longths

Bty m
Meter 33%eet m 330
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Unit Equivalent to Conversion Factors
Lengths.
120 g 11
Foat 12inches i3 2in
ln_,, 258cm
Inch 254em 258 cm Tin
Volumes

Gallon 16cups

W, e
cp 27l T T

- tom otk

Miller ter Tl * Tem
Mass

20, Tk
Kiogram 22 pounds Tig °' 2B
Time

30see o, _thr
Hour 3600 seconds The  S0sec
Pressure

1013kPa , _tam
Amosphere 10134Pa Tam ' T0L3kPa

I0mmHg ;, Vaim
Amosphere T80mm Hg* Tatn ' Te0mmHg

ofprescura. Uniike S1
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As with many things in life, chemistry isn't always as easy as it seems. Chemistry teachers
are sneaky; They often give you quantities in non-S1 nits and expect you to use one or more
conversion factorsto change them to S| units — al 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 *Hix” non-51 units

Dr. Geekmajor absent-mindedly measures
the mass of a sample 10 be 0,75 pounds
and records his measurement in his lab
notebook His astute lab assistant wants
tosave the doctor some embarrassment,
and knows that there are 2.2 pounds in

units. What does she get?
0.35 kg.

075hy

35 kg

Notice um something very mnwenlenl
Just happened. Becase ol the
calculation was set up, you i
o 6n both the o and BaHOm of
the fraction. In algebra, whenever you
find the same quantity na numerator
and ina denominator, you can cancel
them out. Canceling out the pounds is a
loyely it cfalgshra becawse you didn'
around anyway. The whole
oot h the cmversion factor Bto g0
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 hottom. The one to choose was the.
one with pounds on the bottom, 50 the
undesirble pounds unkts cancel.Had

chose omermmmm factor
S wokloe e v

“This calculation doesn't simplify your life
atall, 5o it’s clearly the wrong choice.
you end up with more complicated units.
alter employing a conversion factor, then
try the calculation again, this time fiip-
ping the conversion factor:

Ifyou're a chemistry student, you're
probably pretty familiar with the basic
rules of algebra (nod your head in

know that you can't simply mutiply ane
number by another and pretend

nathing 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 10 believe.
atherwise, chemists can't perform magic.
Recall another algebra rule: You can mul-
tiply any quantity by | and you'll always
et back the original quantity. Now, ook
closely at the conversion factors in the
‘example: 22 pounds and 1 kilogram are
exactly the same thing! Multiplying by
221bs / kg or 1 kg /22 1bs is really no
different than multiplying by |
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Achemistry student, daydreaming
during lab, suddenly looks down to find
that he's measured the volume of his
sample ta be 1.5 cubic inches What does
he get when he converts this quantity to
cublc centimeters?

inches and centimeters, but not between

centimeters
in every inch, then there are 254 cubic

centimeters in every cubic inch, No!

assumption seems logical

tastrophically

‘wrong answers. Remember that cubic
units are units of volume, and that the
formula for volume is length < width x
height. Imagine 1 cubic inch as a cube
with Tinch sides. The cube’s volume is
Tinx Linx 1 in = 1in

Now consider the dimensions of the cube
in centimeters: 2,54 cm x 2,54 cm x 254
e, Calculate the volume usin
measurements and you get 251 cm x 254
om %254 cm = 16,39 em’. This volume is
much greater than 2,54 em*t Square o
cube everything in your conversion
factor, not just the units, and everything
works out just s

5. Asprinter running the 100-meter dash runs.
w many fest?

At the top of Mount Everest, the air pres-
sure is approximately 033 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.

Aleague” s an obsoléte unit of distance
used b el ornasialgle) v
league is equivalent to 5.6 kilo
chamclers In s Veme's over S0
ader the Sea actually travel to a
deplh 120,000 leagues, how many
ters under water are they? f the radius of
the earth is 6,375 km, is this a reasonable
depth? Why or why not?

f th

me-

8.

‘The slab of butter slathered by Paul
Bunyan onto his morning pancakes is 2
feat wide, 2 eetlong, an  foo hick How
bic meters of butter does Paul
Shnsme cach moraing

Letting the Units Guide You

It earlie ections b thia chaptr, the eblems have used st o
atime, You may have noticed that Table 2

conversion factor at
‘tlist all possible conversions (between

meters and inches, for example), Rather Ui ot i memorizing or looking up conver-

Sion tctars between sveey 1y

funit, you can memorize just a handful and use them one

ter 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,
50 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 ina
minute, 60 minutes i 24 hours in a day, and ar. S0, use what you
know to get what you want!

365 days 24 br 60 mi
Tday

dyr
T Ty

Thr

fou can use as many conversion factors s you need as long as you keep track of your urits
in each step. The easiest way to do this is to cancel as you go, and use the remaining urit 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 10 have days on the bottom
and hours on the top. Canceling days then leaves you with hours, 50 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.

Asilly of asample of 1o 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 Sl units. What should her units be, and
what's the density of her sample (in those units)?

A, The units should be ¢/mL or g/cr’, and the density is 1.4 x 10° g/mL.

‘The proper Sl units for density are g/m. (g/cm’), so-she should use the following method:

USts( Lin_['cdent o)
T \Z5hem) Tl “ZZlbs

10008 _ 0014 u
g =001 g

Notice that the conversion factors have been dleverly chasen 5o that all the non-Sl units
cancel, leaving only St units behind.

This answer is a little awkward and ought t0 be converted o scientific notation (see Chapter
1), such as 1.4 x 10°.Or, you can be extra sneaky and use a metric conversion factor, which
allows you to do away with the scientific notation.

00l4g 100cg
o =14 cg/nl

9. How many meters are in 15 feet? 10. 1 Steve weighs 175 pounds, what's his
weight in grams?

&
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T1. How many liters are in 1 gallon of water? T2. i the dimensions of a cube of sample are
3inches x 6 inches x 1 foot, what's the
volume of that cube In cubic centimeters?
Give your answer in scientific notation or
usea metric system prefix.

13. it there are 5,65 kilograms perevery half liter of a particular substan
that substance: liquid mercury (density |

ce, which of the following s
gem), lead (113 grem), o tin (7.3 gem’)
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Answers to Questions on Using
and Converting Units

answers to the pr presented in this chapter.

EE 1 10°nm. Both 10° centi 110 11 meter.
another (16%em = 1° iy and olve for cemteters by dividing. Tis conversion il yon that
Tem= 10710°nm, or 1% 10'nm,

[BEH 2.5 kg. Because there are 1,000 grams in | kilogram, simply divide 2,500 by 1,000 to get 25

Frst, you write out f Pascals and N lained in the problem:

tpac il N Lhgm

Now, substitute Newtons (expressed in fundamental units) Into the equation for the Pascal to
1 kgm

1 cancel out the meter, which s in hoth the top

pa ke
and the bottom, leaving "= 1

EH 12 @/mL Because a millilter is equivalent to 1 cubic centimeter, the first thing 10 do is 10 con-
vl the et st ey ) Centimolers: e 1.5 6o, g 05 i, Then iy e
converted lengths to get the volume: 1 cm x 15 cm x 0.5 em = 0.75 e, or 0,75 mL..
should be expressed in grams rather than Dg; there are 10 grams in 1 decogram, s0 03 it
Using the formula D « m / V, you calculate a density of  grams per 0.75 millliter, or 12 g/mL.

[l 330m. Set up the conversion factor as shown

K3 251 mm Hg.
033atm  TOmOHE_py
1 Tatm

31
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1125 10°km.
20,000 leagues
1

S6M0 g 195 10km
Teague

The radius of the Earth is only 6,378 km, 20,000 leagues is 17.5 times that radius! $o, the ship
would've hu(rcmﬁ(l |hrouyl the Earth and been halfway to the orbit of Mars if [I had truly sunk
to snth adepth. the title to impl; di traveled a
depth!
ER 0.1 m’. The volume of the butter in feet is 2 ft x 2 ft x 1 ft,or 4 ",
an 1m
1{a5)
N 1572m

184, 12 250en,

'

- 4572m

M 7.95x10%.
1751, kg 1000 g
I s * i = 195108

m 5.
dgal 16 d2mb, L
1 Teup  1000mL

57

HEl 3.54% 10" em’, First convert all of the inch and foot measurements to centimeters:

i, 250 7 @em by

8,28 10 12in 250em
T o2Aem by X T
The volume is therefore 7.62 cm » 15.24 cm x 30.48 cm, or 354  10°

Ml The substance is lead.
565k, 1L
U5L Tk

13 gfem’, which is exactly the density of lead.



Chapter3

Organizing Matter into
Atoms and Phases

In This Chapter
Peeking inside the atom: Protons, electrons, and neutrons
Decipheringatomic numbers and mass numbers
Understanding isotopes and caleulating atomic masses

» Ordering matter within different phases

i atui i by o sl pleces of st v Keep breking sl dow e

maflerand sl pleces, eventually yocl rech the smalef posaible it of
st Lot cal hat bit anator.” This b how the Greek philosopher Demacritus might have
Explaihed his bulding concept of ‘atomlsi 0.8 buddy over a lask o Cretan wine. Like
wine, the idea had legs.

For hundreds of years, scientists have operated under the Idea that all matter is made up of
smaller bullding blocks called atarms. So small, in fact, that until the Invention of the electron
microscope in 1931, the only way to find out anything about these tiny, mysterious particles
avery, very clever experiment. Chemists couldn't exactly corner a single atom
l it al hey had to study the
dividual ones might be like. Through remarkable
and a great deal about the atom. Alter

reading this chapter, so will you,

Youa on your toes by ples of matter
can change rom sturdy solids to loose liquidls 10 ghostly gases, depending on conditions. All
three of these phases of matter have very specific comfort zones where they're most likely to
exist, and by the end of this chapter, you'll be able to predict likely phases based on tempera-
ture and pressure

Building Atoms from Subatomic Particles

For now, picture an atom as a microscopic Lego. Atoms come in a variety of shapes and
sizes, and you can huild larger structures out of them. Like a Lego, an atom is extremely hard
tobreak. In fact, 50 much energy is stored inside atoms that breaking them in half results ina
nuclear explosion. Boom!
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i)

Anatom is made of smaller pieces, called sub but it's still the
smallest possible unit of an element, e ‘you break an atom of an element into sub-
atomic particles, the pieces lose the unique properties of that element

Virtually all substances e of 10 use about 120 unique
atomic Lego blocks to butld neat things like galaxies and people and whatnot. All atoms are
made of the same three subatomic particles; the profon, the electron, and the neution.
Different types of atoms (in other words, different elements) have different combinations of
these particles, which gives each element unique properties, For example:

+ Atoms of different elements have different masses. Atomic masses are measured in
multiples of the mass of a single proton, called atomic mass units (equivalent 101,66 x
10" kg), or amu: (We discuss atomic mass in mare detai in the later section
“Accounting for Isotopes Using Atomic Masses.

4 Two of the subatomic particles— the proton and the electron — have a charge, so
atoms with different numbers of these two particles have different atomic charges.
Atomic charges are measured in multiples of the charge of a single proton.

The must-know nformation about particles in Table 31

Table 3-1 The Subatomic Particles

Particle Mass Charge

Proton Tamu +

Electron Vw8 -1

Netron Tamy [}
Notice i Table -1 that protons and slectrons have equal ant opposit charges. and that
neutrons are ne I number of . 50 the
overal charge of an .1|c|m e mm 1510 5ay,zero). Many atoms actually prefer o gain
or 5 them to gin a : in other words, the number of

neg.mve charges is no Innaer balanced by the number of positive charges. Charged atoms
are called fons and are esplained in Chapter 5. Lintil then, assume that all of our atoms have
equal numbers of protons and electrons.

Sowlokat Tabe 1wkl aneye o mass. Protons and nestrons have the some ass
Electrons have nearly 2,000 times less mass. This means that most of an atom's mass comes
{rom protone and neutrans. Although dectrans contribute a o ol negetive chargs, they con
tribute very little mass.

s B35 Wl vl g o € SRR el Ko Al B el groper
ties, but what does
led

Theremi ol e i u.m b b
series of models, each a bit more refined than the one before, The models are milestones ina
scientific stary. Pop some corn, and read on
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].] Thomson: Cooking up the
‘plum pudding” madel

“The first subatomic particle was discovered by J.J. Thomson in the late 1800s. Thomson per-
formed nseries ol experiments tsing  device clled s cathode ray ibe, s contaption Ut
eventually evolved into the
(0ra cathode ray, in scientific speak) could be deflected in a magnetic ek Trasresi e
others got Thomson thinking that the whole “indivisible atom” model had ts limitations;
atoms were actually composed of other, subatomic particles. Thomson proposed a model of
the stom, called the “plum pucng? model. Yo probably nevex b the istoxtime to
taste plum pudding, a traditional English dessert consisting of dried plums mixed into a thick
Dudding, Thrumatnts el wag 2 Koporiams 10 Shemistry o the Geastrt s 1o tasting

Thomson, like all chemi
he pictured the atom

5 of his day, kniew that two negative charges repel one another, 50
collcton o svenly spaced, negulvely ciarged partices, Thormson

the much nicer name eleumn\ Thm\'MH also knew that the atom was electrically neutra

al
(meaning it has sero overall charge), so he ligured the atom must aso contain an amount of
s Bacaiza the o fnd ot ok
Deen discovesad. Thomaon joagoed nm positive clmge as a soup in which all of the nega-
just o plom pudding

Ernest Rutherford: Shooting at gold

‘The next leap forward was made by Ernest Rutherford in 1909. Rutherford set out to test
Thomson’s plum pudding model of the atom. To do 50, Rutherford made an extremely thin
sheet of gold foil and shot alpha particles (helium nuclel) at it. This ey s o e cenzy
bt thereuns aethod o Rutheslorls madhes, I he plry pukding mode!w

ont axpected thal when alpha parteles erashed I the gobl 1 oasely bound dec-
teons of the gold atoms would deflect |healpl|a Batiles byt desrecs st Wieo
Rulhertond ttempted i, howeve,befound that | in every 800 (of$0)alpha pariices
deflected by rel H the result bullet
Dousce ity piace el tasue paper » result parplesing ancugh 1 drop the e & cvon  jaded
chem

Attermuch pondeting Risherlord eventialy reslzd that most of s stom must be empty
space. and that most of the aton

centrated at the center. S0 7.9
thistny bundle o g, passingstaight through bt every.s0 oten s hicky shot smashed
into the nucleus and was dellected at a large angle

We now know that the pasitive charge of an atom is concentrated at its center In the form of
protons. The protons reside there along with all of the atom’s neutrons, There Is something
very strange and counterintuitive about this idea. Remember that like charges repel one

all the  an atom in one. tiny, central area is
Sl isare: A vy very trong force faua b holding ogether ll those posiive charges
This force; can take for granted;

iclear physiiats can' ke lorgranted, ot that's thelr neadache.

35
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Niels Bohr: Comparing the
atom to the solar system

Enter Niels Bohr in the early 1900s, Dr. Bohr was not an experimentalist like Thomson or

Rutherford. Bohr was a thearist, which basically means he sat around pondering thin
pondered his way to an “aha” moment, his job became to prove his deas mathematicall

Having
.

Rutherfords gold
operate very much like the solar system,

for a negative chargt

It oceurred to Bohr that the atom may

Mmestothe mas concentrated inthe cedes
(st the sun, wth amalebacles (U plonets) o bting thecente o spece

nding of electricity and magnetism at the time suggested that there was no way
10 orbit af a constant distance from a pos

harge. Classic theories.

suggested that an orbiting electron would eventually spiral Into a central nucleus,

Bohis byt L oo 5 IS K LB S B

i invented a wholk new set of rules for how electrons should behave in
1

ly enough. the

mode
“owellihat mbody could prove him wrong. A|l||aual| P physms

and so convenient that we gratelully leave quantum mechanics to math-happy

Physcita, Wel stk withthe picture prinid o s by Bohe

0. Rutherford’s gold atoms contained 197
nuclear particles, 79 of which were pro-
tons. How many neutrons and how many
electrans did each gold atom have?

A. 118 neutrons and 79 electrons. The
nucleus contains all of the protons and
neutrons in an atom, 5011 79 of the 197
particles n a gold nuc]
remaining 118 particles must be neuteons.

us are protons, the

All atoms are electrically neutral, so
there must be a total of 79 electrons (in
other words, 79 negative charges) to bal-
ance out the 79 positive charges of the
protons. This type of logic leads us toa
geer) ol hat o o e el
calate proton or neutron counts. This
{ormula s M~ 1 Ny where Mia the
atomic mass, P is the number of protons,
and Nis the number of neutrons,

Ifan atom has 71 protons, 71 electrons, and
104 neutrons, how many particles reside in
the nucleus and how many outside of the
nucleus?

I an atom's nucleus weighs 31 amu and
contains 15 protons, how many neutrons
and electrons does the atom have?
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3. What s the mass in kilograms of the uranium nucleus (the heaviest of all naturally occurring
atoms) if it contains 92 protons and 146 neutrons?

Deciphering Chemical Symbols:
Atomic and Mass Numbers

Two very important numbers tell us much of what we need 10 know about an atom: the
mic e et moss imber: Chemiatslend 10 mmriss these uribérs ke baseball
memorize ut clever chemistry students like you need not resort to
oAt o Nave e vt important periodic table of the elements at your disposal
We discuss the logical structure and organization of the periodic table in detail in Chapter 4,
50 for now we simply introduce the meaning of the alomic and mass numbers without going

into great detail about their consequences.

Atomic numbers are like name tags — they identify an element as carbon, nitrogen. beryl-
lium, a0l 50,00 by teling you the nuber 6 protons i the nucleus of that lement. By the
numbers of their protons are atoms known. Adding a proton or removing one from the
nucleus of an atom changes the elemental identity of an atom.

Atoms are very fond of their identities, so simply adding or subtracting protons s quite
dificult, Certain heavy elements can be split, and certain light elements can be smashed
together, in processes called nuclear fission and nuclear fusion, respectively. Splitting o join-
ing atomic nuclei releases a tremendous amount of energy and isn't something you should
try at home, evenif you do have a nuclear reactor in your basement

The only other way for an atom to change its atomic number (and therefore its identity) is to
decay through a radioactive process. For most nuclel, this decay process happens about as
often as a chemist enters a high-end hair salon. Not that there’s anything wrong with that

& nthe pesodic table, o 1 the toiic numbe ghatve the ont: o tioeter hbreviation
ment, The abbreviation is the element’s chemical symbol. Notice that the elements
althe periodic table are lined up in order of atomic number, as if they 've respoiided to some
sort of roll call. Atomic number increases by 1 each e yois move 1 the right in the pert
odic table; when a row ends, beg
left side of the next row down. You can check out the periodic table o yourself in Chapter 4,

37
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e second dessilingmumiierof ynato iy s musy uenber e mags ourir eporta the
mass of the atom’s nucleas in amu, Because protons and neutrons wei you
it earler In this chapter, the mass muiber 6quals the sur of the numbers of protons.
and neutrons,

Why, you may wonder, don't we care about the miass of the electrans? Is some sort of insidi-

ous subatomic particke-ism afo0t? No. An electron has only . the mass of a proton or new-

fron-So, 1o ke msms numbérs e and even,chenias Live deckdad 1o conveniently loget
that electrons have mass. Although thi s not, well,

i o o e of o e SrE s S Tt W assomptin Is usualy ermlons

To specily the atomic and mass numbers of an element. chemists typically write the symbol
of the element in the form 31X , where Z s the atomic number, A is the mass number, and X is
the chemical symbol for that element

Uiy s namapatome b e e eucer ol protgrs aibes ot lerons
and number of neutrons of each of the following four elements: Cl. §Cl , 20s .and 1K ?

The answers 10 questions like these, favorites of chemistry teachers, are best organized ina
lo0k up the symbols CI, Os, and K in the periodic table (see Figure 3-1) and find
the names of these elements. Enter what you find n the first column. To il in the second
andthin cahumns,cead he sloiic aiinbes and moss mumbes rom e lower kit and upper
leit of the chemical symhols given in the question. The atomic number equals the number of
e bz o Secteing s e st 83 i mmber o protips, because slemint
have zero overall charge So, fillin the fourth and ifth columns with the same numbers you
entered in column two. Lastly, subtract the atomic number from the mass number to get the
number of neutrons, and enter that value into column six. Voila! The entire private lives of
each of these atoms is now laid before you. Your answer should look like the following table.

Name. Atomic | Mass | Number of | Number of | Number of
Number | Number | Protons | Electrons _| Neutrons
Chiorine. 17 * n i 18
Chlorine 17 37 [ 1 1
Osmium 7 190 % 6 14
Potassium |19 £ 19 19 20

4. Write the proper chemical symbol for an atom of bismuth with a mass of 209 amu.,
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5. Fillin the following chart for |C1,
2 ;

or, %Ie and Mo
Name Atomic Number of | Number of | Number of
Number Protons _| Electrons | Neutrons

6. Write the *X  form of the two elements in the following table:

Name Atomic [Mass | Namber of |Namber of | Namber of
Namber | Number | Protons | Electrons _| Neutrons

Tungsten | 74 181 [n [ 10

Lead 82 w7 @ 82 1%

7. Usethe periodic table and your knowledge of atomic numbe

nd ma
missing pieces in the following table

mbers to fll in the

Name Atomic | Mass | Number of | Number of | Number of
Number | Number | Protons | Electrons | Neutrons
Silver 108
16 12
[ 2

39
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Accounting for Isotopes Using Atomic Masses

%

It's Saturday night. The air s charged with possibility. Living in the moment, you peruse your
persnal copy o the periodic table. Whats this? You notice the numbers that appear below
the atomic symbols 10 be related to the el — but they're not
nice whole n..ml;m What could it all mean?

In the previous section, we explain that the mass number of an atom equals the sum of the
‘numbers of protons and neutrons in the atom's nucleus. So, how can you have a fractional
number of protons or neutrons? There’s no such thing as half a proton, nor 0.25 neutron.
Your chemist’ f met has been offended, and

Aot tums . mostelements come i severs!dierentvarieties, caled stopes. soopes
are atoms

i e et senteons The messy looking numbers with all those
decimal places are atomic usses. An atomic a weighted average of the masses of al
the ng measured the

helement that kmmpnc forms. In average of the atomic
mass, the mass o ech iolope contibutes i proporion o how ften tha sctope octiws
nature.

Wi

Hutthers moce o he sty o satopes: Chemst e llted by thern. Foe Bol's sake,
why? A pe after all,a neutral particle, s0 you wouldn't think adding or subtracti
s i change much ahoatan stomIneed, much o the e, adlg s neutron dos:
les lly, adding but £
moeest il neutean o have e s pm\mng an atom over to the dark side, into
the realm of radioactivi atom has just the right (or, perhaps, wrong) number of neu-
trta, I Bochmes uantdble Whon  combo o alore ki, Instabity mamn rodctoRy,
Unstable nuclei break down (or decay) into more stable forms, The less stable the nucleus,
Ve et i o 1o detay, Wi Gostabl il decay iy i o e partiched
ray. The f radioactivity. The ity conjur:
e of threm headied Togs and Hsh with e st ot adionaiiy docan Ideﬁerve i bad
reputation. Many radioctive Sementsarstoraoss, i many have uselul propertie:

Consider the element carbon, for example, Carbon occurs naturally in three isotopes:

[+ Carbon-12 (¢ hisix protons and six neutrons) is boring, old, run-of-the-
mill carbon, accounting for 99 percent of all the carbon out there.

4 Carbon-13 ('C . or carbon with six protons and seven neutrons) is a slightly more rare
(though still dull) isotope, accounting for most of the remaliing 1 percent of carbon
atoms. Taking on an extra neutron makes carbon-13 slightly heavier than carbon-12,
but does little else to change its properties.

However. even this minor change has some useful consequences. Scientists compare
the ratio of carbon-12 to carbon-13 within meteorites to help determine their origin.

4 Carbon-14 ('{C , or carbon with six protons and dgineurcnn) ol e eieaing
little face in only one out of every trillion or so carbon atoms. So if you're thinking

||t s worhtng i i sscnples CF GasBan. 16 1 YU FMEAALEy by W PR

Carbon-14, the most exatic and interesting isotope of carbon,is important in a technique
called radioactive dating Carbon is the critical building block of organic molecules, including
those found in animal bodies. Because bodies contain trillions of trllions of trillions of carbon
atoms, the total amount of the rare carbon-14 Is detectable. What's more, carbon-14 s a
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radioisotope, meaning that as it decays, it emits radiation. Before you go checking the mirror
tosearch for traces of athird eye, rest assured that the levels of naturally occurring carbon
14 within your body won't harm you. But those levels are sufficient to be useful to scientists
who want tq determine the age of fossils. How?

Imagine Serena, a sultry Stone Age woman who met her untimely end 50,000 years ago,
caught tragically in the midst of a violent dispute between two of her suitors, While Serena
il i tarkai n s b vas Contimlly b, sl gied o bt
99 percent carbon-12, 1 percent carborr-13, and 0.0000000001 percent carbor-14. When
Sertna kicked the bucker, s did the biological processes that replenishec the carbon In her
body. With their supply of carbon-14 cut off, Serena’s bones slowly became depleted of
carbon-14, as that isotope decayed into nitrogen

Millennia later, h
to . Dr. Isotopian, ullhm\plﬂ ot Seremain
hand. With pride, and hiking up his pants 10 an unfashionable degree, Dr. Isotopian is able to
o Sere'ssipmltinale s adilsoiopes decy s Wy prednable rtens By e
Uringthe reatve ovels of carton Sotapes Iy the
lte the time passed since Serena perished. Different Rt isetnpes that decay at
diferent rates, so different isotopes ean be used to date samples of wildly different ages.

Precise measurements of the amounts of different isotopes can be important. You need to
Kngw he eract messurements f you'rsasbed to fgwre outan elments tomicmass. Tocal
culate an atomic mass, you need 1o know the masses of the isotopes and the percent of the
Clemens that acours o aeh oot (1 s caMed el Gturalande), T chiuBle an
average atomic mass, make a list of each isotope along with its mass and its percent relative
abundance. Multiply the mass of each isotope by its relative abundance. Add the products.
‘The resulting sum is the atomic mass.

C has chlorine, occur in several isotapes, so thelr average
atomic mass isn't close to a whole number. Other elements, such as carbon, occur in one
very common isotope and several very rare ones, resulting in an average atomic mass that is
very close to the whole-number mass of the most common isotope.

Chlorine occurs i two common Isotopes, It appears as TCl 75.8% of the time andas |/C1
24.2% of the time. What is its average atomic mass?

atomic mass by its ing the fractional

A, 35.48 amu. First,
form (75.8% - 0.758):

35 amu x 0,756 = 26,53 amu
7 amu x 0.242 = 8,95 amu

Then, add the two results together to get the average atomic mass, Compare the value to
the value on your periodic table. If you have done the calculation correctly, the two values
should match.

26.53 amu + 8,95 amu « 35.48 amu
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Hydrogen ccunu naturally in three differ- 9. Magnesium oceu m three fairly common
entisotopes, [H . |H (commonly called isotopes: Mg . TMg . and Mg , which
deuterium), ankl 1H (commonly called tri- have percent lnnklancu of 78.9%, 10.0%,
thum), Look up the average atomic mass of and 111% respectively, Calculate the aver-
hydrogen on your periodic table. What age atomic mass of magnesium.

does this mass teil you about the relative
abundances of these isotopes? Which iso-
tope is the most common?

Moving between the Phases of
Solids, Liquids, and Gases

& Elements are made up of atoms, and elements can exist in one of three common forms or

ﬁ phases: solid, liquid, or gas. At room temperature, which

s about 25 degrees Celsius (or T7
degrees Fahrenbeit), and at atmospheric pressure, the majority of the elements on the per-
odic table are either gases or solids. Only two elements, bromine and mercury, exist as lig-
uids undier normal conditions. Look over Figure 31 to get a general feel for where on the
periodic table these solids, liquids, and gases hang out. Notice in particular that hydrogen
appears 10 have been kicked out of the gas clique that claims the right-hand side of the pert-
odic table.

As temperature and pressure change, an element can be pushed over the boundary from one
phase to another. Typically, low temperatures and high pressures promote solid forms. and
high dlow gaseous forms, the middle

ground

Inchemistry, discussionsof temperature aften rfer t0 the Keluin sale, which you may not
have previous| tered. Boldly, the K

tion, zero. There this zero, because
i e tempeiatuss at Which ol partickis hceat, cesing ll ovbient Aboclule 5570 6 e
lowest possible temperature, representing the complete absence of hea. s as low as you
can possibly go. If you could reduce your temperature to absolute zero, you wouldn't age
On the other hand, you wouldn't be alive, Any takers?
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n contrast 1o the Kelvin scale, the Celsius scale sets its zero at the freezing point of water.

il el solids. At al

‘greater than about 6,000K, all
I and the

re gaseous, Table 32 gives a s

at which they are o, iquil, s s

Table 3-2 ASample of Elemental Phases

Element Solid Liguid Gas
Soldsat Roam Temperature (298K):

Sodium 0-anK a1, 156K 156K
Gold 013K 1.337-3,129€ 3120+
ron [T 1811-3134K 3130+
Liguids at Room Temperature (296K):

Mercury 02K 234-630K 830K
Bramine 0-26K 267-332K 3Ky
Gases at aom Temperature 296K

Hydrogen [ 1021k 2K
Oxygen [ 55-90K 0Ks
Nitrogen [ 687K ks

Throughout this book, you often see a letter in parenthe:
an element, such as C(s), Br(), or Ne(g). These designation
.ans the element s a solid, () means liquid, and (g) mens gas

me:

following the chemical symbol of
are fairly straightforward: (s)

We talk about transitions between phases al various temperatures and pressures in much

more detail in Chapter 10,

At what temperature in degrees Celsius
does bromine change phase from & liquid
toams’

Bromine becomes agas at 59°C. To
answer this question, refer to Table
The table tels us that bromine is a solid
at temperatures below 267K, a liquid at
temperatures between 267K and 332K,

and a gas at temperatures above 332K.
‘Therefore, bromine undergoes a phase
tranalion from solld 1o lguid 1 267K

another transition from liquid to g
21 392K, Because the iquicgns transin
I the one concerning our question,
simply convert 332K into a Celsius tem-
perature by sublracting 273
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T0. if the element cesium is a solid at tempera- T1. i the temperature of a sample of iron Is.
Ui ela S75°C 4 jud Hotwetn S76°C 2,000°C, in what phase is the sample?
and 1217 a gas above 1217°C. at
what lemper.!nue in Kelvin does each

phase change oceur?




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

Answers to Questions on Orqanizing Matter

you've organ facts on atoms and learly labeled compart-
ments in your bréin, see how accessible that i anig e ‘your answers t0 the
practice problems presented in this chapter.

M 175 inside, 71 outside. The nucleus of an atom consists of protons and neutrons, 56 this atom
(lutetium) has 175 particles in its nucleus, Electrons are the only subatomic particles that
aren’t included in the nucleus, so lutetium has 71 particles outside of Its nucleus.

JEN 16 neutrons, 15 electrons. A nuclear mass of 31 amu means that the nucleus has 31 particles.
Because 15 o ihemare prtons, hat Jeaves 16 s orthe neutrans The rumber o protons

Lin aneutral is case, we're s0the

atom has 15 electrons,

BN 3.95% 10 kg. First, calculate the atom's mass number, which is 92 amu + 146 amu = 238 amu.
Next, convert this mass 10 kilograms by using the convérsion factor 1 amu = 166 x 10~ kg.
‘That's right! The unit conversion haunts you once more Set up this problem just as described
in Chapter 2,

2Bamy wmml kg
1

8 39510

N Bi Find bismuth in the periodic table to gt its chemical abbreviation and its atomic number.
Because you already bave its mass number. all you need to do fs write all this information into
1X form.

Name Atomic |Mass | Number of | Number of | Number of
Number | Number | Protons _| Electrons _| Neutrons
Hydrogen | 1 1 1 1 0
Chromium | 24 52 2 2 E
ridium i w2 |7 i 5
42 96 42 az 5

"W, “ZPb, Notice that you don't need mast of the information in the table; all you really need
10160k up s the chemical symbol of each elemen
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When you're given the atomic number, number of protons, or number of electrons, you auto-
matically know the other two numbers because they're all equal. Each element in the periodic
table is listed with its atomic number, 50 by locating the element, you can simply read off the
atomic number and therefore the number of protons and electrons. To calculate the atomic
mass or the number of neutrons. you must be given one or the other. Calculate atomic mass by
adding the number of protons to the number of neutrons. Alternately, calculate the number of
neutrons by subtracting the number of protons from the atomic mass.

Name Atomic  [Mass | Number of | Number of | Number of
Number |Number | Protons | Electrons | Neutrons

Silver a7 08 |47 a7 61

Sulfur 16 32 16 16 16

Copper 29 64 29 29 35

Argon 18 40 18 18 22

{H. The average atomic mass of hydrogen (which you can look up in the periodic table) is
40078 semu This mansa c:close fo 1 that you know that the most commanly occursing so-
tope of hydrogen. by far, must be the isotope with a mass number of 1. This isotope is {H

24.33 amu.

t. multiply the three mass numbers by their relative abundances in fractional

2 amux 0.789 « 1894 amu

25 amu x 0,100 - 250 amu

26 amu x 0,111 « 289 amu

“Then add the resulting products to get the average atomic mass.

302K, 944K The solid-liquid phase change for cesium occurs at 575°C, and the liquid-gas
phase change occurs at 1.217C. To convert these temperatures to Kelvin, simply subtract 273
from each.

Solid. Here again, the first step is to convert Celsius to Kelyin by subtracting 273 the sample
has atemperature of 1,727K. According to Table 32, the sample is therefore in the solid phase.

47
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Chapter 4

Surveying the Periodic
Table of the Elements

In This Chapter
Moving up, down, left, and right on the periodic table
Grasping the value of valence electrons

‘Taking stock of electron configurations

Equating an electron’s energy 10 light

T.m A hamgeoriing ooyl ver the chomity clsgronmy s omidaiell bl
of bricks with names | “Ag, Behold, it's the periodic table of the ele-
ments Bui don' be looled bynt‘sre 14y ce or intimidated by its teeming details. The
Table I your Iriend, your gkl your key 16 making sense of chemlatry, To bein to makie
friends with the table, concentrate on its trends. Start simply: Notice that the table has rows
and columns. Keep your eye on the columns and rows, and soan you'll be making sense of
things like electron affinity and atomic radii. Really,

Reading Periods and Groups
in the Periodic Table

#
u

Take a look at your new friend. the periodic table. shown in Figure

1. Natice the horizontal
rows and the vertical columns of element

 The rows

re called periods
1 The columns are called groups

AS you move acr

oss any peiod, you pass over & serex ofslements whass propértles chiange
ina pred Iew.ny O rediciabiity i the tabies way of showing you that It 1es you, The
elemants with up have very similar properties
emerge sty o het ifreot muribees b pibtons anfelctioms Giee Chepier A o
retrshe) s from the atrangement o ther elotrans. We explin b tapredict he prop-
eties of elements from looking at the periodic table in the next section: for now, we just want
todescribe how the elements are arranged in different periods and groups.
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The pericdic

£

Starting on the far left of the periodic table is group IA (notice the group label atop each

column), also known as the alkali metals. These most metallic of elements are very reactive

(meaning they tend 10 combine with other elements) and are never found naturally ina pure
state, but in a bonded state. Group IIA is called the alkaline earth metals Just like the alkali

metals, the alkaline earth metals are highly reactive.
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The large central block of the periodic table is occupied by the transition metals, which are

mostly lied ssgroup B elements Transhion melashave propertie that ary from
metallic, at the left side, to far less metallic, on the right side, The right-most

Boadary afthetravsiton meral s shaped ke & tarease, shawnsIn bokl i Bgure .1

[+ Etlements 10 the left of the staircase are metals (except hydrogen in group IA).
1~ Elements 10 the right of the staircase are nonmetals

1 Blements bordering the staircase (boron, silicon, germanium, arsenie, antimony, tellurium,

lonium, and astati called they have ti those

of metals and nonmetals. C1
e

(espe-
but the list given here reflects an
inclusive view, You can find these elements in groups A, IVA, VA, VIA, and VIIA.

Metals tend 1o be solid and shiny, conduct electricity and heat, give up electrons, and be mak
leable (easily shaped) and ductife (easily drawn out into wire), Nonmetals have properties
opposite those of metals, The mast extreme nonmetals are the noble gases, in group VI on
the far right of the table, The noble gases are inert, or extremely unreactive. One column to
the leit, in group VIIA, is another key family of nonmetals, the fialogens In nature, the reac-
tive halogens tend to bond with metals to form salts, like sodium chloride (NaCI).

Be ettt some pestadic ablexuae s dflreatsystms fc beling e grogps i
‘each column is simply numbered from 1 to 18, left to

50, oo WA 750 V0110 e A prcgt, The gl e il e
fact that elements in a group have
border or shell (we deacribe electron shells in greater detal in the next ection),

period, however, the
“Thi slow hange st acutly becase he clmans havedilereat elaciron arangoraants
theirukermast shell. By the time you reach the icht e f the perioic table (i Vi,
the elements’ full outer shells mean
thatslementshavornidve o enc The roy Viikelements are sl e goss e
they 0 react.

Periods 6 and 7 have an added wrinkle, Elements with atomic numbers 56-71 and 90-103 are
led out f the regular order and placed below the ret of the tabl. These two seres are the
d the from the table for
w0 main reasons.First, doing s0 prevents Ko I}gmgmcmwenlenuy“lde Second,
have properties, as do

The elements within a group have w
varying numbers of protons, neutrons,
and electrons. Why, then, do elements in
a group tend to have similar chemical
properties?

Chenmical properties come mostly from
the arrangement of electrons in the

outermost shell of an atom. Although
the elements at the top and bottom of a
given group (like fluorine and astatine,
for example) have very different num-
bers of protons, neutrons, and electrons,
the arrangements of electrons n their
outermost shells are very similar.

51
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1. Are the following elements metals or non- 2. Whyare the noble gases referred to as
metals? oble™

a. selénium -

b fluorine
c. strontium
d. chromium
e, bismuth

Predicting Properties from Periodic
and Group Trends
The whole point of the periodic table, aside from nterior decoration for chemistry

provid
classrooms, is to help predict and explain the properties of the elements, These properties
change as a function of the numbers of protons and electrons in the element.

il o e o i o g ol I Gt

tom has for Within a period, the more
le ha,nms[mnuer s 10 be This trend isn't perfectly

s.mmn» ! .nms..hnu tors are at work, h..u it's a good
t bha Group V! ts are an important exception.

Thexe e s T oo sl ate matk o i lar Pty

Increasing the number of electrons changes the reactivity of the element in predictable ways,
based on how those electrons fill successive energy levels. Electrons in the highest enes

level occupy the outermost shell of the atom and are called valence efectrons. Valence elec-
trons determine whether an element is reactive or unreactive and are the electrons involved
in bonding (which we talk about in Chapter 5). Because chemistry is really about the making
and breaking of bonds, valence electrons are the most important particles for chemistry.

Atoms are ble wh I letely filled
Chmistry happens a a esult of atoig atiempting ol te vasncs shels Akl metels
roup 1A of the periodic table are so reactive because they need only give up one slectron 1o
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shell. Hal A
need only acqui wlence shal i
roup tend to have the same number of valence electrons, and for that reason tend to have

Ingroup VIIA. Group B elements tend 1o re

il chaimicalpeopertes,Elementy n g mm II.A oo s rene sty i et

Eléments in the A groups have the same number of valence electrons as the Roman numeral
of their group. For example, magnesium in group 1A has two valence electrons.

In addition 1o reactivity, another property that varies across the table Is atomic radius, or the

‘geometric size (not the mass) of the atoms. As you move down or to
table, elements have both more protons and more electrons. Howeve

don the tahledo the dde elactroes occupy
10 decrease as youmove to the right because the increasing positive charge of the nuclei
ol il o the eketiona of et smarey 1o

radius tends to increase because, even though you are adding positively charged protons 1o
the niless, youase now adding eectens o mym and higher energy levels which corre-

the right on the periodic
ly as you move

ghes energylevels, S, atomic s tenda
the

el vou e o s tabl, bl

bout the relative

spond to larger and

ey Sl ! of At e Ty comparing thel placemant In the perace able

Chromium has more electrons than scan-
dium. Why, then, does scandium have a
larger atomic radius?

A.  Even though chromium has more elec-
scandivm, those extra elec-

trons occupy the same energy level

because the two elements are in the

same row on the periodic table.
Butherioe,chromiimn lns ot pro-
tons than um (as you can tel by
chromium’s pusuvm to the right of
dium), creating a more positively
charged nucleus tha pulls the electrons
of a given energy level inward, thereby.
decreasing the atomic radius,

Which has a larger atomic radius, silicon or
barlum?

Whih hos a stronger electron afinity, il
con or barium?
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5.

How many valence electrans do the follow- 6. Whyare valence electrons important?
ing elements have? o

al L

Seeking Stability with Valence
Electrons by Forming lons

<,

En

dic what Kind allon many.elements wil form by lookingat ther position an the perk
dic able! With the cecortion ol raw 1 (ydnogen and helar, il clements are maet Sble
{think happiest ™ with & fll shel of et valence electrons, known s an et Atoms tend
totake the shortest path to a . whether that to
achieve a full octet at  lower energy level, or grabbing extra piridiits Evmplete the acter
at their current energy level. In general, metals on the left side of the periodic table (and in
the middle) tend to lose electrons, and nonmetals on the right tend to gain electrons.

Elements ac s lstont, shout g lied nlence shel hat ey gon o fose snence
Qﬁ electrans to do s0, Atoms that gain or lose elect ron;unlns way are called jons. You can pre-

just how many atom will gain or lose to
became an i ueup A (abkal metal)elemems oveone eiecmm Group A (nlkalme emn

ut get predictabi

the s
et e VIk Gaments oo 10 631 e loctrans, abd Bous VA Slrments 1end 10 B
three electrons. In short, elements tend to lose or gain as many electrons as necessary to
have valence shells resembling the elements in group VILA,the noble gases
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‘When atoms become ions, they lose the one-to-one balance between their protons and elec-

trons, and therefore acquire an overall charge.

such

|+ Atoms that |
as Na or Mg*

le (like metals) a

1 Atoms that gain electrons (like nonmetals) acquire negative charge, becoming anions,

such s CIor O

‘The superscripted numbers and signs in the atoms’ symbols indicate the ion’s overall
charge. Cations have superscripts with "+ signs, and anions have superscripts with
odium, Na, loses an electron, it loses one negative charge and is

sigus. When the element

leit with one overall positive charge. So, Na becomes Na.

Fluorine and sodium are only two atomic
numbers apart on the periodic table.
Why then does fluorine form an anion,
¥ whereas sodium forms a cation, Na?

A

Fluorine (F) Is in group VIA, Just one
group to the lelt of the noble gases, and

therefore needs to gain only one efectron
to complete a valence octet. Sodiun

(Na) lies just one group to the right of
the noble gases, having wrapped around
into group 1A of the next energy level
Therefore, sodium needs 10 lose only one
electron to achieve a full valence octet.

N

How many electrons will be gained or los
b e ellomtn lemeets e e

a. Lithium
b. Selenium

What type of jon is nitrogen most likely to
form?
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9. What type of ion is beryllium most likely to form?

Putting Electrons in Their Places:
Electron Canﬁgurations

Anawful lot of detail just how many has (see the
previous sections). The next slep is 10 figure out where those electrons live. Several different
schemes exist for annotating all of this important information, but the eléctron configuration
is atype of shorthand that captures much of the pertinent information.

Each nubered row of the peri 2ditiments @ level,

with hi higher enert
occupy T e of crblals hwe sightly’ et o energy levels, Each
orbits]can o up 1o twa eecirons, but electrong o dovbleup wihin e orbialniess
me energy. u the
lowest energies to e Inuhesl saiha ol pidesaoy pml)ahlydu lsreniteid

There are four types of orbitals: . p, d, and [

4 Row 1 consists of a single 1s orbital A single electron in this orbital corresponds to the
electron configuration of hydrogen, written as 1s'. The superscript written after the
bl o thserbits) ndicales how many lections oesapy that orial- kg the

fhelium,
iy level cantaing 18 own s (25 3. and s o), and

it e e

2 In s ¢ oxbitals, priceigalenergy level 2 ligher ol orhial, Thers

b masine cause
the three p rbitls (sso knownas . s p) have it energv. they are each filled
with electron before any receives a second electron. The elements in rows 2

a3 the parodic bl ontaln )y s o p orbtals. The ol oF ch oncegy
level are filled only aiter the s orbital is filled

3 Rows  an higher on the periodic able include d obital,of which there ar fveat eacl

vel, of Rows 5 and higher

P each le masimum of 14 elec-
1700, d orbita elecirans e & major leature of gy g
are a hallmark of the lanthanides and the actini ‘Reading Periods and Groups.
inthe Periodic Table" section, earlier in this chapler, for mare on these rows).
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—
Figure 4.2:
The Aufba
filing
disgram

f‘“

lheryourgot orou d e xder in wiichgou il e enors eyl camgor i oy

might, Weuseul o refecto the dufhs g dagram; shown in Figure
e et 24 a1 bt g Wik YOUE AT o tha eat AT 1
" Inghesl For exampe,ahuaya tact by Wing 1. then £ 24 then 2, then 3¢ thends, then
3d.and s0

==

Saly there area lew exceptions 0 thetdy picture presented by the Autbau filing diagrom,
and (see Chapter 25 or more informa-

e Ihese) Without «’umgmr h

tons ariss romalfiations where sleciron get Ir.nslerm(l from their proper, Aufbarilled

orbitals 10 create half-flled o sets of d hali- and

S0 are mave stAbI Vian U staten prodreont by pust AuTLabased i,

To come up with youfirst

B ks i A iaRY ha. Then gl kg hinc lactso o S e

at atime, from the lowest energy orbitals to the highest_n a given type of orbital (like a 2 or

dorbital, or exarmple), you oy place two electrons within the same orbitl when there s

10 other choice. For se you want to find

Carbon has six electrons, st e mabes ol protons as described by its atomic

number (see Chapter 3 for more about atomic numbers ), and it's in row 2 of the perlodic

table. First, the s arbital of level 1 s flled. Then, the s orbital of level 2 s flled. These orbitals

s i whichto il thep orbilals ol level 2.6

orbital. You wind up w

Qclyatoxyen, 15°25°2p", would electrons begin o double up i the 2p e by

the superscript 4 on the 1)

Hlectron configurations can get a bit long to write. For this reason, you may sometimes see
shem st i eondensed o,k [Ne}e'%7 T condenged conlgustions he one
for phosphorus, The expanded electron configuration for phosphorus . To
ahbresiake tho confgaration.imply g0 beclyard st anicmmberp e o Hiinces
<At nable e ebich i the Sase O hebloTaty 8 meas. That symbol 0
Incdwith beaclets, becomes the new stanlog pait fo the cuullwumt o o prins
include th d the noble gos (which, inthe
case of pm.plmm el o o s Ao

form simy that the I is just like: v neon, with nd(llr
Uil sectrans il i orbitats s 3 as sciated.
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their b

youfind out n the s toms tend to gain or

. like those of the noble gases. Guess

The resulting

ns have pre(lsely Ihe same declron configurations as those noble

the

5. S0, ot the B shion,
pestiguingiines

What s the electron configuration of
titanium?

15°25°2p 3 3p s 3. Thamium (Ti) s
atomic number 22, and therefore has 22
electrons to match its 22 protons. These

electrons fill orbitals from lowest to high-
est energy in the order shown by the
Aufbau filling diagram in Figure 42, Note
that the 3d orbitals fill only after the 4s
orbitals have filled, 50 that titanium has
two valence electeons.

10. What is the electron configuration for
chloring?

T1. What is the etectron configuration for
technetium?

12. What is the condensed electron configura-
tion of bromine?

13. What are the electron configurations of
chlorine anion, argon, and potassium
cation?
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Measuring the Amount of Energy (Or Light)
an Excited Electron Emits

X jurp by levels : When an elec-
tron absort: exactly eq o the it inenergy betwee:
levels (a quantum of energy), the electron jumps to the higher enery level. This jump in
energy creates an exciled sute. Excited states don't lat forever; the lower-energy ground stte
is more stable. E: tend to equivalent 10 the differ-

ence hetween energy. Loven thereby retun to ground state. The discrete particles of
light that correspond to quanta of energy are called plolons

Light has properties of both a particle and a wave. A lovely result arises from light’s proper-

fes: You can measure differences in electron energies simply by measuring the wavelengths
of light emitted from excited atoms. In this way, you can identify different elements within a
sample. The first basic relationship behind this technique is

@"‘T‘g

Speed of light (c) = Wavelength () x Frequency (v)

where ¢ = 3.00% 10° ms™. Frequency, v, Is often expressed In reciprocal seconds (1/s or s
also known as hertz (1Hz = 15"

3

But what about energy? What's the relationship between Irequency and energy? It must be
ridiculously complicated, right? Wrong, The second basic relationship relating ight to energy is

Energy (E) = Planck’s constant (i) x Frequency (v)
where Planck's constant, h = 6,626 10% J. 5
Here, J stands for joules, the lnternational System (S1) unit of energy. Frequency is expressed

in hertz (Hz), where 1 hertzis 1 inverse second (). So, multiplying a frequency by Planck
constant yields joules. the units of energy.

@ 0.  Anhydrogen lamp emits blue light at a 0.
1 ).

wavelength of 487 nanometers
What is the frequency in Hertz?

What is the energy of emitted light
with a frequency of 6,88 x 10" Hz?

A, 4.56x10", 6.626 % 101 . 8)

A. 61610 Wavelength and the speed X (6.8 105 - fotan . You
ol ight are known quantiies here you must recall here that Hz = s
must solve for frequency, v = ¢ /& Don't
forget to convert nanometers 10 meters —a i
(1 nin = 10"m), because the speed of T L
light i given in meters per second: 456510 L5 4 5610
20010 ST _ 165105

87x10"m



60  Parti: Getting Cozy with Numbers, Atoms, and Elements

14. Whatis the irequtncyclz beam of light
with wavelength

16. What is th to an emission at
3,91 % 10° He?
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Answers to Questions on the Periodic Table

Here are the answers to the practice problems in this chapter. Pat yourself on the
back, whether in congratulation or consolation.

B Metals are found to the left of with th i hydrogen, and tal
found to the right of the staircase. ) th récladaiiéa 55
metalloids.

a. selenium (S¢) = nonmetal
b. fluorine (¥) - nonmetal
€. strontium (Sr) = metal

d. chromium (Cr) - metal
e bismuth (B) - metal

[0 The noble gases are described as “noble” because they seein to consider it beneath themselves
10 react with other elements. Because these elements have completely filled valence shells,
they have no energetic reason 10 react. They're already as stable as they can be.

Barlum’s atomic radius Is larger. Atomic size tends to increase from top 10 bottom and from
right to left. Barium (Ba) s farther down and to the left on the periodic table than silicon (50

Silicon ftinity. Electron affinity tends to i from laft 1o right

When you're looking at elements in A groups, the number of valence electrons matches the ele-
ment’s group number.

a. lodine (1) has seven valence electrons because its In group VIIA
b, Oxygen (O) has six valence electrons because it's in group VIA
€. Calcium (Ca) has two valence electrons because It's in group A
d. Hydrogen (H) has one valence electron because it's in group A

e. Germani

2] important high tevel in th
shellofhe stom A s resu, valence elecians e e the electrons that see the most action, as in
bonds, or being gained or lost 1o form fons. The number of valence electrons in an
i argely détermines the chemical reactivity of that atom,

a. Lithium (L) loses one electron, forming ithium cation L

(Ga) has four valence electrans because it’s in group IVA.

b, ion Se*
Elomentsseck sable alence sheis s thass of ihe ncble gates by picing o oning slecrons
het element gains or loses electrons has to do with where that elements sits in the peri-

odic abie, For lomonts on the e sde; mmm Just a few electrons is easier than gaining many
moveifor thase clement,the Rt umeral of iy A groun o which hey belong ol you
how many electrons they lose —and sitive charge., F s 00
the right ide o the table, Eelolim e tettioe 1 s than losing many more;
ments gain elects like those in gmanIllA
{ihe foble asea. A elament 1 715 Vi erGiore gthe i eletiroms

B N asok itride orni fon. By gaining three el itragen, which s in
group VA, assumes a full octet, like neon.
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B, also known as beryllium cation. By losing two electrons, beryllium, which is in group l1A,
assumes a full octet valence shell, with two electrons like helium,
152529 33p". Chlorine (C) has 17 electrons.
1:‘2.’2;;':.23,,'43:4"4,,'514.{. Technetium (Tc) has 43 electrons, which fll according o the
Aufbau diagram.
[Ar}s'3d ap°. o i for bromine (Br) us,
enntely 108 o with s smgle oot gas i Lesckess, The Gpamedod electrg ComBmeAtl 6f
bromine is 1525235343 “4p". Bromine is in row 4,50 consolidate the electron configura-
Yool ows | through. s [Ar], becmuse rgonie i st elemm in row 3. Then add to [Ar]
the canllgmalmn ofthe remamlng electrons, which

l‘!ﬁ 253", 1
(Ar) b e ) and pamsmm ) sesk sluhle full octet mungnnua..s by lorming

11,1><m' 2%
B00x10'ms ot
P
34410 m.
=344x10m

259102,

(662610405 )(3.91x10°s )= 259 % 10*°)



Partll

Making aﬂemaking
Compounds

o

“QOkayg-—-now that the paramedic is heve with

the detibritlator and smelling salts, prepave
to learn sbout covalent bonds.”



In this part . . .

hemistry begins when elements start making friends,

A compound is a group of elemental friends, Some
friends are closer than others, Potential new friends test
old alliances, sometimes breaking them to form new ones.
In other words, reactions occur. This part investigates
compounds and bonds, the forces that hold compounds
together. Because the friendly population of elements and
compounds is 50 large, we introduce the concept of the

. a really big number that makes counting countless
compounds infinitely easier, We also introduce you to

the dramatic dialogue of elements and com-

that underlies all chemical change.




Chapter 5
Building Bonds

In This Chapter
Giving and receiving electrons in lonic bonding
Sharing electrons in covalent bonding
Understanding molecular orbitals
Shaping up molecules with VS
Tugging at the idea of polarity

PR theory and hy

My. o 4 public diplaysof affection, pressing themselves ag
other atoms in an intimate electronic embrace called bonding Atoms bond with one
another by playing various games with their valence electrons. In this chapter, we describe
the basic rules of those games.

Because so important to bonding, probl tving bonding some-
times make use of electron dot structures, symbols that represent valence electrons as dots
surrounding an atons chemical synbol You should be able o draw and nterpret elctron
dot structures for at n Figure 5-1. This figure sh I dot structures
for elements in the permdktuhleﬁl first two rows; notice that the s el progres-
vl movieg romef o ght.To detemine he election dot stcuctive of any cloment,
count the num} A Sonents el she draw that number of
ks rousc the chemial yebol or the Sement. Chaer § HtrThes som ofthe atars
Vit A RS e b gl o badlslcaran 1 e 1ims Yo showi] ki Srats
understand those patterns before attacking this chapter.

igure 51:
Eloctron dot

newes A A A IVA VA VIA VA VIA

forloments Hes

wowsol 1, Be. JB. .G gNi 103 :F: iNe:
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Pairing Charges with lonic Bonds

e

F

Atoms of some 5. like metals, can easily ose valence ek 1o form catons (atoms
with that have 5 s elements, like
e elogens.can sl ol v.n|e|>ce lectrons 10 form anions {alcnuwllh negative charge)

horitaly oy up 1o an anion, given
the hance. This Svent 0 callal i bading and 1t appens hocause he ensrgy ol tha et
cally bonded lons is lower than the energy of the ions when they are separated

& You can think of an fonic bond as resulting from the transfer of an electron from one atom to
another as shown i Aigure 52 for sodium il chlorine, Metals (ke sodium)tend 10 give up
their electrons to nonmetals beca
tive (they more strongly attract electrons within a bond to memam) e grenier the dif-

ce in electronegativity between the two lons, the more ionic (or completely uneven
sharing of electrons) is the bond that forms hetween them,
Figure 52:
The trensfor
ofan elec-
tron from
sodium - o
chlorine o g« Ol — Nat OIS
el L
ionic bond
between the
N cation
andithe CI
anion

Although fons are often individual, charged atoms, there are also many examples of poly-
atomic ions (charged particles made up of more than one atom), Examples of common poly-
atomic ions are ammonium, NH,, and sulfate, SO~ We cover polyatomic ions In detail in
Chapter 6.

‘When cations and anions associate in fonic bonds, they form ionic compounds. At room tem-
perature, most ionk compouads are soll becatas ofthe strong lecimstaicforcesthat
hold together the ions within them. The fons in ionic solids tend 10 pack toget
ahighly organized. regular arrangement that allows or the maximum Ptk
tion The

ferent ionic mmpmmds. e simple lattice structure s shown in Figure
6 for full details on onic compounds

Flipto Chapter

The s Hlectrosnie fotoes s held kngeiher i ntcns el m the high melting
er 10 for general




gBonds @7

sl amltng and bilkng pota) Altbaughtmay tokea i des ot el
rupt ios compounds are usually eastly dissolved inwater or i

R i «lhwm {llums made ..p ol monis that by unevenly dpcbidod chang)

‘When the solver

ot ALl o Soapamani disrupnng i e band.For example, polar water S

cules can interact well with both sodium cations (Na') and chlorine anions (C1). Water mole-

culesare polar because they have distinct and separate bits of positive and negative charge.

Water molecules can orient thelr positive bis toward I and their negalive bits toward Na-

itive charges attract 50 these kinds of Interactions
favorable — they require less energy. So, water dissolves solid NaCl quite well because the
water-ion interactions can compete with the (Na -(C1) interactions.

Chapter 5: Bui

anione g7

sodium
chioride

When ionic compounds are melted or dissalved, 50 the individual lons can move about, the
resulting liquid is a very good conductor of electricity. lonic solids, however, are often poor
conductors of electricity.

Salts ety of ionic It is formed from the reaction betweena
Rase aadionaoit For example bydroshlrcacid rescteith adiuar ydioxkita far the
salt sodium chloride and wi

HCH(ag) + NaOH(aq) — NaCl(ag) + RO

Note that ag indicates that the substance is dissolved In water, in an agueous solution

5] 0. Whydo metalstend to form fonic com- VIA nonmetals) very S““'Y gain new
valence lectron. o melals and non

pede il rnistsl enel 13 for bonds in which the
Rk sloms Byl ieneadoevalenca
electrons 10 the nonmetals. Bonds with
extremely unequal electron-sharing are
called lonic bonds.

A, Metals are much less electronegative
than nonmetals, meaning that they give
up valence electrons much more easily.
Nonmetals (es pecially group VIIA and
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1. Whatis the electron dot structure of potas- 2. The ionic compound lithium sulfide forms
sium fluoride? between the elements lithium and sulfur, In
which direction are electrons translerred
1t 10 form fonic bonds, and how many elec-
trons are transferred?

3. Magnesium chloride w dlsmlvzd into a beaker of water ma a beaker of rubbing nlcalwl until no
solve. p for each beaker in which w
Trom  atiry e the sohmion, and up.,r..ue setof [ vics s rom he soution . hebt bl
The bulb connected to thy ows more br the
to the alcohol solution circuit, Why?

lead

Sharing Charge with Covalent Bonds
f‘

Sometimes the way for atoms to reach their most stable, lowest-energy states is 1o share

valence electrons. When atoms share valence electrons, we say that they are engaged in

covalent bonding. The very word covalent means together in valﬁu« Compared  lnic.|
nding, covalent bonding

especially between nonmetals.

A s onke bands e 0 form i sucha ey that bt stars endup whh completely fled
yalesce shel theatome iyl b covalent bonds eod o gharealcirone insichay

that each ends up with a comy shell, The sh

10 the nuelel of both atoms,forming the bond. The simplest anl best studied covalent bon
is the one formed between two hydrogen atoms, shown in Figure 5-1. Separately, each atom
has only one electron with which 1o fill its 15 orbital. By forming a covalent hond, each atom
lays claim 10 two electrons within the molecule of dihydrogen. The figure shows various
ays1nhich s counlent bond can be represented,expiitly depicing he valence shells ),
by using electron dot structures (b), or by signifying a shared pair of electrons with a single
Ve (55 T lator o syt show bording ar eloroe 1o 45 Zeis svuctinis




dihydrogen
— ]

wiplo bonds
indintrogan.

¥

%.6. + 2 40t —> :0-C=02

Atoms can share more than a single pair of electrons. When atoms share two pairs of elec-
trons, they are said 10 form a double bond, and when mev sharethees pairsol locions they
are said to orm a friple bond

dot and line structures in Figure 55

e guidslines can help you figure out the correct Lewis structure or a molecule f you
know the le, we work out the | of formalde-
hyde, CH( (r lgnre Saean hap You follow along):

1. Add up all the valence electrons for all the atoms in the molecule.

Theseare can use to build the structure. t for any extra or

issing electrons in the case of jons, For example, i you know your molecule has +2
Cherel remaraior ) Subtean et o) e of albase Skctrara: i the
assof orehyile, € o fouryalses e, cac H b e valee et
and O ha s. The total number of 512

Pick a “central” atom to serve as the anchor of your Lewis structure.

N

s entealstom1p usually one that s S the mest boids, uhich s oten hé stom
i the st empiy vl 15 to il.In larger molecules, some triakan

b ol o b siep bt smaller el ecul somelcholeasare ol:vmmﬂy Derer
han cthers. For example, carban 1 a better choice than hydrogen to be the contral
atom because carbon tends 1o form four bands, whereas hydrogen tends to form only
one bond. In the case of formaldehyde, carbon is the obvious first choice because it can
form four bonds, while axygen can form only two, and each hydrogen can form only one,
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3. Connect the other, “outer” atoms 1o your central atom using single bonds only.

Each single bond counts for twa electrons, In the case of formaldehyde, attach the
single oxygen and each of the two hydrogen atoms 1o the central carbon atom,

4. Fill the valence shells of your outer atoms. Then put any remaining electrons on the

central atom.
In gur exomples atbom an aygen hould enchfvelght dectrons i thelc valonce
shells; each hydrogen atom should have two. However, by the time we fill the valence

ST G o e ko Comsen and the weo hS At weHive upadpowr e

ment of 12 electrons.

5. Check whethier the central atom now has a full valence shell.
Kttt i byl lencs shell then yourLews structure i drawn properly —

though it m I the central
oty incompletely filled vnleme Sl (o e sectron ok (ronborling
atoms 10 the central atom

unl he central atonr'svalece shell s lllled Remember each ndded bond requires two
electrons. In th ule, ate a double bond

ieen carbon an one of the outer atoms, Oxyzen s is the only choice ora doubls band

artrer, b

e tw o the e ’a~slg|e(l 10 Oxygen 10 creat i bond with carbon.

Sometimes a covalent bond is formed in which one atom donates both electrons to the bond,
it the ke alomscontelbuling uo eletrons. This um of bond s called a coonfinate cova-
lent bond_ Atoms with lone pal
Jont ond. A Jont s et of Yoo Qciros paked within th e oriar it R
12! in bonding Buen thonigh Covalant bonding usually OcAus bonwesi poAmetRls, matals
can engage in coordinate covalent bonding. Usually, the metal receives electrans from an
electron donor called a ligand

1 Tl e+ Hil of+ HTed + 0 09= 126
2 Carbonis central atom; it can formmore bands (8 then 0, K.

Sometimes a given set of atoms can covalently bond with each other in multiple waysto
fert . compoumd The situsion eada o gomething calodfesanunce Each of the gl

resonance hybrid, a sort al.uvemge of all Ihe resonance siructures lcrexmnple iftwo atoms
are connected by a single bond in and the

nected by a double bond in
by abond in the resonance hybrid it wonh1k siege ey oo Sati o
nance is found in ozone, O, shown in Figure 5-




Draw a Lewis structure for propene, CH..

e, i up e totsl ualence desteois,
Each carbon contributes 4 lect

i sach Todragen Cantr hutee  Joza
total of 1§ valence electrons. Next. pick a
central atom. The best choice is a carbon
atom because carbon can form four bonds,
more than any hydrogen, Connect the

the two other carbon atoms. These
connections use up 16 of the 18 valence

electrons, leaving 2 electrons that you

Its valence st
shell Is to create a carbon-carbon double
bond. Only one arrangement of hydrogen
atoms to the three carbons allows you to
fill al the carbon valence shells, as you

can see in the following figure:
HoH oy
I
H—C—C=0
i N
W H

~

Bertholite is the common name for dichlo-

ne, a toxic gas that has been used as a
chemical waapan. Wy s brtholite most.
certainly a covalently bonded compoun
WhatIs the moet likely aletron dot e
ture of this compound?

When aluminum chloride salt is dissolved
in water, aluminum (1) cations become
surrounded by clusters of six water mole-
cules to form a *hexahydrated” aluminum
cation, Al(H.0).*. Being a group IIA metal,
aluminum easlly gives up its valence elec-
trons. The oxygen atom in water possesses
two lone pairs. What kind of bonding most
likely occurs between the aluminum and
the hydrating water molecules?
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6. Benzene, CH,, is a common industrial solvent. The benzene miolecule is based ona ring of cova-
lently bonded carhon atoms. Draw two acceptable Lewis structures for benzene. Basedl on the

structures

. describe a likely resonance hybrid structure for benzene.

Occupying and Oder(appmq Molecular Orbitals

Figure 58:
Amolaculer
orbital -

dihydrogen

Chapter 4 describ s occupy distinct toms. When atoms cova-
lently ond s ormemios electronsare no longer constrainied to those.
tamicorbhale butooxpy ma!eculararbrlul\ larger regions that orm from the overlap of

d it llesent levels of

50 a b s As.ahlumalem bond forms between two atoms because
e enuml he molecular orbital associated wlm the bond s lower than he combined
the
Because ave-like propertie: lap in
the relationship between the waves of the shared ek s

4 In one mode, the electron waves interact favorably (with low energy) and together
‘occupy a bonding arbital.

»in . the interact uafa ina 3
bonding orbital

‘The energy relationships between unbound atoms and different types of molecular orbitals
= i wirkia ol il g e snsx i e drieogenty
Figure 58, In this figure, two bute a single ma 15 orbital
o4 sigma (9) ording obital The . energy bording artita 15 favored over the higher-
nery sigma. nnllbondlng (c*) orbitl. This llustrates a general prh\c ple: Given a choice
betuicen High-a the Thi
oeoverieningy et s igh energy

Energy



Formation of
s sigma
bond (o)
fromuns
orbitals, and
formation of
pibond )

adjacent p
orbitals.

In additior
baedton g shapeet e i e

waves, covalent

# Whentomcoiilvoeripinguch s vy st te maling moleruiarorbilats sy

sty thata o bon (srynn bond)is formed.

1~ When atomic orbitals overla in such a way that the resulting molecular orbital is sym-
metric with the bond axis in only one plane, we say that a & bond (pi bond) Is formed

Sigma bonds are stronger than pi bonds because the electrons within sigma bonds lie

directly between he twssomic sucel. The negatvly eharged lectrons i sima bonds
favorable (as in. 1

Fisctans in o bonds anetasihis by from ths el sithet e4pesince edkes b

Sigia bonds form when s or

are usually

sigma bonds

° 0

Both sigma honds and pi bonds have a
Kind of symmetry with respect 10 the two
atoms in the bond, What is the difference
in a sigma bond's symmetry versus. pi
bond's symmetry?

1n any bond between two atoms, you can
imagine an imaginary line (the bond axis)
that connects the center of one atom to
the center of the other atom. Sigma.

nds form when adjacent ? its averlap e an e the o
axis, These situations are depicted in Figure 5

the bond would look the same all the
way around. Pi bonds are symmelric 1o
the bond axis in only one piane You can
Imagine the two atoms press

and below the line. I you were to rotate
the bonded atoms around the imaginary.
line, the pi bonds would rise up off the.

. 4 sink below t ‘

bond: y arcund
this line; you can Imagine the sigma
bond as a kind of tube that wraps around
the hond axis. I you were to rotate the
bonded atoms around the imaginary line,

you oated them, ke the lanis an s
paddiewheel rise above the surface of
e watie g then Ak et s
face of the water.
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7.

Draw a molecular orbital diagram for the 8. Based on the molecular orbital diagram of
hypothetical molecule, dihelium, dihelium, explain why dihelium is far less
likely 10 exist than dibydrogen

Double bonds
bond is ethene,

puclue cnesigma bond and one p hond, Asimple molscule that caniainsa dosble
C=CH, Ethene reacts with water to form ethanol:

HC

COH

CH, + HiO — H

“This reaction is favorable, meaning that it progresses on its own, without any input of energy. Why
might this be the case?

Tuqqinq on Electrons within Bonds: Pa{arity

arlier sections on ionic bonding and covalent bonding refer 1 the concept of elec
tronegativiy,orthe tendeney of an s 1o draw elecirons 1oward Isel ok bonds form



Chapter 5: Building Bonds
bet toms with i whereas covalent bonds form
between atoms with smaller differences in deumnegxrwuy 1 truth, there is 1o natural dis-
ncton betweenthe o typesaf s, they e on opposks sdes o  spectrum of poiary:

o mvaimes 1 e Blatiosion o docirana within & bar

{The greatr the dierence in electronegatviy between 1w0 toms, the more palars the
bond that them. Imagine the bond as belng spread out nto a
i g T ciecne bl Iy polar bonds. the cloud s et b vicinity of the
more electronegative atom. Innonpolar honds, like those formed between atoms of the same
i, the et i eveily diseitted ks Bl ajoms. elar bords et s o
character, whereas nonpolar bonds have

the character of a bond:

[ sty s diersace n s runegallvnlv lessthan about 03 menns thatthe correspos-
ding covalent bond Is considered nos
1~ Differences in electronegativity ranging from 0,3 10 about 1.7 correspond to increas-
ingly polar covalent bonds,
1 Above about 1.7, the bond is increasingly considered ionic.
displayed in Figure 5-10 and help make clear why

atoms that lie horizontally farther from each other on the perlodic table tend to form more.
polar bonds.

Diff i o
The polar kit o e palnrlly T the molac e os i who)e The
precise way n which the individual bonds contribute ta the overall polarity of the molecule
depends on the shape of the molecule.

1 litwo very p s point i 5. their s
1 lfthe two polar bonds point in the same direction, their polarities add

+# It the two polar bonds point at each other 3o they're diagonal to one another; their
irection.

oneiptive o taken g prt egative churge slgmlled hy the »ayn\lml - The leu elec-

on a par long the

axis of the bonel s ca]led " dipols Indvicl hnm!s have dlpnlu pe R b
bonds of geom: lry ! dipole-In addition
polar bond: dipol be temporarily

created within mnpahr Sormis et eiecules. Both kinds of dincles Doy mpartnt roes

it it bt bt ilewTead fodlpue dlipold blrsitin
and to hydrogen bonds. Instantaneous dipoles lead to attractive London forces (Hlip to
Chapters 10 and 12 for detals on how these kindsofforce aeet molecules n lutions).

75
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). Why doesn't it make sense to ask
whether an element (like hydrogen or
fluorine) engages in polar bonds versus

in a perfectly nonpolar covalent bond with
another hydrogen atom in the molecule
H. Likewise, fluorine engages in a nonpo-

lar bond with another fluorine atom in F-,
Onthe other hand, the bond between
hydrogen and fluorine in the compound
HE s very polar The polarity ofa bond

nonpolar bonds?

A.  Whether an element engages In polar or
nonpolar bonds can ony be arswered.
with respec
i ot hydmgenen.,azes

tivity between the bonded atoms.

10. predict whether bonds between the follow- 1
ing pairs of atoms are nonpolar covalent,
polar covalent, or ionic:

Tetrafluoromethane (CF)) contains four
covalent bands. Water (0) cantabs tva
covaleat bonds, Which molecul his b

aHand 0l ::Acllre polar. tecil why" s the
b. Gaand Ge

cOand0 i

d.NaandCl

e Cand0

Shaping Molecules: USEPR Theory
and Hybridization

We'llstart with the hard part: VSEPR stands for mlunte sl el it giion Ok,
now it gets easier. VSEPR is simply a model that edict why molecules
Ry the Shapes they o, Malerul shanés elp detorting o maleiles ioteract with ach
other. For example, molecules that stack nicely on one another are more likely to form solids.
And two molecules that can fit together so their reactive bits lie closer together in space are
more likely ta react with one another.
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o

The basi & S is that pairs, whether they are
lone pmm i e serts o P .umlm as possible There’s no

O course, when multiple pairs of electrons participate in double o triple covalent bonds,
those electrons stay within the same honding axis. Lone pairs repel other lone pairs more
strongly than they repel bonding pairs, and the weakest repulsion s between 1w paisof
Two lone pairs sep: far apart as they can go, on exact
‘opposite sides of an atom if possible. s iod s separate themselves
as far apart as they can g0, but with less force than two lone pairs. In general, all electron
gl g i il s o But e gt bied s many
other atoms, the “ick
o e Sovthe el Rage ol lestlE e g 0m B SIMAR B
between competing interests.

VSEPR theory predicts several shapes that appear over and over in reallife molecules. These
shapes are summarized in Figure 5-11

Conskder one beautifully symmetrical shape predicted by VSEPR theory: the tetrahedron,
Four equivalent pairs of eectrons in the valence shell of an atom should distribute themn-
elven ot ot b i el i b 1 pair. But what
sort of atom has fou o't val

G uted hetweon dierent kinds of arte e s and » pinnity

In‘order for VSEPR theory to make sense, it must be combined with another idea: hybridiza-
tion. Hybridization refers to the mixing of atomic orbitals into new, hybrid orbitals, Electron
pairs occupy equivalent hybrid orbitals. It's important to realize that the hybrid orbitals are
all equivalent, because that helps you understand the shapes that emerge from the electron
pairs trying 10 distance bital &

I inanother p orbital inans

orbital, ng shape may not ause s »
orbitals. But if all these el fed Identical hybrid orbital alittle bit's
and a lttle bit p). then the resulting shape is more likely 1o be symmetrical.

Real 1 just don't make sense if electrons
truly occupy only “pure” orbitals (like s and p). The “mixing” of pure orbitals into hybrids
allows chemists to explain the symmetrical shapes of real molecules with VSEPR theory. This
kind of mixing must in some sense actually occur, as the case of methane, CH,, makes clear.

Theshape o methiang,canlcind by especknao, I teshedsal Tha fowe CH bonds of

metl pare that
sscmption vith the o 'mrbanlnklgute o tains a filled
1sorbital, but this is an inner-shell orbital, so It doesn't impact the geometry of bonding
However. the valence shell of carbon contains one flled 2 orbital, two halt-filled 2p orbitals,
and one empty p orbital (see Chapter 4 for more about these orbitals), Not the picture of
equality. This configuration s inconsistent with the tetrahedral bonding geometry of carbon,
making clear that the valence orbitals must hybridize.




Chapter 5: Building Bonds 79

e &G

oo Tionstons
7
wé ,
&)
N
Y S
— p— sonVstapad)
S — sossi Fetapae
Hguros 11
Molecular
shapes pre-
sy
vseen
oy
oot E— P—
Tigwo 512
The electron
PRt L
ot s 2
i



80  Parti: Making and Remaking

How can hydrogen atoms form four identical bonds with carbon? Conceptually, two things
happen to produce the four equivalent orbitals necessary for methane.

First, one of carbon’s 2s electrons is “promoted” (sent to a higher-energy orbital) to the

empty 2p orbital. This promotion results in four haltfilled valence orbitals; the 25
orbital and three 2p orbitals now each contain one electron.

4 Second, the single 25 orbital Is mixed with the ot low snical
s hybrid orbitals, The fact that each sp* orbital Is identical is important bec
VSEPK thocey can sow expiain the s ymmetecal shifa of methané A tetrabedson.

So, the shapes of real molecul orbitals — the orbita:
that bond to other atoms, Here’s how to |)red|u this geometry:

1. count atom actually has within a
molecule. You can do this by looking at the Lewis sructure.
In formaldehyde (CH.0), for example, carbon bonds with two hydrogen atoms and
double bonds with one oxygen atom. So, carbon effectively has three valence orbitals.
2. Next, Inspeet th configuratic lmklnq for the mixture of orbital types
(like's and p) e ‘occupy
Carbon has four valence electrons in 252" cunllguml ion. Two valence electrons
oceupy an s orbital, and one electron occupies each of two dentical p orbitals. The s
orbital isi't equivalent to the p orbitals. So, we mix the s orbital with the two p orbitals
10 ereate three Klntical § hybeid orbials,

Note that the total number of orbitals doesn't change; in the example, formaldehyde has
and still has three val bitals after mixing, VSEPR
theory predicts that electrons in three identical orbitals mutually repel to create a rigorial
planar geometry— the three arbitals splay out in a plane with 120 degrees between each
orbital. The shape of the formaldehyde molecule is trigonal planar.

Different different hybrids. bital mixes with two p
xbtals to crentethrse ientica 5 hybiids, One st mises with ane p arbial tocreate

sphybrids, Centers with 57, 577, and s hifisklizaion end 1o potoeaterbi:
b g e ik
provide place for rough g the shapes of

molecules.

+ Ia central atom has two bonding partners, the shape of the molecule around that
center wil likely be fairly linear.

1 lfthe central atom has three bonding partners, the shape will likely be close to trigonal
planar.

4 Ifthe central atom has four bonding partners, the shape will likely be close to
tetrahedral

‘The actual shapes may vary from these rough estimates depending on other factors, such
22 whether the central atom has lone . For example the ocygen sloi ol water s t
lone pairs in addition to two itals, In all, then, the el in the orb

a
are actually bound, the shape of the mofec



Methane, CH,, has four hydrogen atoms
bonded 10 a central carbon atom.
Ammonia, NH,, has three hydrogen
atoms bonded 10 a central nitrogen
atom. Using VSEPR theory,

contrast the orbital geametry and molecu-
lar shape of these two molecules.

Carbon and nitrogen are both sp°
byiridisd In ethene and ammnonia
respectively. Carbon contributes a single
Elottron m oach hybeHl CAbIA] to o ey
lent bond, the second electron in each
band coming from a hydrogen. Nitrogen
has one more valence electron than

carbon. Therefore, one of the hybrid
orbitals of nitrogen contains two elec-
trons and can't receive a bonding elec-
tron from hydrogen, Although ammonia
has only three bonded hydrogen atoms
for this reason, the central nitrogen has
alone pair of electrons in the remaining
/7 orbital. These electrons still repel
other electron pairs. So, the ammonia
molecule has a nearly tetrahedral orbital
geometry, similar to that of methane.

-ause one of the orbitals
contains a lone pair (not a bonded atom)
the molecular shape of ammonia is trigo-
nal pyramidal

12. what'
carbon dioxide (CO)? In formaldehyde
(CH,0)? In methyl bromide (H.CBr)?

the hybridization of carbon in

13. Use Lewis structures and VSEPR theary ta
predict the shape of water (H.O), ethyne
“Hy). and carbon tetrachloride (CCL).

14. Chiorine trifluoride (CIF,

s a T-shaped mol

is the T shape possible?

h trigonal bipyramidal orbital g y. How
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Answers to Questions on Bonds

Semieeacl i héiod fo e Gcaprsi e diapton Ohesk i afvers o
find out if the ided here. It not, take through
N ks

Potassuin (1) ranalers s sinle salence elctson o uotin (7 yelding n e bend
between K" s shown in the following figure:

K.,\v-g:_w e

Two h transfer a jeld the ionic com-
pound, Lis A 3 growp L mtal, num.m canly @ p i sngke vakce Slcctran. As a group

It, magnesium d\]arlde( is certainly an ionc mmpcmu.L S0, MgCl, dissolves to a
grealerexlenl T mors Rolar selvents, Dasaived Bas ik 85 ehtmobien Sondsching Ccrmeity
in solutions. The more brightly glowing bulb in the circuit containing the aqueous (water-
based) solution suggests that more electrolytes are present in that solution. More salt dis-
solved In water than in rubbing alcohol because water is the more polar solvent

ekl Cl ompopnd fomd whervome hlorin g bt 1 ot Scoases each

atom in the compound s of the same element, the two atoms have the same electronegativity.
o, the diffeence in awwnmmuy between the two atoms is 0. This means that the bond
between the be covalent, The electron dot structure of dichlorine is

shown in the Iallawmg figure:
Yl

coordinate covalent bond forms between the aluminum and the hydrating water molecules.
Aluminum is a group 1A element, 50 the aluminum (1) cation formally has no valence elec-
trons. The oxygen of water has lone pairs. So, water molecules most likely hydrate the cation
by dorating lafe paes o form Goudinste covalent bands, In this regpact v con el Lrewsrer
‘molecules ligands of the met

Resonance structures for benzene are shown in the following figure. Adjacent carbons in the
ring are held together with either single or double covalent bonds depending on the resonance
structure. So, in the resonance hybrid structure, each carbon-carbon bond is identical, and is
neither a single bond nor a double bond, but something more like a one-and-a-half bond.
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‘The molecular orbital diagram for dihelium is shown in the following figure. Each helium atom
contributes two electrons to the molecular orbitals for a total of four electrons. Each molecular
orbital holds two electrons, 5o both the low-energy bonding orbital and the high-energy anti-
bonding orbitals are flled.

He,antibonding

Energy

He, bonding

The total energy change to make dihelium from two separate helium atoms is the sum of the
changes due to bonding and antibonding. Putting two electrons in the antibonding orbital costs.
more energy tha is saved by pulting two electrons in the bonding orbital. S0, going from two

i input of energy.
taneously go to lower energy, not higher energy, 5o dihelium is unlikely to exist under normal
conditions,

The reaction breaks one of the carbon-carbon bonds, replacing the double bond with two
single bonds. The carbor-carbon bond that breaks is the pi bond, because the pl electrons are
more accessible (above and below the axis of the bond) and because the pi bond Is weaker
than the sigma bond. So, the weaker pi bond is replaced by a stronger sigma bond. In bonds.
weaker means higher energy, and stronger means lower energy. S0, the reaction moves from
Uithor 1 lower saoriy which i fovorabie,

Thea depends on the

atoms;

a. The difference In electronegativity hetween Hand C115 0.9, 50 the hond is  palar covalent
bo

b, The difference in electronegativity between Ga and Ge is 0.2, 50 the bond s a nonpolar

lent bond.

<. The difference i 01500, 50 the bond i I
covalent bond.

. The difference in electronegativity between Na and Clis 2.1, 50 the bond is an fonie bond.

e. The difference in electronegativity between C and O 1s 1.0, 50 the bond isa polar covalent
bond.

83
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M Both molecules contain s ccvn.lenl Bonds, Tie CF botds of CF,ae allhtly o pols thion
the HO bonds of water due he for
palrofatoms 1.5 versus 1 0, Hoveven water s 8 much more polat molecule due to moleer
shape. Because of its the bond d ut entirely,
50 the molecule as a whole is nonpolar. Because of its o Almpe. e bond dipdles o walar
only partially cancel, so the molecule as a whole is polar.

Wl tn COx, carbon is sp hybridized. CO: s linear, with the carbon doublebonded to each oxygen
30 tha foue eectrans e canstaned i each of o bond saes. 1n CHLO, carbon.ls s

izl the molocial Y ekgonal Manse: The lou clcirans of the double hor ssé cain
.\Il’dllie(l it ane boe e nd o electrong enchare wibin bonds lo by deogen I HuCSr,
carbon is sp® hybridized, so the molecule is shaped like a tetrahedron, similar 1o the shape
‘methane, CH each bond is separated from all the others by approximately 109 degrees.
Two electrons are constrained within each of four bonds.

WEl The Lewis structures for the three molecules are shown in the following figure. The oxygen of
water is 5p” hybridized, with two single bonds and two lone pairs, resulting in a bent shape.

devoted to a single bond with hydrogen, resulting in a linear shape. Carbon tetrachloride s s

hybridized, with all electron le bonds, resulting in a
o
) |
7N H—C=C—H  Cl—C—Tl
H H |
o
[ of anat itals determines that atony’s orbital % but
doesnt Shape depends.
orbitals are invlved in bonding or in lone pairs. Trigonal ipyrumidal ometry sugesks hat
there are five val bitals: two along. d three. ina plane

perpendicular 1o that axis (it may help to refer bt Figure 510) 1 CIF, 1 b the centeal
atom_Both orbitals along the central axis are involved in CLF bonds to flucrine atoms. Only one
o the orbitals in the perpendicular plane is involved in a bond o the remaining fluorine atom.
The other two orbitals contain lone pairs. The result is a T-shaped molecule.



Chapter 6
Naming Compounds

In This Chapter
Crafting names for fonic and molecular compounds
Handling polyatomic ions

O|emlsls give compounds very specific names. Sometimes these names seem overly
specic. For exsmie; whafsthe pont of rlerrng i dlhydogen moncxide” when
you can simply say “water? First, you must try to understand that many chemists simply
g sounds cool. Beyond dubious notions of coolness, however,
there lies a more important reason: Chemical names cluz you in to chemical structures. But
only if you know the code, mmm.«ely the code, as you find out in this chapter.Is pretty

no advanced ‘This is also fortunate, because putting
chemists and cryptologists in the same room could resultin the kind of party you dor't
want to admit having attended.

Naming lonic Campounds

Chapter 5 y that h ations (atoms
W POV ChaISR) atteath o anethar 0 e oni bands, lonls Camipouda e hel
together by lonic bonds. Fine, but how does the fommula of an fonic compound relate to the

name of the compound?

Naming a simple ionic compound is easy. You pair the name of the cation with the name of
the anion, and then change the ending of the anion’s name to ~ide. The cation always pre-
cedes the anion in the final name. For example, the chemical name of NaCl (a compound
made up of dium atom and one chlori i hl

Of course, sodium chloride is bie sal
such so-called common riames There isn't anything necessarily wrong with common names,
It thefos el intyethan chenial e, Thenae“godim bt pipery

oded. tells you that you're dealing with a one-to-one lonic compound composed of
e ot
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Cations an P s within foni Iy i
e naags s charge. Becsee s true, the name of an jonic compound implies
sttty of et e s, t o pl s Ul n i

. Consider s. both of which involve lithium:

1 # In the compound lithium fluoride (LF), ithium and fluorine combine in a one-to-one
ratio because lithium’s +1 charge and fluorine’s -1 charge cancel one another (neutral-
iz€) pertectly. By itself, the name lithium fiuoride tells us only that the compound is
made up of a lithium cation and a fluoride anion, but by comparing their charges,
you can see that Li” and F- neutralize each other In the one-to-one compound, LiF.

» Iflithium ith oxygen to form an thium ions, each
with +1 charge, are required {0 neutralize the -2 charge of e hion S the
name lithium oxide implies the formula Li.0, because a two-c-one ratio of ithium

[ cation to oxide anion is required to produce a neutral compound.

Use the name of the lonic compound to identify the ions you're dealing with, and then com-
bine those lons in the simplest way that results in a neutral compound.

Using compound': time o idsatly the fons canbe trcky when thecation s a metal AL
‘group B metals — with the exception of silver (which is always fo Ag) and zinc
(aways 20°) — as well as several group A eements on the right mna side of the periodic
bl s. Chemists the Roman
numeral, to identify meclmrse e ha et B s placed within parenthe-
ses ater the name of the cation gives the positive charge of that cation. For example, copper
()is copper with a +1 charge. and capper (1) s copper with a +2 charge. Is this kind of dis-
u're dealing with iron (1) bro-
mide,Fefir, or ron () bromide, nmr “The difference matiers because ionic compounds
formulas (even thy ¢ the same have very
herent properties.

The trickiness of metals with variable charges also applies when you translate a chemical
formula into the corresponding chemical name. Here are the two secrets to keep in mind:

4 The name implies the charge of the ions which make up an ionic compound.
{1~ The charges of the lons determine the ratio in which they combine.

Given the formula CrO, for example, you must do a little bit of sleuthing belore assigning
angine oo period able e (utict s Cover I Cliaper ), oot by

brings a -2 charge t . Because O°

1one ret within GO, you know tht ehromium here st have the oqul and opmosie
‘charge of +2. In this way, CrO can be electrically neutral (uncharged). So, the chromium
ation i Cr0's 5 a1 the coimporind nenes chromi, () caic, Sinply calig the
compound chromium oxide leaves open the question of the precise chromium cation in play.
For example, chromium can assume a +3 charge, When Cr* combines with oxide anion, a dil-
ferent ion atio i necessary o produce o neual compoui: Cr 0, or hromium (1D oude.

i e b Anced the Charges s oy ek yﬂu ‘can drop the charges on the
individual ions.



tin (IV) fluoride?

A.  SuF, The Roman numeral within paren-
lheaex tells you that you're dealing with
Sn*. Because fluorine is a halogen, It

What s the formula for the compound

Chapter 6: Nar

always has a charge of -1 in ionic com-
pounds, which means that four fluoride
nlors ars ecessary 0 cancel th
arges of a single tin cation.
Mherelore he compound 18 SnFy

g Compounds

Name the following compounds:
. Mgk,
b LiBr

Name the following compounds that co
tain elements with variable charge. Don't
ferge t g Rernam el

3. Translate the following names into chemical formulas:

a. Iran (1) oxide

b Beryllium chloride.
<. Tin (1) sultide

d. Potassium iodide

Dealing with Those Pesky Polyatomic lons

A confession: We have shielded you thus far from a very disturbing fact about ions. Not all
fons are of single atoms. To continue your education in chemical nomenclature, you m
grapple with an irksome and alltoo-common group of molecules called the polyatomic ians.
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%

%

&

which are made up of groups of atoms. Polyatomic ions, like single-clement ions, tend to
quickly comblaswith ther ons 10 neutralze thels charge, Unlotunatly, you can' use ary
simple, periodic trend-type rules to figure out the charge of a polyatomic ion. You mu:

e For e e

‘Tablle 61 summarizes the most common polyatomic lons, grouping them by charge

Tahle 6-1 Common Polyatomic lons

1 Charge ~2Charge

Dihydrogen phosphate (HP0, ) Hydrogen phosphate (HPOL")
Acetate (CH0,) Oxalate (C.0] )

Hysrogen sulfite (H50;) Sulfte (50, )

Hydrogen sulfate (HSO, ) Sulfate (507 )

Hydrogen carbanate (HCO, |

Carbonate (C0;* |

Niite (NO, )

Chromate (€10}

Nitrate (NO; ) Dichromate (Cr,0,")
Cyanide (CN ) Silcate (510,')
Hydroxide (OH ) ~3Charge

Permanganate (Mn0, |

Phosplite (P0;')

Hypochlorite (C10)

Phosphate (PO}

Chiorite (€10, )

+1Charge

Chiorate (€10, )

Ammonium (NH,)

Perchlorate (CIO, )

Notice in Table 6-1 that all the common polyatomic ions, excépt ammonium, have a negative

charge ranging between —

3. Also take note of a number of -ite/~ate pairs. For example,

there are chlorite and chlorate, phosphite and phosphate, and nitrite and nitrate. If you look

closelyat these pairs, you notic

oxygen atoms in each fon

To campleae yourlie uther polystamicfons somelimes occue miliple times uihinthe
1o you specify

same fonie compound. How d

T Skes vinha Senae? Ful 5 entihe peiyesa lon Kbl I parentie
heses 10 indicate how many such ions you have, as

asubscript outside the pares

 that the only diflerence between them is the number of
pecifically, the ~ate ion always has one more oxygen atom than
the e fon, bt has the aaime overal chargs.

ur compound has two sulfate ions in.a w

When you write a chemical formula that involves polyatomic ions, you treat them just like

other ions. You still need to balance charges

formula

h

to lorm a neutral atom. When converting from a
0 a name, we are sorry to report that there is no simple rule for naming pclynkmmc
fans.You Just have to memrse the entr tableof poyatamic o

allenge s charmist 0. polyatomie on duel, and youtl b that she cam ratle off the name,

nd their char,

ool ek chae o the poyatamic 1ons i the LIk of a5, B the Hid yout e e
with this book, you should be able to give hera run for her money.
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@ 0. Write the formula for the compound whicti dosk gt end Inan—tis k)
barium chlorite.

seram polyatomi

toyou. As shown in

THE6.1 chiorite1s 0. which reveals
A. Ba@Oy, Bariumisan e o et that the chlorite fon has a -1 charge, 50 two
CgroupILA) and thus has a charge of 2. You chiarite ions are needed to neutralize the
Sl rosinizachloaiess ianaes ot J2chare ofa tingle barium catlon, sdthe
polyatomic ion. Infact, any anion name cheimical formilals Ba(CI0),.
4. Name the following compounds that con- 5. Write the formula for the following com-
tain polyatomic ions: pounds that contain polyatomic ions:

& Mg:(POD; a. Potassium sulfate

b, Ph(CH,O; b. Lead (If) dichromate

© Cr(NOL), €. Ammonium chloride
d
e.

d. (NH:C04 Sodium hydroxide
e KMnO; Chromium (Ill) carbonate

Giving Monikers to Molecular Compounds

As described in Chapter 5, nonmetals tend to form covalent bonds with one ancthes
Compounds made up ol nonmelals held ngether by cne ox mare covaent bonds are called
i y Predicting how the

isa because two I of in mnlllple ratios. Carbon v

oxygen, for example, bine in & ratio to form CO, . barm-

less gas thal you emit every time you exhale. Alternately, the same two et o

Tioeima imeioions atiots arin 0 cirbon manoaldé).  peizanos sos Cheary its melul
tinguish between P The punish-

ment for slcppy naming can be death, Or at feast embarrassment

» e iy 5p type of atom participate in the
compound. The prefixes used to da 50 are listed in Table 6-2.
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Table 6-2 Prefixes for Binary Molecular Compounds

Prefix Nomber of Atoms Pretix Number of Atoms
Mong- 1 Hee 6

Di- 2 Hepa- 7

Ti- 3 Octa- [l

Tetro- 4 Nona- 9

Penta- 5 Deca- 10

‘The prefixes in Table -2 can be attached to any of the elements in a molecular compound,
as exemplified by SO, (sulfur trioxide) or NO (dinitrogen monoxide), The second element in
ach compound receives the —ide sulfix, as in lonic compounds (which we discuss earlier in
this chapter). In the case of molecular compounds, where cations or anions aren't involved,
other words, the element that’s closer to the upper
ht-hand corner of the periodic table) tends to be named second.

Notice (with annoyance) that the absence of a prefix from the first named efement of a
molecular compound implies that there is only one atom of that element. In other words, the
prefix mono- Is unnecessary for the frst element only. You still have t0 attach a mono- prefis,
when appropriate, o the names of subsequent elements,

Witing a lormula for a molecular compound with a given name is much simpler than writing

alormula for an fonic compound. In a molecular compound, the ratio in which the two el

ments combine i bullt into the name itself, and you don't nesd to worry about balancing

charges. For example, the prefixes in the name dihydrogen monoxide imply that the chemical
i 5 two

Translating a formula into a name is equally simple. All you need to do s convert the num-
bers into prefixes and attach them 10 the names of the elements that make up the compound
For example, for the compound N.0,, you simply attach the prefix di- to nitrogen to indicate
s, and o indicate the four atoms, giving you

the two i t
dinitrogen tetroxide.
#7F0  Hydromnislocated anth fas lf oftheperlodic table bu 1t ctuallya nonmtal o keep-
¢ can appear as either the first or second
ventina binary (two-element) molecular compound, as shown by dibydrogen monosul-
fide (H.S) and phosphorus trihydride, PH,.

itrogen atoms and one oxygen atom,

50 its called dinitrogen monoxide, The

second compound contains one sulfur

A. Dinitrogen menoxide, sulfur hexafluo- and six fluorines, Because sulfur is the
ride, and dichlorine octoxide. Notice "m il
that nane of these compounds contain
any o

V0. What e the namesof the ompoinids
kL.

N.O, X

amono— . we
pound sinply suler hexafhuor

Qoend ol ot hesahuonde),

g the same methods, the third com-
p(mnd s named dichlorine octoxide,

i tiost ampanad Santains bue
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6. Wnlelhepmper names for the following 7. Wite the proper formulas for the following
compoun compountt
a N a. Silicon diffuoride
bHS b. Nitrogen trifluoride
N c. Disulfur decafluoride

d.Chr, d. Diphosphorus trichloride.

Seeing the Forest:

A Unified Scheme

for Naming Compounds

<

Have it i s n the previous sctons et youconliaed and netmt? D0 i fes
like d liberating all chemicals from t
oypr&»zawe o S 2AI ngm alim down. If you take astep back to look
the naming is actually pr
Yoo s s ihe logicalstructure by envisioning the naming process as.a flowchart, a
path tovard name_For any
s thefallowing ous questions 1 guide yoursell 10 a name,

binary (two-part) compound X

1. 1s X hydrogen?

Compounds which contain a hydrogen cation are commonly called acids, and many of
them have comumen names. Allough it & peiecly acceptabletd cal the compoued
hydroy
Asvihthe el omiciont St over aarhaf Il chapter,
the end if you simply memorize the common acids listed in Table 6

jou'll be happler in

Table 6-3 Common Acids
Name Formula
Aceic scid HED,
Carbonie acid HLO,
Hydrochloric acid Hel
Nitric acid HND,.
Phosphoric acid HPO,

Sulfuri acid HSO,
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2. 1s Xa nonmelal or a metal?

16X is a nonmetal, you need 10 use prefies when namir and its partner, Y,
because the compound is molecular, X is a metal, then you're dealing with an lonic
compound — proceed to Step 3

3. 18 Xa group B metal?
11X is a group B metal (or other metal of variable charge, like tin), you need to use
Roman numerals to specily its charge.

4. 18 Y a polyatomic on?
1Y is a polyatomic ion, you have to recognize it as such and have its name memorized
(or easily accessible in a nifty table such as Table (-1), I Y is  simple anion, then you
use an —ide ending,

Visualize this series of questions with the help of Figure 6-1

IsX hydrogan?
Tos no

XY, & an acid 15X metal?

s
g 19X 0000 B elment?
pr:hxnssrn e et oo
entin
XY, s an XY, s an ionic compound
ionic compour;
Roman numarals e foguired
Figure 6-1; IsY 8 polyatomic ion?
Ahandy
flowchart Ye 2
for naming
compounds. Ending dopands Ending I -ide
e onanion

‘You can use the flowchart in Figure 61 in réverse to help you figure out a chemical formula
from the name of a compound. If the compound name contains a Roman numeral (1
example), you know the charge of the metal in that compound (3+ in this case), I X s a non-
metal, you know you're dealing with a molecular compound. and you can start examining the

e o psfieesthax el yoi o apy stomsof each o Ve gre M you o it
preices, ahech 10 soe whether X s hydrogen you're dealing with an ac




D)0 Nanie the caimpound Sa(OH), remalning question is whether we have:
a polyatomic anion or an ordinary one.
A.  Tin (1) hydroxide. Sn is not hydrogen or The fact that OH contains mare than one
2 nonmetal, 0 you know that the com- atom should seream polyatomic fon to
pound is neither an acid nor a molecular you. Consulting Table 6-1, you find that
compound. This means you're dealing OH (hydroxide) has a charge of -1, Il two.
with an ionic compound. Sn Is, however, hydroxide fons (each with a charge ol -1)
ane of the group A elements that takes are needed to cancel out H!e positive
on varying charge; s0 you shcum be pre- charge of the tin, then you must be deal-
pared to do some sleuthing to determine I il o Th namé o he compound
D e e et T is therefore tin (1) hydroxide.
L hof 9. Translae names into chemi-
. PhCrO, cal formulas:
b MgP. a. Barium hydroxide
 SiSi0: b Tin (V) bromide
4150, €. Sodum sulfate
& Nass . Phosphorus triiodide
£ BSe. . Magnesium permanganate
& HaF. . Acetic acid
b Ba(PO: 5. Nitrogen dihydride

b fron (I chromate

Chapter & Naming Compounds ¢ 3
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Answers to Questions on Naming Compounds

You survived all the practice questions on naming compounds, Now enjoy the process
of seeing how spot-an correct your answers were.

M These are all ordinary lonic compounds, 50 you simply need ta pair the cation name with the
anion name and change the anion name’s ending to —ide.
a. Magnesium fuoride
b. Lithium bromide
€. Cestum oxide
d. Calehun sulfide

BN As the problem states, all the cations here are ones that can have varying amounts of positive
charge, 50 you need to decipher their charge:

a. Iron (1) fluoride, The fluoride lon has a charge of 1. are two
the single iron ion must have a +2 charge.

b. Mercury (1) bromide. The -1 charge of the bromide must be balanced by a +1 charge.

o V) bdide. The ke odide salnseach have -1 charge T mesns tht hesa cation
must have a charge of +.

&th

. Th here, each b 2, giving an
overall negative charge of 6. The manganese cations must carry a Ao m.-ge split
between the two cations, 5o we must be dealing with M

IEN The names translate into the following chemical formulas:
Fe,0,. Because the name specifies that you're dealing with Fe*, and because oxygen s always
% vou sumpy baance your eharges o yidld FeiGy

b. BeCl,. Berylium i metal with a charge of +2, ine s a halogen
with a charge of -1,

. Because the name specifies that you are dealing with Si™, and because sulfur is always
© 5 Yo smply balance your charies 8 Y194 o8

. KL Potassium is an alkali metal with a charge of +1, while iodine s a halogen with a charge of -1.
M Look up (or recall) the polyatomic ions in each compound, and specify the charge of the cation
if it's @ metal that can take on different charges.

Magnesium phosphate. Magnesium is the cation here, and the anion is PO, Table 6-1 tells you
that this is the polyatomic ion phosphate (not to be confused with phosphite, or PO).

b. Lead (1) acetate. Acetate has a1 charge, and because two of them are needed to balance out
the charge on the lead cation, you must be dealing with P

. Chromium (If) nitrite. Nitrite has a1 charge. and because three of them are needed 10 bak
ance out the charge on the chromium cation, you must be dealing with Cr*
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a Here, both the cation and the anion are polyatomic fons. Annoying but
true,

. Potasslum permaganate. Potassium s the cation here, 50 all you need to do fs look up the
anion MO, 1o find that it’s called permaganate.

First look up (o better, recall Irom memory) the charge of the polyatomic ion or jons, and then

use subscripts as necessary to balance charges,

2 KS0,

b. PbCr0,

e NHO

d. NaOH

€. Cryc0,

Translate the subscripts into prefixes using Table 6-2. Omit the prefix mono- on the first named

element in a compound, w here applicable.

a. Dinitrogen tetrahydride

b. Dibydrogen monosulfide

<. Nitrogen monoside

d. Carbon tetrabromide

Translate the prefixes into subscripts using Table 6-2. If the first named element lacks a prefix,

assume that there is only one such atom per molecule.

a. SIF,

b.NE,

Sy

ara,

Use the flowchart in Figure 6-110 guide yourself 10 a name.

a. Lead (1) chromate. Lead is a group B element, and CrO; is a polyatomic ion. Therefore, you
need o determine the charge on the lead and specify that charge with a Roman numeral. I
you haven't memorized it find CrO; in Table (1. Because chromate combines with lead in a
one-t0-0ne ratio, you know that the charge on the lead must be +2.

b. Magnesium phasphide. This is a simple ionic compound, because Mg is a non-group B metal,
and because P Is not a polyatomic ion.

<. Strontium silicate. Sr is neither a group B element nor a nonmetal. but Si0,forms a poly-
atomic ion.

d. Sulfurie acld (common name) or dihydrogen sulfate (systematic name), In addition, this
ctimpouil i Somelcies felare o'l o bt plte because the 3 g on gl
fate implies that necessary to - The cation here is
hydrosin, 30 you e donlg wits o 85, Comimon s f cids e Batec I Tabis 63 You
‘can also namé the compound properly by recognizing the polyatomic ion, sulfate.

95
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e 5 ending of the ic) ani de.
. Triboron diselenide. Both boron and selenium are nonmetals, 5o this is a molecular com-
pound. Therefore, it must be named using prefises,

4 Mekcury (i) Buoride. Here you have an ionic compound with a group B metal, necessitating
the use of a Roman numeral. The charge on the mercury atom must be +2 because it com-
bines with two flucride anions, each of which must have a -1 charge.

. Barlum phosphate. This is an i i ion, phosphat

[ ] naming rules to deduce the chemical formul
a. Ba(OH). Barium s an ordinary metal, while hydroxide is a polyatomic ion with a charge of -1
b. SnBr,, The name indicates that you are dealing with Sn*, and the luoride fon has a charge
0f-1. 50 you need four of them 10 balance the charge of a single tin cation.
€ Na:SO,. Sodium Is a simple alkali metal, while sulfate is a polyatomic ion with a charge of -2

d. Pl The prefixes indicate that this is a molecular compound containing a single phosphorus
atom and three iodine atoms.

& Mg(MnO,);. Magnesium s a metal, while permanganate is a polyatomic ion with a charge
of=1.

£ H,C0,. Use Table 6:3 10 translate this common acid into its chemical formula

& NH.. The di- prefix and the lact that both elements are nonmetals indicate that this is a
‘molecular compound. Nitragen, the first named element, lacks a prefix, 50 there must be only
‘one nitrogen per molecule, The di- prefis indicates two hydrogen atoms per molecule.

h. FeCrO,. The name tells you that you're dealing with Fe* and the polyatomic jon chromate,

which has a charge of ~2. A one-tc-one ratio is sufficient to neutralize overall charge.




Chapter7
Managing the Mighty Mole

In This Chapter
Making particle numbers manageable with Avogadros number
Converting between masses, mole counts, and volumes
Dissecting compounds with percent composition
Moving from percent composition to empirical and molecular formulas

Cnem.m routinely deal with hunks of material containing trillions of trillions of atoms,
it eclicyloialy acgn mumbers can faduce mirgings,For this resmcn, chemiss cound
particles (llke atoms and molecules) in m ‘aquantity called the moe._ Initially,
counting particles in moles can he s e s wInb DU
Hoffman's character in the movie Rainman, when he informs Tom Cruise's character that he
has spilled 0.41 fraction of a box of 200 toothpicks onto the floor, Instead of referring to 82
St i par ek e it Vs i o1 larges wi the 20045k b
Amole s a very big box of toothpicks —6.022 « 107 toothpicks, to be precise. In this chap-
ter, we explain what you need to know about moles.

Counting Your Particles: The Mole

1 6.022 % 107 strikes you as anunfathomably large number, then you're thinking about it
correctly. It’s larger, in fact, than the number of stars in the sky or the number of fish in the
sea, and Is many, many times more than the number of people who have ever been born
throughout all of human history. When you think about the number of particles in somerhing
as simple as, say, a cup of water, all your previous conceptions of *big numbers” are b
hstis S i o

The number 6022 x 10%, known as Avogadro’s aumber, is named after the 19th century talian
seientist Amedeo Avogadro. Posthumously. Avogadro really pulled one off in giving his name
10 this number, because he never actually thought of it. The real brain behind Avogadro's
number was that of a French scientist named Jean Baptiste Perrin. Nearly 100 years after
Avogadro had his final pasta, Perrin named the number aiter him as an homage. Ironically,
this humble act of tribute has misdirected the resentment of countless hordes of high school
chemistry students to Avogadro Instead of Perrin.

Avogadro's number is the conversion factor used to move between particle counts and num-
bers of moles:




98  Partli: Making and Remaking

Linol
210" partices

Like all conversion factors, you can invert it to move in the other direction, from moles to
particles, (Flip to Chapter 2 for an introduction to conversion factors.)

} 0. How many water molecules are in one tablespoon of water,if the tablespoon holds 0.82
moles?

A. 4.9 10 molecules. To convert from moles 1o particles, you need a conversion factor with
moles in the denominator and particles in the numerator.

0.82md , 6,022 10” malecules _ 4 o 10 meiacies
1 Tmal .

‘The units of moles in the numerator of the first term and the. demnm\alcr of the second
term cancel, 5o you're left with the final answer of 49 x 10 molecul

i the average galaxy has approximately OnSarihthere araroughly 200 milic

150 billion stars, and if astronomers e insects for eves
mate that the universe has at least 125 bil- current wi |enr|y 7 billion.
lion galaxies, how many moles of stars are how many moles of bugs are on the planet?

in the universe?

3. How many atoms of carbon-14 are in the average human body given the following four facts:
1. Carbon makes up 23% of the human body by weight
2. The average human body has a mass of 150 kg
3. There are approximately 83 moles In every kg of carbon
4. One in every trillion atoms of carbon s carbon-14.
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Assigning Mass and Volume to Moles

%

s

Cheni a discussion about moles with ' They do this for
two reasons. First, it makes sense 10 start the discussion with the way the mole was origi-
nally defined. Second, i’s a sufficiently large number to Intinidate the unworthy.

Still, for all its primacy and intimidating size, Avogadro’s number quickly grows tedious in
everyday use. More Interesting is the fact that one mole of a pure monalomic substance (in
other words, a substance that always appears as a single atom) turns out to possess exactly
its atomic mass’s worth of grams. In other words. one mole of monatomic hydrogen weighs
sbaut g Ooa e cf maraloie helom wajghs shout A grt The s s trus o
matter where you wander through the corridors of the periodic table, The number listed as
the atomie mass o an slement equals that Slement’s miugr mas I the lement 1 monatomic

Ofco

50 e ol monitomic substances ey yun unly - lar {ri k. Illen, llm mlc..mug Il|e

mass per mole of a nass per i

ol momione eiemenl For example, one luuiecnie ol ﬂucme(b B ol i
16 “To calculate the number of grams per

o il i

1. Multiply the number of atoms per male of the first element by its atomie mass.

In s case the fct eleirient s earbon, and you'd sukliply e atoic e, 12! by the
number of a

Multiply the number of atoms per mole of the second element by its atomic mass.
Here, you multiply hydrogen's atomic mass of 1 by the number of hydrogen atoms, 12

EA‘

Mnldply fhe mamberofalunaper mule of the {hird dpmen by stomicazn:
‘going until you've covered all the elements in the molecul

The third element in glucose is oxyzen, 50 you multiply 16, the atomic mass, by 6, the
number of oxygen atoms.

Finally, add the masses together.
In this example, (12g mol™'x ) + (1g mal ™ x 12) + (16g mol* x ) = 180g mol”"

]

Kind of ; called the grum molecular mass, i jent for
chemists, who are much more inclined to messure the mass of a substance than to count all
of the millions or billions of individual particles that make It up.

1t chemists don't try to intimidate you with large numbers, they may attempt to do 50 by
throwing around big words, For example, chemists may distinguish between the molar
masses of pure elements, molecular compounds, and ionic compounds by referring to them
as the gram atomic mass, gram molecular mass, and gram formula mass, respectively. Don't be
foolecl! The basic concept behind each Is the same: molar mass

I's all very good to find the mass of a solid or liuid and then go about calculating the
sumber of moles I tha el it lakabout gasex? st st engesm i Pk

lon: gasesare made of matt oo and thei moles have the ight 1o sand gnd s coumted.
Fors el Coir's o covemInk magho cqvert hetweenh Ihe moles of swepus Fartilesand
their colme, Unlike
S8tk e ot B O TS e 1 B B Lvery gashasa o T
per mole, regardless of the size of the gaseous molecules,

99
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Bore you itk ouch b i dance, hows derstand
that c Ty to this conversion facto. For exarmple s nly eus  starard
ertoeratuse and prssse (STP) o o Colevie and L 2n i, Aleg he Seire of 241 1 spples
anly to the extent that  gas resembles an deal gas, one whose particles have zero volum

" AN wcact s Ene ame ancihes LRy, o0 g e Valy ol St any arb 5
close to being 5o that the 22 4L mol"' conversion is very useful.

What if you want to convert between the volume of a gaseous substance and its mass, or the
mass ofasulstance and the number of prtiles it contains? You already have al the nor-
mation you need! To make these kinds imply build
Tocnscoaveitigitaes. by Siep b hones yon havs (Sﬂy liters) to the ones you want
(say. grams). You'llfind that your. Links
festuuing unita o moles You can Iinkof e male 2 oy merber gris passes on what

[ loucly baring nto the ear of your nearly deaf grandenather, because you have
K rymihia and af spea e ks Vlout ik B denten eupalatan, yoor MSAREENGRIA
no doubt be misinterpreted. “Grandma, how was vaurduy’" would be received as *Grandma,
you want to eat clay?” So, unl bent on lay toyour g do
o atiempl o convest diredly trom volune o mass, from mass 1o particles, or any other
such shorteut, Use your translator, the

On her last day of work before retirement, Dr. Dentura daydreams ahout her newly pur-

condo in Florida, Distracted, Dr. Dentura forgets o turn o the dinitrogen monoxide
(laughing gas) after administering it to a root canal patient. The gas flows, filling 10 percent
ol th feo, el her dentyl hygint s the hissing and nonchalantly turns off the
gas. Being denser than air, the la jas settles near the floor so the dentist doesn't
notice. How many moles of dmnlrogen Tioncyide ecapedink the roni Aseund e e

hof keeps her office ata chilly 0°C.

B Aot oo b e tob Shacions 10+ 10 Jfoot e,

126 mol. The problem tells you that the exam room s at standard temperature, and
because the good doctor is presumably operating somewhere on the surface of the earth,
it's safe 10 assume that the loca i your-
sell that the room is at STP, you can safely use the 22.4L mol* conversion factor. To use it
effectively, you must convert the volume of the room into liters. You know that the room
has a volume of 10 ft 10 ft x 10t = 1,000 ft" You also know that the dinitrogen oside gas
fills 10 percent of the room, and 50 accounts for 100 1. Convert from cubic leet to liters,
referring if you like to Chapter 2 for the conversion factor:

wowe (i)' (@5ten) rw 1 oo
T m) " (tmy  Tem TOO0ML

‘Then convert this volume in liters to moles by using the STP conversion factor of 22.4L mol

2833100 1
T




Chapter 7: Managing the Mighty Mole

s o
chases a vessel containing 0,05 kg of kryp-
ton. mistaking it for kryptonite, from an
online retailer. Kryptonite, of course, is a
glowing, green, and entirely fictional solid
capable of utterly destroying Luthor's
arch nemesis, Superman. Krypton, by
contrast, is a relatively innocuous noble:
gox:Watsthewolume al Lexl '
unhelpful vessel, a i
eticuiousy il 1o anly amosp
pressure and is shipped on ice?

was
heric.

>

13.4L You're given a mass and are asked
1o convert it o a volume. lce keeps the
vessel at a temperature near 0°C, an

youlre sasured thl i lnternal ressure
of the vessel is 1 atm. 80, you can assume.

TP e, convert from grans to moles

Volume, s shown n he following eqa

i, The answer is 134 liters. That's
lons of useless noble gas, an

mberiossing det 1 S aperoiiat

224
Tmol

005k 1000z

The

1mol

F 134L

4

How many moles malke up 350 of table
salt. Na

The average volume of a human breath is
roughly 500 mL. How many moles do you
nhale with each breath on a day when the
temperature hovers near freezing?
Assuming that human exhalations eventu-
ally intermix evenly throughout the approx-
imately 3 x 10°L of Earth's atmosphere,
calculate how many molecules from
Genghis Khan's last breath you take into
your lungs each time you inhale.

6.

B o, st NS e S
platinu

N

1f you ill a 21 soda bottle (at STP) with

101

carbon dionide, how many particles does the

bottle contain?
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Giving Credit Where It’s Due:
Percent Composition

>

Chemists often are concerned with precisely what percentage of a compound’s mass con
ststs of one particular element. Lying awake at night, uttering prayers to Avogadro, they fret
over this quantity, called percenf composition. Calculating percent composition is trickier
than you may think. Consider the following problem, for example.

The humen by s omposed of 6010 70 percent watesand waler contang tukce ss sy
y water molecule

et up 60 percent ahe ncay it seems logical to conclude ot hwlrc s up

40 percent of the body. Yet hydrogen is only the third most abundant element in the body by

mass What gives?

Oxygen is 16 times more massive than hyd 5 hyd
of oxygen is a bit like equating a toddler 10 a sumo wrestler. When the doors of the prioid
won't close, the suma wrestler Is the first one you should Kick out, weep though he may.

Within a compound, it's Important to sort out the atomic toddlers from the atomic sumo
wrestlers. To do 5o, follow three simple steps.

1. Caleulate the gram molecular mass or gram formula mass of the compound, as we
explain in the previous section.
Percent compositions are completely Irrelevant 10 gram atomic masses, because these

apply only to pure monatomic substances; by definition, these substance have 100 per-
cent composition of a given element

2, sty the aonile mam ofeach slement prestnt I fhe compaund by dhe number

of atoms of that element present in one mol

3. Divide each in Step 2 by the inStep 1.
Multiply each fractional quotient by 100%. Voila! You have the percent composition
by mass of each element in the compound.

Calculate the percent on for each el present

Na: 32.4%, 5: 22.5%, O: 45.1% The gram formula mass of sodium sulfate is
(2x23.0gmol) + (1x32.0g mol) + (4 16.0g mol) = 142g mot

Of each mole of compound,
22,0 = 465.0g are sodium
1%320g = 32.0g are sulfur
4 16.0g = 64.0g are oxygen

2 h by the molar mass of sadium sulfate (142g) yields the
percent compositios

S8 100 = 32.4% sedtum, 228

= 25% l
m” T X100= 25 slr,and

T <100 151 ogen

As acheck. add the three percentages to ensure they equal 100%: 22.4% + 22,54 + 45,14
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8. Caleulate the percent composition of potas- 9. Caleulate the percent composition of
sium chromate, K.CrO, propane

Moving from Percent Composition
to Empirical Formulas

wm if you don't know the formula of 1 Chemists [

scenario, Rather than cur gadro (or perlmp»u/k‘r(lamgw) they
Analyxe samples of the frustrating unknown to dentify the percent compos
they calculate the ratios of different types of atoms in the compound. They express these
ratios as the lowest of elements ina compound.

e

To find an empirical formula given percent composition, use the following procedure:

1. Assume that you have 100g of the unknown compound.

his litle trick is that b it youreal it the smms suber
of
example, if you assume that you have 100g of a cumpcund ompmu of G03% magnesiumn
and 49,7} axygen, you know that you have 60,3 of magnesium and 39,7 of oxygen

2. Convert f 1 into moles by usk tomic masses.

3. Divide each of 1 ities from Step 2 by the lowest
among them.

“This division yields the mole ratios of the elements of the compound.

4. tf any of your mole ratios aren’t whole numbers, multiply all numbers by the small-
est possible factor that produces whole number mole ratios for all the elements.

Forexample, il there is 1 nitrogen atom for every 0.5 oxyzen atom ina compound,

the empirical formula is not N,Oas. Such a formula casually suggests that an oxygen
atom has been spiit, something that would create a small-scale nuclear explosion.
Though impressive sounding, this scenario s almost certainly false. Far more likely s
that the atoms of nitragen to xygen are combining in a 1.5 ratio, but do 50 In groups
012 (1:05) « 2:1. The empirical lormula is thus N.O.

Because the original percent composition data is typically experimental, expect (0 see.a
bit of error in the numbers. For example, 2.03 is probably within experimental error of 2
Write the empirical form: b-
scipielo i cherscal ,,mm iy St according o the
general rules for naming fonic and molecular compounds (described in Chapter 6).

=
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w

@Q. What Is formula of a substance that Is 40.0% carbon, 6,7% hydrogen, and
53.3% oxygen, by mas

. For heisake o simplicty,assume tha you has 8 ot of 105 of s mystery can:
pound. Therefore, you b . 6.7 of hydrogen.

Sach of s massus o olek By 113 the s tdnic by n o

400gC 1 mdC_ 4y
1 <iyc 333 mol C
67gH ImdH g7,
SR 6.7 md H
380 1mol0 444,
80,1880 - s3m01 0

Notice that the carbon and oxygen mole numbers are the same, 50 you know the ratio of
these twoelements is L:1 within the compound. Next, divide all the mole numbers by the
smallest among them, which is. s division yields

333molC
EED

maC

OBy o o 20010

e compaunc s the empiclodl ol G0 The actuataciberaftors it each
particle of is the in this formula.

10. Calculate the empirical formula of a com- T1. Calculate the empirical formula of a com-
pound with a percent composition of 88.9% pound with a S s of 40,
oxygen and 11.1% hydrogen. sulfur and 60.0% ox;
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Moving from Empirical Formulas
to Molecular Formulas

Many compounds in nature, particularly compounds made of carbon, hydrogen, and oxygen,

are composed of atoms that occur in numbers that are multiples of their empirical formula.

In other words, their empirical formulas don't reflect the actual numbers of atorms within

them, but only the ratios of those atoms, What a nuisance! Fortunately, this is an old nuk

e 6 ozt v dfsed amenial deal it 1 Tosecci B thess ey bypes

npounds, chemmists a i

o R e i <ul)<cﬂp|$ Wt resort the ke
atoms of each type ina molecule of the compound (a formula unit accomplishes the same

thing for ionic compounds).

Molecular formulas are a
number multiples of the corr(apﬂmlmg S pitoal T s I e wa o melgnle
i the empiralformua CHO hes an empirca oraia s of 00g mo (12 o the.
carbon + 2 for the two I\ydrugens + 16 for the oxygen). The molecule may have a molecular
fermmala of CHO, G0, CH.Oy and 50 0. As & esul, the compoune 1oy have & gram
‘molecular mass of 30.0g mal"', 0.0g mol, 90.0g mol", and 50 on.

Youcantcalulate s moleculae fomila Based o pérsent eamposition abis, I you atiempt
100 50, Avogadro and Perrin wil rise from thelr graves. find you, and slap you 6.022 x

tims pev Ehack (Do hat srtaly Tha il of suchan aproach b made doa bvcomparv
ing formaldehyde with glicose. The two compounds have the same empirical formula, CH,0,
but different molecular formulas, CHO and C.H1.0,, respectively, Glucose s simple sugar.
the one made d the one b ing cellular respiration. You

can dissolve it into your coffee with pleasant resulla Formaldehyde is a carcinogenic compo-
nent of smog. Solutions of formaldehyde have historically been used t0 embalm dead bodies.
You are not advised to dissolve formaldehyde into your coffee. In other words, molecular for-
mulas differ from empirical formulas, and the difference is important

"deternio o mélecidarformds,you it kaowthe grum foemulamass f the eompousd
‘vl st s ot (o s ferimon 0 <okl enrill o e e
cent compsi e brevious section foe detals Wih e wols i hand. calculating
B eebiet i b threestep proces

1. Caleulate the empirical formula mass.
2, y the

3. Multiply each within formula by the -
lated In Step 2.




106 Partii:Making and Remaking
s‘“f
o

LU0, matis the waikess Bl af edn. Dividing the gram molecular mass by this

pound which has a gram molecular mass value yiel
of 34g mol ' and the empirical formula HO. Jgmol/1Tgmol ' =2,
A.  H,0.. The empirical lormula mass i Multiplying the subscripts within the
§ empirical formula by this number gives
1gmot’ 1 17gmol”. the molecular formula HO,. This formula
corresponds to the compound hydrogen
peroxide
12. What is the molecular formula of a com- 13. Acompound has a percent composition
pound which has a gram formula mass of 0l 49.5% carban, 5.2% hydrogen, 16.5%
78gmol ' and the empirical lormula NaO ‘osygen, and 288¥, nitrogen, The com-

‘gram molecular mas:
3 194.2g mol . What are the empirical
and molecular formulas?
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Answers ta Questions on Moles

The answers to the pr in this chapter.

BB 0.03 mol. Here's how you calculate the answer (remermber Chapter s rules for multiplying and
dividing in scientific notation):

L5x10" stars , 125 10 glaxies | 1 mol $arS _ 5 mal
T galaxy. universe 6.022x 10 stars

Reflect on this answer. The entire universe contains only 3 percent of a mole of stars!
Bl 2% 10° mal. Here’s the caleulation:

7X10° people 210" insects 1mol
Tperson  GU2Zx 10" imsects

Again, a number that nonchemists find unimaginably large comes out to the tiniest fraction

of 1 mole.

BN 1.72x 10" atoms. First, find the total mass of carbon in the body by taking 23% of 150 kg,
‘which equals 34.5 k. Then convert those 34.5 kg 10 atoms by using the conversion factors
given in the problem and the conversion between moles and atoms (which you already kno

= 17210 atoms

kg 83md 6022x10" atomsC 1 atom 14C
The TmolC T%107 atoms ©

EH 6.0 mol. First, find the gram formula mass of sodium chioride using the same steps you used to
calculate gram molecular mass, It's 23g mol” + 35.5g mol* = 58.5g mol " Given the gram formula
mass, the conversion s simpl

350g NaCl_ 1 mol NaCl
58.5g NaQl

60mal

B3 0.02 mol; 0.2 particles. First, calculate how many moles of air you inhale with each breath;

Net, calculate the number of particles in each mole of air that were once part of Genghis
Khan’s final breath. Do this by finding the fraction of the atmosphere comprised by a single
breath. Then, multiply that number by the number of particles in 1 mole:

05 6.022x10"particles
0L

10 particles per

‘That's right — 10 particles in every mole of air on the planet were inhaled by the mighty
Mongolian in his last scowling moment. Now, figure out how many of these particles you take in
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when you inbale. Multiply the total number of inhaled moles by the number of Genghis issed
particles per mole:

0.02 mal

10 particles
T, LRk

‘This means that, on average, one out of every five times you inhale, you breathe in a piece of
East Asian history!

M 1.31b. Use your conversion factor techniques from Chapter 1 to convert moles to gramsto
pounds as shows in the following equation:

JmolPt
=

31

95
TP /m;,

5.37 % 107 particles. Use conversion factors to convert from liters to moles, and then moles to
particles as shown in the following equatio

L Lmol | 6022 IU'”panldes

T ma

710" particles.

Bl K: 40.3% Cr: 26.8%; O: 33.0%. Fes, cltuinigthe ram molechla mis of potassiom cheo:
mate, which comes to 194.2¢ m
(2x30.1g mol” v.(xxszugum )b(dx](ﬂgnwl"):]ﬁdlgmul"
Ina 100g sample; 78.2¢ 520g d 64 ivide each of
these masses by the gram molecular mass, and multiply by 100 to get the percent mmpasllwu
Ko i youtve rormded. youe peceniates S onmniriy ey o0 ik ad o 0
100.1%. If you had dor 2 you would have 100%. Rauudmg i
oo Draete et 28 B0t b 190 WPHGLI Y AR Rer s O ot lonth B 640

640g -
= zgxmo 268 chramium, and {5 100 <3306 oxygen

£ 100 = 40.3% potassium,

194\2g
BN C: 8L8%; H: 18.2%, The molecular mass of propane is
@x120gmol ") + (8 L0gmol ) « 44g mol!
The percent composition of propane is therefore:

i Og 804

Ailg

5 X100

1.8% carbonand 8100 = 1824 hydrogen

MI1 H.O. First, assume that you have 88.9g of oxygen and 11.1g of hydrogen in a 100g sample. Then
convert each of these masses into moles by using the gram atomic masses of oxygen and
hydrogen:
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IgH  dmolH _yy g
T

TOaH

Next, divide each of these mole quantities by the smallest among them, 5,55 mol:

555mol0 HimdH

1 mol O and

2maH

Attach these quotients as subscripts and list the atoms properly, This yields H.0, The com-
pound s water,
m m, fallnwlng Ihesame in Question 10, 125 mol sulfur and
125 mol (the smallest quantity) yields
h 25/ S onolof sulosand 5.5, 125 3 mt ‘oxygen, or amole ratio of 1:3. The compound
i5 S0, sulfur trioxide.
EEl Na.O,. First, find the empirical formula mass of NaO, which is
(1x23.0gmol) + (1% 16.0g mol™) = 39,0g mot*
Then divide the gram formula mass of the gt compound, 78 mol !, by this empirical

formula mass to obtain the quotient, 2. of within
formula by this number t0 obtain NasO.. You've just found the molecular formula or sodium
peroxide.

CHLN,O is the empirical formula; CyHLN,O; is the molecular formula. You're not directly given

the empirical formula o this compound. But you are given the percent composition. Using the
formula, To do thi, assume that you have

100g of ‘giving you 49.5 carbon, 5.2g hydrogen, an 289 iro-

gon. Then divide these masees by the aomic mass o sach e ‘giving you

49.5/120 = 1125 mol carbon

5.2/ 1.0g = 5.2 mol hydrogen

1657160 = 1031 mol oxygen

28,8/ 140 = 2057 mol nitrogen

Finally, divide each of these mole values by the lowest among them, 1031, giving you 4.0 mol

carbon, 5.0 mol hydrogen, 1.0 mol oxygen. and 2.0 mol nitrogen, giving you the empirical for-

mula CHN.O.

Heree e yoygotiho meleeuld fopmulas The-ampifte ot masd 1.1y mol” (caleu-

lated by multiplying the number of atoms of each element in the compound by its atomic mass

aadadding them alfup), Dvidingthegrom moleculn s you were glven (1942 mal ) by

this emplncal formils m,sy(eusme ot

ik, CoHioN

by
Gulturally important ccmpcund is caffelne.
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Chapter 8
Getting a Grip on Chemical Equations

In This Chapter
Reading, writing, and balancing chemiical equations
Recognizing five types of reactions and predicting products

Charging through niet fonic equations,

Tfocus on chemical compounds and the bonds that bind them. You

‘ hapters 5,6, and 7
can think of a compound

+ Asthe product of one chemical reaction
1 Asa starting material in another chemical reaction
= sbout the brea

1 two different ways:

g and making of bonds, Chemist
et sy whirescied ith whom

In the end, chemistry is about
describe action by using chemical equations,
who remained when the smoke cleared. This chaplerexplams how to read, write, balanc

these

and predict th

Translating Chemistry into
Equations and Symbols

In general all chemical equations are written in the basic form

(1) J———
‘where the arrow in the middle means yields The basic idea is that the reactants react,
the reaction produces products. By reacting we. mean that bonds within the reactants
are broken, ta be replaced by new and different bonds within the products.
fill chemical eqummnswnlh symbols because they think it laoks cool and, more
elp packa lot of meaning into a small space. Table -1
s you'll find |

Chem
importantly, becaus
sumima he most
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Table 8-1 Symbols Commonly Used in Chemical Equations

Symbal _ Explanation

+ Separatestwo reactants o products,

- The "yields” symhol separates the reactarts from the products. The single arrowhead
suggests the reaction occurs In only one direction.

@ R e SR e B S Y o
You mayalso

s) Ateactant or product tollowed by this symbol exits as a salld

[ Areactant ot product followed by this symbol exists as a liuid.

o) Aresctant or product followed by this symbol exists as a gas

ad) Areactant o product followed by this symbol exists in aqueous solution, dissolved in
water

A This symbol, usually written above the ylelds symbol,signiies that heat s added o the
reactants

Ni,LCI Sometimes s chemical symbol (such as those for nickel or thium chloride here) iswiit-

ten above the yields symbol, This means mauhe Indlcated chemical was added as

catalyst Cat

o uidesatn hoh o e et ehiasica y nbols, compour names (s Claptee 6)
und

aml Ihe s symbalsia Tale 1, there ncta ot you can'

esand. Yol st

Lcnven.ely you can transiate an English sentence into Ihechemlcalaquxn

s
Whenyau'e luent i this ngusgs, you regrltablyuon' besbl totalk 1o \he anmals you
will, however, be able to describe their metabol;

Write out the chemical equation for the
following sentence:

Solid iron () oxide reacts with gaseons
carbon monoxide to produce solid iron
and gaseous carbon dioxide.

Fei04s) + COg) — Fe(s) + COg). 1
convert each formula into the written
name for the compound. Next, annotate
the physical state of the compound, If is
provided. Next, group the compounds

reactants on the left side of a reaction
arow, separating each with  plus sign. Do
the same for the products, but list them on
the right side of the reaction arrow

m in geeat detail

Write a sentence that describes the fol-
lowing chemical reaction

H.O[I)+ N.O,(g)——HNO,(ag)

Liquid water is heated with gaseous
dinitrogen trioxide 1o produce an aque-
‘ous solution of nitrous acid. First, figure
out the names of the compounds. Next,
note their states (liquid, solid, gas. aque-
ous solution). Then observe what the
compounds ee actuay doing —com.
bining, decompos
5005 Foale, pasaEaos il hese Sbser.
toa sentence. Many sentences
could be correct, as Jong as they include
these elements,
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1. Write chemical equations for the following 2. Write sentences describing the reactions
reactions: summarized by the following chemical
a. Solid magnesium is heated with gaseous Equatigns:
‘oxygen o form solid magnesium oxide. 4. 59 + 0,8) — S0.(8)
b. Solid diboron trioxide reacts with sclid b H,(g) + 0.(g) === H,0(1)

magnesium to make solid boron and
solid magnesium oxide.

Making Your Chemical Equations
True by Balancing

Thecquatcns you res ot he previous section arethilto ensing aud see pr-
the e the d who

are the products. But if you look closely, you'l see that thos sJust oot add .

quantitatively, As written, the mass of one mole of each of the reactants doesn't equal th

toass of ne ok i eaeh of the products see Chapter 1 for detalls an moles) The skeletan

equations break the Law of Conservation of Mass, which states that all the mass present at
iing of a reaction must be present at the end. To be quantitatively accurate, these

equations must b ced s0 the masses of 1l qual

To bala . you alter the number of moles of )
products 5o the mass on one side of the equation equals the mass on the other side. A coelfi-
clentis imply s mumbie that. precedes the symbol of s lement or compound, miltplying
the number of moles of that ettire he equation. C

iram b which maliply the oua Fiverof a0 of grupa within & ompourel, Conatler
the follo

ACU(NO,):
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<,

0.

The number 4 that fiicient, g
moles of copper () narate. The subseripted 3 and 2 within the compound ndicate that each
Heate contals three axygen atons, anc tha there are o i

atom
Comper Contisionts el Aabacripl ety o.vEI 8 o mbee of sies OF each a1

4mol Cu(NO:): x (1 mol Cu/mol CuNO,),) - 4 mol Cu

4 mol Cu(NO;). % (2 mol NO/mol Cu(NO:)) * 1 mol N/mol NO, = 8 mol N

4 mol Cu(NO:): % (2 mol NO.mol Cu(NO,)) 3 ol O/mol NO; = 24 mol O
When you balance an equation, you change only the coefficients. Changing subscripts alters
the chenica compounc thendeies. I o peel werseqippgd it i slactrcal thec:
ing device, that devi Id activate the moment
whie baimaeing s goatie

Here's a simple recipe for balancing equations:

1. Given a: skelzlnn equation (oue that includes formulas for reactants and products),
count up th each side of

Ut yourecagitzeany palyamic one;yon cucomnt thesapcne-whclegrong-far

they were their own Chapter G for ognizing
polyatomic ions.

~

. Use coefficients 1o balance the elements or polyatomic fons, one at atime.
Far simplicity, start with those elements or fons that appear only once on each side,
3. Check the equation 10 ensure that each element or ion is balanced.

ki s T e v By "phw Pl e e
ack— there's ¢

4. When you're sure the reaction is balanced, d.\ed‘ to make sure it's in lowes! terms.
For example.
AH:(g) + 204(D) > AHO()
should be reduced to
2Hg) + Ou(g) — 2H:0()

Balance the following equation: A, 2Nags) + Cl(g) = 2NaCl(s). You can't

change the subscripted 2 in the chlorine

Na(s) + Ch(g)— NaCl(s) gas reactant, 50 you must add a coefti-
Clent of 2 to the sodium chloride prod-
uct. This change requires you to balance
the sodium reactant with another coeffi-
clent of2
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3. Balance the following reactions: 4. Balance the following reactions:
& N + Hhlg)— NH.(@) & ARSO) AU ACIGY ¢
b GH@) + 04) - COL  HO() s,
& MG Oulg) S AOKD) b. CIL(;() m ("7 — CH.CL(D + HCI(g)
d. AgNO.(ag) + Cu(s) — Cu(NO;)(ag) + Ag(s) @ g;')(g) ¢ HNOJr)aa)« Cu(NO,):(aq) +
¥ . HCI(ag) + Ca(OH)(ag) — CaCli(s) + HO(N
5. Balance the lollowing reactions: 6. Balance the following reactions;

C:0\(ag) + KOH(ag) — K-L.0,(aq) »
0)

b, P(s) + Bra(D) — PBrg)
. Ph(NOL(ag) + Ki(ag) — KNOL(ag) +
PBLS)

. Zn(s) + AgNOL(ag) — Zn(NO:)(aq) + Ag(s)

. NaOH(ag) + HSO\(ag) — HO(D) +
NasSO,(ad)

b. HNO.(ag) + 8() — S0:(¢) » NO(g) + H:O(0)
€ Cu0(s) + Hi(g) = Culs) » HO()

. KMnO(ag) »H(I(uQ\AMn(.I (@
Clu(g) + H:0(0) + KCI(ag)

115
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Recognizing Reactions and Predicting Products

You can't begin to wrap your brain around the ge number of
cal reactions. That's good that so many reactions can occur, because they make things like
Iife and the universe possible. From the perspective of a mere human brain trying to grok all
these reaations, we have another bit of good news: A few categories of reactions pop up over
and over again_ After you see the very basic patterns in these categories, you'll be able to
make sense of the majority of reactions out there,

‘The following sections describe five types of reactions that you'd do well to recognize
(ootioshow thek el you et happens Inesch raction), By ricogatzing he pfhera
e v types ofrepctons: yowsan oken prede rescton produchs given cnk

Y s Bttt e s, ik needlEhieg feaction padacts San ke whal 1
ol chemical liors § 8enc ol Wi Kaetln o ket 1 Sk Baged on Eoung e
cutcomes of siaasseactions. Sl youregiven bt seacianis an prodicls,you should
be able to tell what kind of hem, and if you're given 1 the type
afreation, you shauld 5o 45l 10 predie Hkély products. Hguring ont the formulas of O
cts often requires you to apply knowledge about how ofic and molecular compounds are
put together. To review these concepts, see Chapters 5 and 6.

Combination

Two or more reactants combine to form a single product, following the general pattern
A+B=C

For example,

2Na(s) + Cl(g) — 2NaCl(s)

I s (like NaCl) is a ps iy kind of
‘combination reaction. Here is anulherexample_

2Ca(s) + 0u(g) — 2Ca0()

Compaunds can aso corbine o fort new compouds,such a in the combination of
with water h

Na.O(s) + HiO() — 2NaOH(ag)

Decomposition

A single reactant breaks down (decomposes) into two or more products, following the gen-
eral pattern

A=BaC
For example,

2H0(0 2@ + O:0)
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Notice that combination and decomposition reactions are the same reaction in opposite
direct

Many reactions produce g . such as in the
carbonic acid inta water and carbon dioxide:

HLCO,(ag) — HO() + COD)

Single replacement

In a single replacement reaction more reactive element o gronp replaces a less
reueive Slamant or sroup, folowing the gemerl patiirn

A+BC—AC B
For example,

Zn(s) + CuSOL(ag) — ZnS0.(ag) + Culs)

Single replacement reactions in which metals replace other metals are especially common.
You can determine which metals are likely to replace which others by using the metal activity
series. a ranked list of metals in which ones higher on the list tend to replace ones lower on
the list, Table $:2 presents the metal activity series,

Tahle 8-2 Metal Activity Series
Metal Nates

Lithium Most react: toform s
Potassium

Srontium

Calcium

Sodium

Magnesium  Reactwith hot water/acid to form oxides and fydrogen gas
Aminum

Chromium

fron Replace hydrogen ion from dilute strong acids,
Catmium

Cobalt

Nickel

Tin

Lead

Hydrogen Non-metl,listed n reactive order

Antimony Combine directly with cxygen to form oxides

Ceontinut)

117
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%

Table 8-2 (continued)
Metal Notes.
Mercury Least reactive metals; often found as free metals; oxides decompose easily.
Silver
Palladium
Platinum
Gold
Double replacement

Double replacement isa special form of metathesis reaction (that is, a reaction in which two
reacting species exchange bonds). Double replacement reactions tend 1o occur between
fosi compovnds i sotlon, i Il|ese reactions, cations (atoms or groups with positive
charge) from each reactant Siacia v fors e capaunde wih he S PpRAIng aeteé
{atorme o 5ot Wik oaghie shase), i the gemera patiern

AB4CD—5AD+ CB
For example,
KCI(ag) + AGNO.(ag) — AGCIS) » KNOL(aq)

Of course, freely, not as pa
$5,10 dlow duble replachrmen reachins 1o peagress, e el Dings st oout

4 One of the product compounds must be insoluble, so It precipitates (forms an insoluble
solid) out of solution after it forms,
+ One of the pr(xluus must be a gas that bubbles out of solution after it orms.

1 One of the. cts must be a solvent molecule, such as .0, that separates from the
ionic Lcmp()ul\ds after it forms,

Combustion

Oxygen is always a reactant in combustion reactions, which often release heat and light as
they occur. Combustion reactions frequently involve hydrocarbon reactants (like propane,
C;H,(g). the gas used to fire up backyard grills), and yield carbon dioxide and water as prod-
wets, For example,

CH(8) + 50.(g) — 3CO.(g) + 1HO()

Combustion reactions also incl bination reactions by s d oxygen,
such as:

509 + 06) = SO
So,1t ants Include da hy an element, you're probably
dealing with a combustion reaction. If the prodiicts are carb and water, you're

almost certainly dealing with & combustion reaction.
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imply decompesiion; The berylun

lement, not a compound,
50 you can rule out double replacement
T il clofant eagtant ot moks

Complete and balance the following reac-
tion:

Be(s)+ Od) =

A, 2Be(s) + 0.(g) — 2Be0(s). Although
‘beryllium isn't on the metal activity
series, you can mke apretty gaod pre-
diction that this is.
bustion reactior w 72 First, you have
1wo reactants. Aslugle reactant would

ment partner. So up most ety readlun
mbine
wilh oxygen; tha's aisa " eombmonon

7. Complete and balance the following Complete and balance the following
actions: reactions;
& C6)+ O~ a HI
b, MgE) + L@ — b, HO:(0) — HO() +
© 5r)+ K €. NaCI$)
A Mg(s) + N — . MgCL() —

9. Complete and balance the following. 10. Complete and balance the following
reactions: reactions:
& Z0(s) + HSO((ag) 4. Ca(OH)-(ag) + HCIaq) —
b, AI(S) + HCI(ag) — b. HNO,(aq) + NaOH(ag) —
€ Li(s) ¢ HO0) - . FeS(s) + HSO,(aq) —

. Mg(s) + Zn(NO,)(ag) — d. BaCl(ag) + K.CO.(ag)
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Getting Rid of Mere Spectators:

Net lonic Equations

Chemistry is of ducted is h Solubl
thelrcomponent i, 25d thkee s can s e prodiete i thess A o
tions, sometimes only the cation or anion of a dissolved compound reacts. The other
watches the whole affair, twiddling its charged e elsremats Dot
‘These uninvolved ions are called spectator ians

Because spectator ions don't actually participate in the chemistry of a reaction, you don't

need 1o include them in a chemical equation. Doing 5o leads t0 a needlessly complicated

reaction equation. So, chemists prefer to write net fonic equations, which omit the spectator

fons. A net ionic equation doesn't include every component that may be present in a given
cer. Rather, it 4

Here is a simple recipe for making net ionic equations of your own:
1. Examine the starting equation to determine which lonic compounds are dissolved,
as indicated by the (aq) symbol following the compound name.
Zn(s) + HCI(ag) — ZnCl(ag) + H:(g)
2. Rewrite the equation, explicitly separating dissolved ionic compounds into thelr
component lons.

‘This step requires you to recognize common polyatomic ions, 50 be sure to familiarize

‘yoursell with them (tlip to Chapter 6 for details).

Zn(s) + H'(ag) + (Y (ag) — Zn*(aq) + 2CT(ag) + Hal
3. Compare the reactant and product sides of the rewritten reaction. Any dissolved

ions that appear in the same form on both sides are spectator fons. Cross out the

spectator fons 10 produce a net reaction.

Z0(s) + HCag) + GFady — 20" (ag) + 3E5ag) + Hi(g)

Net reaction:

Z0(s) + H(aq) — 2 (aq) + Hi(g)

Aswriten the praoading reactionis lmha]anmed with respect to the number of hydro-

gen atoms and the amount of pos
4. Balance the net reaction for mass and dmge.

Zn(s) + 2H:(ag) — 20 (ag) + Hale)

1t you want, you can balance the equation for mass and charge first (at Step 1). This way,
when you cross out spectator jonsat Step 3, you cross out equivalent numbers of lons.

Either method produces the some net ionic equation i the end. Some people preler to bal-
ance the starting reaction equation. but others prefer to balance the net reaction because it's
asimpler equation
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Generate.a balanced net onic equation
for the following reaction:

CaCO.(s) + 2HCI(ag) — CaCl(ag) » HO(D)
CO.w)

€aC04(s) + 2H (@q) — Ca*(ag) + H:OQ)
+C0Lg)

Because HCl and CaCl, are listed as ague-

ous (aq), rewrite the equation, explicitly
separating those compounds into their
ionie components:

Cac0). 2 an) o ZCI(ur[)AACa (g
+ 2C1{ag) + H:O() + COLg

Next, cross out any components that
appear in the same form on both sides of
the equation. In this case, the chloride
fons (CI) are crossed out:

CaCOM»ZH(uq) Kltag—
+ KOG + COL(E)

(ag)
‘This leaves the nel reaction:

CaCOL(s) + 2H (aq) — Ca™(ag) + HO(D) +
o)

‘The net reaction turns out to be bal-
anced for mass and charge, 50 it s the
balanced net jonic equation.

11. Generate balanced net ionic equations for

the follawing reactions:

a. LiOH(aq) + Hi(ag) — HO() + Lil(ag)

b. AGNO,(ag) + NaCl(ag) — AgCI(s) +
NaNO, (ag)

. PBNO,):(ag) + HSO,(ag) — PhSOL(S) +
HNO(ag)

Generate balanced niet lonic equations for
the following reactions:
a. HCI(ag) + ZnS(ag) — H:S(@) + ZnChiag)
b, C,A(Ol-l)«(aq) + H poA(m,H
Cai(PO)Lag) +
€. (NHL)5(aq) + :arNo,),»m«n — CoS(s) +
HNO,(aq)

121
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Answers to Questions on Chemical Equations

oy ot st v Wk ool b, Wi rexd the e o
ou've
ety Comcapts A CoRBLS Setiy on YO Briln

MH Don't forget the symbals and whether any heat or cat added.
a Mgls] + 0,(g)—— MgO(s)
b. BOys) + Mg(s) — B(s) + MgO(s)
Here are the sentences describing the provided reactions:
. Solid sulfur and react 10 produce the gas
b. Hydrogen gas reacts with oxygen gas in the presence of platinum to produce liquid water.

Here are the balanced reactions:
. Na(g) + 3Hg) > 2NHy(g)
b. CHA®) + 5048) — 3C0.(@) + 1H:00)
€ 1A1G) + 30,(g) - 2AL04s)
. 2AgNO,(aq) + Cus) — Cu(NO:(aq) + 2A4(s)
M More balanced reactions:
a. 3AgS0,(aq) + 241Cl(aq) — SAgCKs) + Al(SO)(aq)
b. CH,(g) + 201.(g) — CHLClu() + 2HCIE)
€. 3Cu(s) + BHNO(aq) — 3Cu(NO,) faq) + 2NO(g) + 4H:O()
d. 2HClag) + CaOH)x(aq) — CaClis) + 2O
Still more halanced reactions:
. H.C0,(aq) + 2KOH(ag) » KC:0 (ag) + 2HO()
b. 2P(s) + 3Br.@) — 2PBry(g)
. PB(NO.)(aq) + 2KI(aq) - 2KNO,(aq) + Pbls)
d. Zn(s) + 2AgNOL(ag) — Zn(NO).(aq) + 2Ag(s)
I8 Atinal batch of halanced reactions:
a. 2NaOH(ag) + HSO4aq) — 2HO() + Na:SO(aq)
b. 4HNO(aq) + 35(s) — 350.(g) + ANO@) + 2H.0()
€ Cu0G) + Hyg) — Culs) + HOQ)
d. 2KMnO (ag) + 16HCI(ag) - 2MnCl(ag) + 5CLE) + BHO( + 2KClaq)
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After completing the reaction, it can be easy to forget to balance it 100, Of course, proper balancing
means that you have 10 pay aitention to the amount of each atom in the product compounds. These
were all combination reactions:

. C() + 00 — COL)

b 2Mg(s) + L(g) > Mg

€ Sr(s) + 1) — Srh(s)

. 3MgE) + Nl > MEN )

Hare are some more completed, balanced reactions, All of these were decomposition reactions:

a. ZHI — Hg) + 1)

b. 2H,040) — 2H,0) + Og)

€ 2NaCl(s) - 2Na(s) + CL()

. MgCL() — Mg®) + Cl(@)

3 d versions of a seri replacement reactions:
4. Zn(s) + HSO,(aq) — ZnSO (aq) + Ha(@
b. 2A1(s) + 6HCI(ag) — 2A1C0;(aq) + 3HA)
€ 2Li(s) + 2H,00) — 2LI0H(aq) + Hy(@)
0. Mg(s) + Zn(NO {ag) — Mg(NO)(aq) + Zn(s)
This final set, completed and balanced. is composed of double replacement reactions:
a. Ca(OH)-(aq) + 2H(N(ag) — CaCly(ag) + 2HO()
b. HNO,(aq) + NaOH(ag)  HO() + NaNO,(aq)
. FeS(s) + HiSO(aq) — HS() + FeSO (aq)
. BaClag) + KCO-(aq) - BaCOL(s) + 2KCl(aq)
The following answers show the original reaction, the expanded reaction, the expanded reaction with
spectator fons erossed out, and the final balanced reaction.
a. LIOH(ag) + Hi(ag) - H.O(() + Lilag)
Li"(aq) + OH-(ag) + H-(ag) + I (ag)— HO(D + Li“(ag) + F(ag)
Liagy + OH (@) + H(ad) + Fiagh — HO() + LiYtad) + T
OH'(ag) + H'(aq) - H:0()
b. AgNO.(ag) + NaCl(aq) — AgCI(s) + NaNO,(aq)
Ag (i) + NOGad) + Natad + CI'(ai) — AGCIS) + Natag) + NO;Cag)
A (@) + NOTaR + B + CHad) - ACIE) + Ne'ieny + NOTGd
Agaq) + ('(aq) — AgCl(s)
€ PH(NO)(ad) + H.SO(a) — PSO,(s) + HNO,(ag)
Pb¥(ag) + 2NO: (aq) + 2H:(aq) + SO (aq) — PHSOL(S) + H(aq) + NO: (ag)
P (ag) + BHO:Tad) + ey + SO (ag) — PBSOL(S) + Hikad » NO:Tey
Pb*(aq) + SO (ag) — PbSOL(s)
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BEL Here are the answers for the second bateh of net lonic equation questions, again showing the
original reaction, the expanded reaction, the expanded reaction with spectator ions crossed
out, and the final balanced reaction.

a. HCI(ag) + ZnS(aq) — HS(g) + ZnCl(ag)
H'(ag) + CH(ag) + Zn'"(ag) + $* (ag) — HS@ + Zn'(ag) + 2CF(ag)
Hi(ag) + Ccags + 2 + §(aq) — HS(2) + 2(eh + 0Tagh
2H'(aq) + 5%(aq) — HS(g)

b. Ca(OH).(ag) + HPO,(ag) — Cay(PO).(ag) + HOW)
Ca*"(aq) + 20H (ag) + 31 (ag) + PO, (ag) — HO() + 3Ca"(ag) + 2P0, (aq)
Saue) + 20H (ag) + 3H (ag) + PO Ty — HO() + 369™Far + 2P0 o)
OH'(ag) + H'(aq) — H0()

& (NH).S5(ag) + CoNO,).(ag) - CaS(s) + NHNO,(aq)
2NH,Cag) + 5 (ag) + Co™ag) + INO: (aq) — CoS(s) + NH (ag) + NO: (@)
e + §(ag) + Co™(aq) + PO e — CoS() + MER ey » MOy
$*(ag) + Co*(ag) - CaS()
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mole-mole, les, mole-volume, and mole-mass

Figuring out what happens when one reagent runs out before the others
Using percent yield to determine the efficiency of reactions

Smn‘lmmulry Such s complcated o fox sucha ke des. The Qroek s o the
word mean "measuring elements,” which doesn't sound nearly as intimidating. Moreover,
the ancient Greeks couldnt el an fonic horel Fom an sk catumn, 50 Just how techmicatan
scary could Simply sated. stol stohick-eee-
h e s

compound lormulas and reaction equations, you express sioichiometry by using subscripted
numbers and coefficients,

you arived i this chiaptr by lest wandering through Chapters G, ,and  then you ve
already had breakfast, lunch, and an afternoon snack with stoichiomelry. If you bypassed the
LiSerioolitad chagkels, hen yeshaves' aten 4l dag Elber by 102 Lta kot Glanes

case pass the coefficients.

Using Mole-Mole Conversions
from Balanced Equations

’;u

fass and energy s 11’ the Lav, his means that there’s no such
thing as a free lunch, or any other type of free meal. Ever. On the other hand, the conserva-
tion of mass makes it possible to predict how chemical reactions will turn out.

Chapter 8 describes why chernica reacton equations should be balanced or equal mass in

by adjusting th precede

reactant and prod a wnlhh\lheequamn can seem like a

chore, like taking out the trash. But a b is far better than

colfee grounds and e pe becauseauch an equation is a vashiltoot fer you'ys ot &
ld

umusmmnvermu Iaclmrs |e|| you how

muchof smy lven product you o get by rencnng ay
that makes chemists particularly

useful, 5o they ey ey I;_ym\ kg
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Consider the following balanced equation for from it 1 hydro-
gen gases:

N:(g) + 3H:(g) — 2NHi(g)
Indlustrial the globe his reaction, humorlessly fixating on how

much ammonia product they'll end up with at the end of the day. (in fact, clever methods for
improving the rate and yield of this reaction gamered Nobel Prizes for two German gentle-
i e Hahe i Bsach I iy SYent How s Shirslts 3 )¢ ow Casel) ol
+eacions have appeoached campletion? Tha haiet o e answas Des h  balanted equation
and the mole-mole conversion factors that spring from it

For every mole les of a prod
Sl tof mrer 3 mtes f byt feaFiant vhe CHemoh apacts S ol ol ammonl
prodiue. Thess ¢¥pectations are based an the coslicents ol the batanced euation and are
expressed as mole-mole conversion factors as show

2N,

Tna,
Figure 81 K

Buiding
molo-mols N+ 3, —> 21,

convarsion

oo ™

aquation
— s
e
10, iow many moles f ammonia canbe moles of ammonia. Use the orientation of
5 expected from the reaction of 278 moles. the conversion factor that places mol
of N.gas? NH, on top and mol N, on the bottom.
. “This way, the mol Ne units cancel, leaving

AL 556 miotis ot it BoZIR K S0 ‘you with the desired units, mol NH;:
known quantity, the 278 moles of diitro-
gen that is to be reacted. Multiply that 218 molN, 2 mol NH
quantity by the mole-mole conversion T TmalN,
factor that relates moles of dinitrogen to

= 556 mol NH,




1.

One source ol dlydeogen gaa s fomhe
ter, in

2,
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Aluminum reacts with copper (1) sulfate to
duce aluminum sulfate and copy

panse(l |I|mngl| atet o sk hydmgem
oxygen bonds, yielding dihydrogen and
dioxygen gases:

2HO(0) — 2H:(g) + O

a How many moles of dihydrogen gas
result from the electrolysis of 78,4 moles
of water?

b How many moles of water are required to
produce 905 moles of dihydrogen?
 Running the electrolysis reaction in
nstitutes the combustion of
hydrogen How many moles of dioxygen
are required to combust $4.6 moles of
dihydrogen?

per, as

summarized by the skeleton equation:

Al(s) + CuSOL(ag) — AL(SOD:(aq) + Cu(s)

a. Balance the equation.

b How many moles of aluminum are
needed to react with 10.38 moles of
copper (ID sulfate?

. How many moles of copper are produced
12,08 moles of capper (I sulfate react
with aluminum?

. How many moles of copper (I sulfate
eeded to produce 0.96 moles of alu-
minum sulfate?
. How many moles of aluminum are needed
toproduce 20,01 moles of copper”

e J¢ |

Solid iron reacts with solld sullur to form
iron (1) sulfide:

Fe(s) + S(5) = FesSi(s)
a. Balance the equation.

b With how many moles of sulfur do 6.2
moles of iron react?

. How many moles of iron (It} sultide are
produced from 10,6 moles of irox

. How many moles of iro (Il sultide are
produced from 35 moles of sulfur?

Ethane combusts to form carbon dioxide

and water.

CH.(g) + 0x(g) — CO:() + HOg)

a. Balance the equation.

b. 15.4 moles of ethane produces how many.
moles of carbon dioxide?

. How many moles of ethane does it take.
to produce 293 moles of water?

. How many moles of axygen are required
1o combust 0,178 moles of ethane?
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Putting Moles at the Center: Conversions
Involving Particles, Uolumes, and Masses

“The mole is the beating heart of stoichiometry, the central unit through which other quanti-
ties flow Reallife chemists don't have magic mole vision, however. A chemist can't look at a
pile of potassium chloride crystals, squint her eyes, and proclaim: “That's 0.539 moles of
salt.” Well, she could proclaim such a thing, but she wouldn't bet her pocket protector on it
Real reagents (reactants) tend to be measured in units of mass or volume, and oceasionally
even in actual numbers of particles. Real products are measured in the same way. So, you
nded o be bl vse malernass molk il snd molepanice comienton ociors 6 trane:

tween these different dialects of counting. Figure -2 summarizes the interrelationship
Dlteman it s thigs e rves 24 orkengr o pml:\em salvlna All roads lead to and
from the mole

Figure 32
‘\Dm\"‘w Particles Particles.
ol
particle
flowehart i

conversion Volume Volume

factors.

£)0. caki b ide and carbon dioxide gas
3 accrdingto thefolowing resction. Answer each part ol he quesbm\ assuming that 10.0g of
calcium carbonate decomposes.

Cat0,(s) — Ca0(s) + COLE)

. How many grams of calclum axide are produced?

b At standard temperature and pressure (STP), how many liters of carbon dioxide are pro-
duced?

A.  a.5.61g Ca0. First, convert 10.0g of calcium carbonate to moles of calcium carbonate by
using the molar mass of calcium carbonate (100g mol”) as a conversion factor. This step
procedos the athers i the calculation for each question. To determine the geams of alcium
oxide produced, follow the i with a mole-mole the moles
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of caleium oxide produced. Then I axide.
‘oxide by using the molar mass of caleium oxide (56,1g mol") as s comenman Iaclar

1004CaCO,  1molCACO, | | mol (a0, 5618CH0 g o0y
T T00g CaC0, T mol CaC0, L mol CaO

b. 2,241 CO,. To determine the liters o carbon dioxide produced, follow the initial mass-
le-mol to find the mok b ro-

duced. Th from moles of carb o liters by using th that, at
STP, each mole of gas occupies 22.4L (see Chapter T lor details):

2= 2201.€O,

10.0gCaCO, 1 mol CaCO, 1 molCO,
T 100g CaCO,  1mal CaCO, lmaILQ

Notice how bth caleulations require you first t6 translate into the language of moles, and
then perform a mole-mole conversion using stoichiometry from the reaction equation.
Finally, you convert into the desired units, Both solutions consist of a chain of conversion
factors, each factor bringing the units one step closer to those needed in the answer.

5. Hydrogen peroxide decomposes into 6. Dinitrogen trioxide gas reacts with liquid
oxygen gas and liquid water: water to produce nitrous acid:
(0 — HO(D)+ Og) N.O(#) + H:O0() — HNO(ag)

a. Balance the equation. a. Balance the equation.

b. How many grams of water are pro- b. At STE, how many liters of dinitrogen
duced when 254 10° molecules of trioside react to produce 36.95g of dis-
hydrogen peroide decompose? solved nitrous acid?

. What is the volume of oxygen pro- . How many moleculés of water react with
duced (at STP) when 329g of hydrogen 1731 of dinitrogen trioxide (at STP)?

peroxide decompose?
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7.

Caleium phosphate and liquid water are
produced from the reaction of calcium
hydroxide with phosphoric acid:

Ca(OH)(ag) + HPO,(ag)— Cas(PON(ag) +
H:0()

a. Balance the equation.

b, 628g of calcium hydroxide are dissolved
inta a solution of phosphoric acid. Al the
calcium hydroxide reacts. How many
molecules of water are produced?

. Phasphoric acid reacts to produce
133 of calcium phos phate. How many
‘grams of dissolved calcium hydroxide
reacted?

8. Lead (1) chloride reacts with chlarine to

produce lead (IV) chloride:

PLCL(s) + Ch(g)— PHCL(D

. What volume of chlorine reacts to con-
vert 50.0g of lead (1) chloride entirely
into product?

b. How many fomula units (that is, ol
ol lonic compound ollead V) o

Igol

(oot fromhthe reaction o1 1
(W) chloride?

. How many grams of lead (I chloride
react to produce 84.8g of lead (IV)
chloride?

Limiting Your Reagents

In realife chemical reactions, not all of the reactants present convert into product, That
would be perfect and convenient. Does that sound like real Ife to you? More typically, one
reagent is completely used up, and others are left in excess, perhaps to react another day,

‘The situation resembles that of a horde of Hollywood hopefuls lined up for a limited number

ofslts axeitras ' e, Oy 30y enger Incen renct with ansialable s o prodcea
happlly (albes

the way oL oo Jobs as waiters, In this scenario, the slots are the limiting reagent

Those standing in line demand to know, how many slots are there? With this key plece of
data, they can deduce how many of their huddled mass will end up with a gig. Or, they can

figure out how many will continue to waste their film school degrees serving penne with basil
and goat cheese to chemists on vacation,

s e okt Which esctant will el oul D130 1 OIBGE ik, which eshctont
s the much pri

Ny e expect, based on il the llmlluu, reagent they've put o e rmucn

Al emiling the miting gt allows e 10 colculate how muchof

reagent they { ovor whom all tho smaks clears. ither way,the fisst top .0 igire
ot ahich 3t Trmiing reant




In any chemical reaction, you can simply pick one reagent as a candidate for the limiting
reagent, calculate how many moles of that reagent you have, and then calculate how many
grams of the other reagent you'd need to react both to completion, You'll discover one of two
things. Either you have an excess of the first reagent, or you have an excess of the second
reagent. The ne you have in excess is the excess reagent The one that isn't in excess Is the
limiting reagent

Ammonia reacts with oxygen to produce nitrogen monoxide and liquid water:

NHy(g) + 0:(g) — NO(@) + HO(1)
4 Balance the equation.

b Determine the limiting reagent if 100g of ammoniia and 100g of oxygen are present at the
beginning of the reaction.

. What is the excess reagent and how many grams of the excess reagent will remain when
the reaction reaches completion?

d. g i be produced if

. How many grams of water will be produced if the reaction goes to completion?

a. Before doing anything else, you must have a balanced reaction equatlcn Don't waste
£00d thought on an unbalanced equation. The balanced form of the given equation is:

ANHs(@) + 504(0) 5 ANO@) + 6H:00)

b. Oxygen is the limiting reagent, Two candidates vie for the status of limiting reagent, NH,
and O.. You start with 100g of each, which corresponds to some number of moles of each.
Furthermore, you require 4 moles of ammonia for every 5 moles of oxygen gas.

Starting with ammonia, the caleulation to determine the limiting reagent goes as shown in
the following equation:

100gNH, 1molNH, Smol0, 32020,

T T70gNH, *TmolNH, “Tmor0, ~ 208 01

The calculation reveals that you'd need 235g of oxygen gas to completely react with 100g of
ammonia. But you only have 100g of oxygen. You'll run out of oxygen before you run out of
ammonia, 50 oxygen is the limiting reagent

& Tho exetsaronyertn ammanls, aid ST.5 of anenocila wll remain i e seion
I many ia will be left at the end of the
reaction, assume that all wu« pritiend

10090, 1molO, AmolNH, 17.0gNH,
I 30g0, Bmol0, TmolNH,

A25gNH,

“This caleulation shows that 42,56 of the original 100g of ammonia will react before the limit-
ing reagent is expended. So, 100g - 42.5¢ = 57.5g of ammonia will remain in excess.

Chapter3: Putting Stoichiometry o Work ] 3 ]
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4754 ol lbiogenajinekie wll e pidicel T lammige the grams ok togen acnone

le that are generated by th

wo.; of the oxygen react:

1mol 0,
B0g0,

AmalNO
Smol0,

10080,
T

10.0g NO
TmolNO

= 75.0gN0

. 67.5¢ of water will be produced. Again, assume that all 100g of the axygen react in order

10 determine how many grams of water are produce

10020, 1 mol0,
1 ®0go,

tants (100g + 4

4258), 50 the

GmolHO 180gH.0
Smol0,  TmolHO

~675gH0

Reassuringly, the total mass of products (75 + 67.5¢ « 142.5¢) equals the total mass of reac-
Vasg- Conservatiorr-of Mass Police need' ¢

th

9.

ron () oXide reacts with carbion monox-
ide to produce iron and carbon dioxide:

Fe0,(5) + 3C0(g) — ZFe(s) + 3C0g)

a What is the limiting reagent if 50gof iron
(D oxide and 67g of carbon monoxide are
present at the beginning of the reaction?

b Wit ths excss cagent, ad b

many grams of it will emain aiter the
i

10. solid sodium reacts (violently) with water

to produce sodium hydroside and hydro-

gen gas:

2Na(s) + 2HO(D) — 2NaOH (ag) + Ha(g)

. What s the limiting reagent i
sodium and 40.2g of water are present
at the beginning of the reaction?

b, What Is the excess reagent, and how

How many grams of each product should
be expected i the reaction goesto
completion?

remain after the
reaction has gone to completion?

How many grams of sodium hydroside
and how many liters (at STF) of hydro-
gen gas should be expected if the reac-
tion goes to completion?
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11. Aluminum reacts with chlorine gas to produce aluminum chloride:

2A1(s) + ICL(g)— 2MCh(s)

Whil s themiingrengent I 203 o st an 348, (s STF)afchlone gkl present st
the beginning of the reacti

b, What is the excess reagent, and how many grams (or liters at STP) of it wil remain after the
reaction has gone to completion”

¢. How many grams of aluminum chloride should be expected if the reaction goes to completion?

Counting Your Chickens after They've Hatched:
Percent Vield Calculations
Ina way, reactants have it easy. Maybe they' Ilmskn ;umelhmgallhemulv& and actually

react. Or maybe they'l just lean against the inside of the beaker, flipping through a back
issue of Feople magazine and sipping a caramel macchiato

f»n Wt have it 50 easy. Someone is paying them to do reactions. That someone
Soviyestiays money for excuses about loitering reactants. S0 you, as a fresh-faced
chemist, have to be concerned with just how completely your reactants react to form prod-
ucts. To compare the amount of product obiained from a reaction with the amount tha
should have b . percent yield. percent yield with the
following formula:

Percent yield = 100% x (Actual yield) / (Theoretical yield)

Lovely, but what is an actual yiekt and what is a theoretical yield? An actual yield is .. well
the amount of product actually produced by the reaction. A theoretical yield s the amount
of product that could have been produced had everything gone perfectly, as described by
theory — in other words, as predicted by your painstaking caleulations,

hings never 50 pecell, Reagenta ik o the sides of sk, Impustes sabdtags fectons,
to dance. None of these ed 10 occur, but they o,
S0, actual yields fall short of theoretical yields.
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w

Calculate the percent yield of sodium suliate in the following scenario: 32.18¢ of sulluric
acid reacts with excess sodium hydroxide to produce 37.91¢ of sodium sulfate.

H.50,(ag) + 2NaOH(ag) — 2H:0()) + Na:SO,(aq)

81.37% s the percent yield. The question makes clear that sodium hydroxide Is the excess
reagent. So, sulfuric acid is the limiting reagent and is the reagent you should use to calcu-
late the theoretical yield:

32188150, 1 md HSO
T 9800 H 50,

Theory predicts that 46,59 of sodium sulfate product are possible If the reaction proceeds
perfectly and to completion. But the question states that the actual yield was only 37.91g of
sodium sulfate, With these two pieces of information, you can calulate the percent yield:

Percent yield « 1004 x (3791g) / (16.59g) « 8137%

12. sultur dioxide reacts
produce sulfurous acid:

50:(g) + H:O(D) — H:S0,(aq)

b,

ith liquid water to 13. Liquid hydrazine is a component of some
ket fuels. Hydrazine combusts o pro-
duce nitrogen gas and water:

What is the percent yield if 19,07 of NH(0) + 0:() = M) + 2H:0@)

sultur dioxide reacts with excess water a. Ifthe percent yield of a combustion reac-
to produce 21 51 of sullurous acid? tion i the presence of 23.4g of N:H, (and
. . excess oxygen)ls 8%, how many liters
When 8.11g of water reacts with excess e
sultur dioxide, 27,59 of sulfurous acid is ol dinlirogan (AUSTH5aks procucedt?
produced. What is the percent yield? b. What is the percent yield if 845 of N,H,

reacts with 54.7¢ of Oxygen gas 10 pro-
duce 51.33g of water?
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Answers to Questions on Stoichiometry

Bal 4 factors, reagents, and percent yield
calculations all now tremble before you. Probably. Be sure your powers over them are
as breathtaking as they should be by checking your answers.

B Theanswers to parts a, b, and c are

. 784 mol Hy.
BAmIHO  2molH, -
R i =784 malH,

b. 905 mol H.0.

W5 molH, 2 mol H,0
e = smol 0

< 423 mol 0.,

BGmolH, 1mol0, o

T mall,

N Before attempting to do any calculations, you must balance the equation as shown in part a
(see Chapter § for more information).

. 241(s) + 3CuSO,(aq) — ALSO)(aq) + 3Cu(s)

b.6.920 mol AL
1038 mol CuSO mal Al
T Fmol CuSO,
€ 2.08 mol Cu.
208mol CuSO, 3 molCu__ o
T ol Cusg, ~ -8 malCu
.29 mol CuSO,.
096 mol Al (SO SmolCusd, A
T WAl AL(50,), RN
e 13.31 mol AL
2001 mol Cy - 133
I Zmadl - 133 moll

BN Balance the equation first, and then go on to the calculations for the remaining questions.
a. 2Fe(s) +35(5) > FeSi(s)
b, 93 mol S.

G2molFe 3 mol

S
= 93mal§
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. 5.30 mol Fe.S,.
Wemolfe JmOFeS, o pe g
1 2 mol Fe
d. 1.2 mal FesS,.
35mols, 1malFeS,
T Sy AR,

B As always, begin by balancing the équation
2. 2CHAE) + T0:(¢) — 1COg) + 6H.0(e)
b. 308 mol CO..

154 mol C.H,

DAmICH.

€ 97.7 mol CiH,.
3 molHO 2ol CH
T GmolH,0

977 mol CH,

. 0.623 mol O,

018 mlCH,  TmolO, _ oo
e 0628 mal O,

Without a balanced equation, nothing else s possible.

. 2H0,() 5 ZH.OW + Oug)
b.87.9¢H.0.
294x10" malec H,0, mol 2mdHO 1808HO ooy o
T ST e A0, ™ Twy WG 5 H
€ 108L0..
ROgHO, TmolHO, 1melO, 224L0
A . A o
T *30gHD. “ZTmelH0; “Tmal0, - kO
factors you need to do require a .sado
that first
. N,04(g) + H:O(D — 2HNO{an)
b 88ILN.O,
.98 HNO, 1 molHNO,  1meINO, 224l
T TEENO, T molINO, * TmaiN.0, ~ L N0y

© 4.65 x 10% molec H.0.
I173LN.0, 1molN,0, 1molHO G022x10" molec H,0
ZALNO, TmalN.0, HO

465 x10% malec H,0
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That's right — balancing the equation should be your first priority.
2. 3Ca(OH):(aq) + 2H,PO (ag) — Cay(PO(aq) + H.O()
b. 1,02 10* molec H.0.

azxgrl‘\un‘ LmdCalOH),  6mdHO  6022x10° molecHO o104 e 0

7A1g Ca[OH],  3mel Ca[OH)_ TmolH,0
. 953 Ca(OH)..
133gCa, (PO, ), 1md Ca,(PO,), ~ BmolCa(OH), TdlgCa(OH),
z T Ca, (70, ), T molCa, (0., Tmarca(on). > Ca(OH),

In this problem, the provided chemical equation is already balanced, s0 you can proceed
directly 10 the caleulations for parts a through c:

2. 4.03LCL.
S0gPHCL  ImolPbCL  ImolCl | 224LCL o o
T 2T 1gmol PbCT,  Tmol PECL,  Tmol O,
b, 2.97 107 form. un. PhCl,.
1371gPbCL , 1molPbCl, 1 mol Pbl,
T 2 Igmol PbQl,  Tmol Pbel,
6.02210" form.un. PBCL, o o
S PR, = 297107 form.un. X,
€ 67.6gPhCl..
BASPLCL, 1md PbCl,  1melPbQl,  2781gPbCl,

7,68 PbCL,

T00g mOIPKCT, ~ TmolPhl,  TmolPBa,
Begin limiting reagent problems by determining which is the limiting reagent. The answers to
other questions build on that foundation. To find the limiting reagent, simply pick one of the
reactants as a candidate. How. mudl ot ourewndidateruactin o yoi e etk fnorrac
tion to calculate how much o . You
Once e i 8 PangEres fram ther sl o hesé iy
a. Iron (L) oxide. In this example, iron (1) axidk h

ook i Tt 1 g the ) cholcs hetonac e Pt Initially
present than Is required to react with all the iron (1) oxide.

SgFeO, 1molFe0, 3molco | 2804C0
T B97gFe 0, Tmolfe,0, ImolCO

2g CO

137
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b. Carbon monoxide is the excess reagent, and 41¢ of it will remain after the reaction is com-
pleted. Because iron (1l oxide is the limiting reagent, the excess reagent is carbon monxide.

“To find the amount of excess reagent that will emain afer the reaction reaches completion,

e calevne b b e e will be consumet identical
10 the one perlorme n part . 50, g o carbon monoxide wil be consumed. Neat, subtract
present to obtain the amount of carbon

e s i slg 2~ .ng

. 35g of iron; 41g of carbon dioxide. To answer this question, do two calculations, each start-
ing with thy ion that all the e

HgFe0, 1molfeO, 2molfe  5585gFe g o
T T97gFe0, TmolFe,0, Tmolfe 0
SlgFe0, 1molFe,0, 3molCO,  440gCO, D

T B9.7gFe 0, Tmolfe,0, TmolCO, .

M Tot mply pick one of the
many ol aher  amiats voitd wEAl Yo SEPIEIY repct i s e ycur S alabl cancidte
reagent. Deduce the limiting and excess reagents from these calculation:

a. Sodium, In thi I the miting reagent. It
e ot 1B the Lot ke bachuke e st initially ,mem than is required to
react with all the sodium.

25gNa
T

b. Waler s the excess reagent, and 20.2g of it will remain after the reaction is completed.
Sodium is the limiting reagent, so the excess reagent is water
The calculation n part a revealed how much water is consumed in a complete reaction:
20g Becanse 4u2g of water are initially present, 20 2¢ of water will remain after the reaction:

402~ 20g = 2
e 43g of sodium hydmxme 12L of hydrogen gas. To answer this question, o two caloula-
Tions, ench starting with 1he assumpiion ina a the i i reagent 1 consumed:

25gNa 1 mol Na 2 molNaOH ,_40gNaOH. NagH
230gNa 2molNa  ImolNaOH  °

256Na 1 molNa , L molH, _ 224L H,
Z30gNa ZmolNa  TmolH,

<12LH,

NN The first stepis to identify the limiting reagent_ Simply pick one of the reactants as a trial candi-
date for the limiting reagent, and calculate how much of the other reagents are required to
react completely with the candidate.

. Chlpine s L s sl ammlnum v shodende canilo e i It
d (36,51) ailable
o than i avalabl o0 m S ehiorne a1 e g o,

23¢A 1molAl ImolCl 24LCL,

T “Z0gA ZmolAlTmolCl,

=365LC),
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b. Aluminum is the excess reagent, and 1.5g of it will remain after the reaction is completed.
To calculate how much excess reagent (aluminum, in this case) will remain after a complete
réactin, ) cakiale how ot ul be onmied, 35 shoon J the st it llows .
turns out that 27.8 o a

iginally pres late e 203 -278g - Log,

BUGLCL 1molCL 2 molAl 2703 AL
T ‘ALl BmolCl, TmolAl

~278gAl

13 . Thi i with th ion that all the liniting
reagent, chlorine gas n this case, is consumed
BAGLCL  TmolCL 2 mol AlCl,
T ZALCI,  3molC,

EE The reaction equation is already balanced, 50 you can proceed with the caleulations.

. 88.46 I the percent yleld. You're given an actual yield and asked to calculate the percent
yield. To do 50, you must calculate the theoretical yield. The question makes clear that sulfur
ioxide is the limiting reagent, 5o begin the calculation of theoretical yield by assuming that
all the sulfur dioxide is consumed.

1907¢50, 1 mdSO. 1 molH.S0, 8207¢H,S0
T E0%50, < Tmol0, * Tma g0, ~rAsHSO,
1 sulft id is 24.43g. With this informatic deul:

So,
the percent yield:
Percent yiekd - 100% x (21 61¢/ 24.43) - 88.46%

b. 74.6% s the percent yield, Again, you're asked to calculate a percent yield having been given
an actual yield. In this case, the limiting reagent is water, 50 begin the calculation by assuming
that all the water is consumed,

811gHO 1molHO 1molHSO, 8207aH.50
BOgHO  TmolHO = ImolH SO,

37.0gH.80,

S0, the theoretical yield of sulfurous acid is 37.0g, Using that Information, calculate the per-
cent yield:

Percent yield = 1004 x (27,59 37.0g) = 746%

With a balanced equ:

a 161 10 Qe v e W it e wit e
10 calculate an actual yield. To do 50, you must know the theoretical yiel
‘makes clear that hydrazine is the limiting reagent, 5o calculate the. et ‘dof diniro-
gen by assuming that all the hydrazine is consumed.

n at your disposal, you can calculate with impunity,

BAgNH, 1molNH,  1molN, 224LN,
T

TEgNH, Tmal N, TmalN, ~ 01N
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4

s, jeld of dini 5 16,4
tion to solve for the actual yield:

Actual yleld = (Theoretical yield x Percent yield) / 100%
Substitute for your known values and solve:

Actual yield (1641 x98%) / 100% = 16.1L.

nge the percent yield equa-

. 83.5%Is the percent yield. In you're given the initial s of

and anactualyiek, Voure ssked 1o caculle s percastyisd, T oo, yo need 10 knowi the
theoretical yield. The added wrinkle in this problem (as opposed to the one in part a) is that
you dont niially know which reagent is imiting As it any g reagent prablem, picka
candidate limiting reagent. In th le, hydr !

B48gNH, ImolNH, TmolO, 3200,
T T2BENH, TmolNH, *Tmol 0,
It turns out that is required to rea wailable an is initiall
prosants. 6, oo 1o the Bt edgent Kaawing ths, aulate 8 heoraioA Ik ot walar
by assuming that all the oxygen is consumed.
54740,  1molO,
T m0go,

70,

b e O_s151,0

Tmal0, T me|H o
50, the theoretical yield of water is 615 Use this information 1o calculate the percent yield:

Percent yield « 100% x (51.33g / 615¢) = 83.5%
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Examining Changes in
Terms of Energy

The 5th Wave By Rich Tennant

———
Y TROMICALIY, THE [AST TIING PROE CARUTHERS
| REMEMBERED \WAS EXPLAINING HOW ENERGY

| 15 PRODUCED WHEN MOLECULES COLLIPE.




In this part . . .

ny chemical drama unfolds on a stage, each charac-
ool s il st deven by part -
lar motivation is part, we explore some of the
Caimmci siaghs o chereal cPamst gasovs av Tl
slitons, W descrbeHow arid by ome chemical
dramas are one-act monologues while others are 12-act
masterworlar why some race 16 a conclusion, and athors
e minably rer B, days, ont Yo
e esainine eneriy, the misse behind the drara, and how
differences in energy determine R st i s

d whe:




Chapter 10
Understanding States in Terms of Energy

In This Chapter
Explaining kinetic theory
Moving between phases
Distinguishing differences between solids

W
ferent kinds of matter. This a

ences in the properties of these hree states Neverthetess fora “hven typeot matterata
given pressure, the fundamental difference between a solid, a nd o gas actually is
the amount of energy within the particles of matter, Understanding the states of matter
(Ohirae i et f oot an prsdcutts B A g the liemat gropestics ot i
states and how matter moves between the states. We explain what you need to know in this
chapter.

report that solds, iquids. and

:5
B

Describing States of Matter with Kinetic Theory

Imagine two pool bals, each ghued o either end of a spring. How many different kinds of
mation could this contraption undergo? You could twist along the axis of the spring, You
could bend the spring or stretch it. You could twirl the whole thing around, or you could
throw it through the air. Molecules can underga these same kinds of motions, and do so
‘ahenyou upply ther with enrgy. As callectont o molecyls underi hasges 1 energy,
those collections move th of matter —solid, liquid, and gas. The body of
idcas that sxplains all this  caled e theory

Kinetic theory first made a name for itsell when scientists attempted to explain and predict
the properties of gases, and, in particular, how those properties changed

perature and pressure, The idea emerged that the particles of matter withi
molecules) undergo a serious amount of motion as a result of the kinetic energy within them.

Kinetic energy is the energy of motion, Gas particles have a lot of kinetic energy, and co
stantly zip about, colliding with one another or with other objects. This is a complicated
ture, but scientists simplified things by assuming that all the mations of the partiles were
rarudom, that the only motion was franslation (moving from place to place, as opposed to
twisti ing, and s pinning), a hen particles collided. t

(perfectly bouncy, with no 10ss of energy). The gas particles were assumed to neither attract
nor repel one another. Gases that actually behave in this simplified way are called ideal. The




144 ParitExa

g Changes in Terms of Energy

model of ideal why. s with increased t

Hentlog a s, ou wdd Anetlc anery 6 1 partlcles o8 & resul the parices cglide w.u.
greater force upon other objects, 50 those objects experience greater pressure, (Check out
Chapter 11 for full details on gas laws.)

When atoms or molecules have less kinetic energy, o when that energy must compete with

other efects ke high pressure or strong airactive orces), the matter ceases 0 be n the
difuse. cether into one of th liquid or solid.

Here are the differences between the two:

[ The particles within a liquid are much closer together than those in a oo Asarenil
enplying prease 102 gl doss very Kl 5 Changs the ok The.

iy v e

ndergo various ey isting, tisichiag, and vl ingmotions. inacktion, the
pariicies can slide pas one another (iranslate faily easily 50 Iquids are 1id, hough
less fluid than gases. Fluid matter assumes the shape of anything that contains it

4 The state of matter with the least amount of kinetic energy is the solid. In a solid, the par-
Hces i gacked togis ke yghtly and ndesgoslnn G Threlory

solids are not fluid in

low-energy types of et Howeea depending on its temperature (in other words, on
its kinetic energy).

The types of ma between states
depend on the unlque aronertin of i storms o ecaio whh tha putter Typical.pa-
ticle that are very attracted 10 one another and have easiy stackable shapes tend toward

ndensed states. Particles with no ion (or that have
with not 5o easily stackable shapes tend s e aaoenus st Toisk ot a oonbal gamé
between fiercely rival schools. When fans of either school sit in their own section of the

Stands, the crowd is orderly, sitting nicely In rows. Put rival fans into the same section of
the stands, hawever, and theyll repel each other with great energy.

Ak ORI g T MK o Beliave numbers of collisions. Because of their
ke el gass t vry igh prisureor Sl ity reu e es il and
Very Jow: pressure; and ehy/ tions or repulsions. Because of their

Reallife gases are more likely to behave. more frequent callisions, gases at very
like Ideal gases when they are at very low. high pressire gre mase bliely 10 tEvéal
pressure, Under very high y in their col-
ditions, gas particles are much closer lisions (losing energy upon colliding).

10 one another and undergo greater
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1. Why does it make sense that the noble 2. 1ce floats in water. Based on the usual
gases (which we Introduce in Chapter 4) assumptions of kinetic theory, why ls this
exist as gases at normal temperature and welrd?
pressure? ;
3. At the same temperature, how would the pressure of an ideal gas differ from that of a gas with

mutually attractive particles? How would it differ from that of a gas with mutually repulsive

particles?
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Figuring Out Phase

Transitions and Diagrams

"

Each state (solid, liquid, gas) is called a phase. When matter moves from one phase to

a phase transition. Moving from liquid to gas is called boiling. and the temperature at which

boing aceurs i cab e boling ot Movia o sl o I s calls el and
which is called 1 “The melting point is the

same as the [reezing point, but freezing implies matter moving from liquid 10 solid phase-

At the surface of a liquid. molecules can enter the gas phase more easily than elsewhere
within the liguid because the motions o those molecules aren't us constrained by the mole-
hem. § the gas phase at

below the liquid's boiling paml This is called

evaporation and is very sensitive to pressure. Low pressures allow lor greater evaporation,

phase ina process called

is called the tupor pressure.

Understandably, liquids with low bolling points tend to have high vapor pressures because

the particles are weakly attracted to each other. At the surface of a liquid, weakly interacting
icles have a better chance to escap the vapor phase, the vapor

pressure. See how kinetic theory helps make sense of things

At the right combination of pressure and temperature, matter can move directly from solid
toa gas or vapor. This type of phase change is called sublimation, and s the kind of phase

ible for the white mist that
solid carbon dioxide. Movement in the opposite direction, from gas directly into solid phase,
is called desublimation.

Fo any e type ol safer here 1 uniaecominalon of pressie s i peraties ot

the nexus of al three states. This pressure-temperature combination is called the triple point

At the triple point, all three phases coexist. n the sl g99d04 O, gang o the e
nt would produce boiling ice water, Take a moment 10 bask in the weirdnes:

Other welrd phases include plasma and supercritical fluids.

|+ Plasma is gas-like state in which electrons pop off gaseous atoms to produce a mix-
ture of free electrons and cations (atoms or molecules with positive charge). For most
types of matter, achieving the plasma state requires very high temperatures, very low
pressures, or both. Matter at the surface of the sun, for example, exists s plastna.

s ical fluids exist under high ature-high pres: hions, Forghven
type of matter. there isa of temperature and
ol porn. At temperaturts and yessurss higher than (st 1 this poit, the phise
boundary between liquid and gas disappesrs, i the matter eists 15 a ind ofluidy
gas or gassy lig uids can diffuse like gases do, but can
also dissolve mmgs like liquids do.

Phase disgramy are useul tols fo describli the states ol shvn type.of matier acvoss it
ssures. A

pre:
ture on the borizontal axis, and changei» f pressies o g i Unesdrawnmll\m

the of ’ phases, as
s Do ot n Figure 10-1.
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Ethanol (C.H0) has a freezing point of
—L14°C. 1-Propanol (CH0) has a melting
point of -88°C. At 25°C (where both com-
pounds are uqmas) Vil e ey 13

Temperature (°C)

propanol. Much colder temperatures
must be achieved to freeze ethanol than
t0 freeze propanol. This suggests that
ethanol molecules have ewer attractive
themselves than do

have the higher and why?

A.  Ethanol has the higher vapor pressure at
25°C. First, notice that a freezing point
and a melting point are the same thing —
the temperature at which a substance
undergoes the liquid-solid or solic-liquid
phase transition. Next, campare the
freezing/melting points of ethanol and

prcpalml molecules, At 23°C, both com-
pounds are in liquid phase. Pure liquids
In which the particles have less Intermol-
ecular (between-molecule) attraction
have higher vapor pressure, because it's
easter for molecules at the surface of the
liquid to escape into vapor (gas) phase.

A cup of water is put into a freezer and
€o0ls to the solid phase within an hour,
The water remains at that temperature for
six months. After six months, the cup Is
retrieve from the freezer. The cup is
empty, What happened?

Asample of carbon dioxide is heated and
pressurized within a container until it
becomes a supercritical fluid. Then some
carbon dioxide is allowed t0 escape the
container while temperature is held con-
stant, What is the most likely outcome?

147
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Discerning Differences in Solid States

g Changes in Terms of Energy

Solids all have ther liguid or but that doesn't
mean ol olds s ke, Make oy such i _yau'll ooty b » whol claos Sfack
A s0lid iy be that this aroup to begin

with, but they have a o point.

“To begin with, the properties of a solid depend heavily on the forces between the particles
within it

| tostenstidbarsheltogatier iy avasrayal vesyromg onks bands see Chapter e
thess ) and el b 12 o Tl mellng polats 1 ake
o Seatet energy to break apart the particl
+# Molecular solids consist of packed molecules that are less
e o N s lts to v s s melting potots,

trongly attractive to each

lids consist of particles that bonded to one another; these cova-
fent solids tend to be exceptionally strong because of the strength of their extensive
covalent bond network; one example of a covalent solid is diamond. Covalent solids
have very high melting points. Ever try to melt a diamond? (Chapter 5 has detalls about
covalent bonds.)

n addit

n, the degree of order in the packing of particles within a solid can vary tremendously.

| Mast ot ae highly ondore. packing inko neat,eesting patenas calld crysile
‘The smallest packing unit, the one that repeats over and over to form the crystalline
sold I cald he uni el Crymtalline slds tend 15 have welldeined meling polns.

» A h i those solids that lack an ordesed packing structure. Glass and
le tend to melt over a broad

i (ange ot temperatures.

When cooling a liquid throngh a phase ransitlon 110 a solid, he rate of coaling can have o
significant impact on ! the solid. T particles are
packed together in crystalline solids can take lots P i ubesanoss thb e capain ot
forming crystalline solids may nevertheless freeze into amorphous solids if they're cooled
rapidly, The particles may become trapped in disordered packing arrangement




Chapter 10:

Atnormal pressures, H. melts at -
H.0 melts at 0°C. NaCl melts at 801°C,
nd diamond (pure carbon) melts at

3,
ties of these compounds that best
explain such a wide range of melting
points?

A.  H.is a completely nonpolar molecule

that forms a moleculr solid;the Interac-

tions.

59°C,

50°C. What are the different proper-

attractive forces between dipoles. More
heat must be added to disrupt these
interactions than is required to melt
NaClis an fonic solid, composed of a lat-
tice of alternating Na' cations and CI
anions; the attractive forces between
fons of opposite charge are strong, 50 it
takes a lot of heat energy 1o disrupt
them. Diamond is a covalent solid, com-
posed of a network of covalently inter-
connected carbon atoms, Each carbon

solid are very weuk, 0 even small
amounts of heat energy disrupt them,

selves 10 take maximum advantage of

atom is
it takes a tremendous amount of heat
energy to disrupt these bonds

Aliquid sample is divided into two
batches. The first batch is very rapidly
coaled a4 iemperaturs bow the g
point. The second batch s cooled to the
Same temperature, but very siowly, Then
the two hatches are slowly reheated. The
melting point of one batch is measured to
be precisely 260K, The other batch appears.
to melt gradually over 270
explains these observations?

2

Chemists can sometimes figure out the
threedimensional structure of molecules
by making a pure crystalline sample of the
molecule, shining an Xay beam at the
crystal, and making very precise measure-
ments of the way the Xerays interact with
the crystal. These kinds of experiments are
often performed while the crystal is cooled
under a stream of liquid nitrogen. What
might be the point of this nitrogen cooling?

ing States in Terms of Energy ]49
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Answers to Questions on Changes of State

By this point in the chapter. you may feel depleted of kinetic ensrgy. But that's okay,
ecause it means that you're more ordered, right? See whether that lovely order is
reflected in your answers 1o the practice questions.

g Changes in Terms of Energy

M The noble gases are described as noble because, due 1o their lull valence shells, they have very
Iow reactivity. Only very weak forces occur between the atoms of noble gas, The particles don't
significantly attract one another under any but the most extreme (high pressure, low tempera-
buse)comn. Tierelo oy caal amoxin of it I requiied 1o posh e elements i

hase.

B Kinetic Ilmory describes matter as moving from solid to liquid phase (melting) as you add energy
othe ample. Tha added ecergyCautes thepietcles 1 der: greer oo a1 00
with other partic] yall solid
sample of the same material, because e greater motion of the liquid purnc s prevenl!closz
packing Solid water (ic2), on the other hand. s less dense than liguid water because o
unique g ik wates 8 Nt
Inwater.

N Atagiven than n goe
attractive partcles and lower ‘pressure than a gas with mutually repalaa partices On aver:

age, agiven kinetic energy.
Tt I ek DRI 16 ARERagE T GEam? S gt s
The frozen water from a solid to process
occurs slowly at he tempesatures and pressiaes lowmd within normal lmuselmld e
does oceur. Try

Il The sample would most likely move fluid to gas. tioxid

fecreased pressure, correspon-

dingto a downward vertical movement on the phase diagram of carbon dioxide.

I Although the two batches consisted of the same type of matter, they froze into different types
o sollds because of the difference in cooling rate_ The rapidly cooled sample froze Into an
amorphous solid because kinetic energy was removed from the particles more rapidly than
they could order themselves into a crystalline state, The slowly cooled sample froze into a
arystallne sold, The amorphous solid melted over a broad range of temperatures, whereas
the e, melted at a well 2 po

Cooling the crystals maintains the crystalline packing order by keeping the molecules in a
stateof very oy knec enerey: Shinng s Xeay henss ko the sample ks enerey to the male-
cules, disrupt he crystal maintains
he arder Bacaiie the ordor ol The erystel s maintained, the colected . my data can be more
easily interpreted to figure out the structure of the molecules within the crystal




Chapter 11
Obeying Gas Laws

In This Chapter

Bofling down the basics of vapor pressure
» Seeing how pressure, volume, temperature, and moles work and play together
- Dilfusing and effusing at different rates

A 5. s may o o th ot st ot st et
and wispy: ases easily sl through our . Forall therdiffse lukity, however:
gases are actually the best wnderstood ol the tates. The ke to understand about
gones I that they tend fo belave n the same wayx —physlﬂa!ly, Aot chemically Forexam-
ple, 0 fill the. put them. Also,
gasen are easly canxxpre~sed Into smalle volumes. Even more 50 than IA(|nids ses easlly
form mixtures, Bec

s, oae mAPURes 00 pro et Back abpt the M.Ilasyncrmnes of their nelghbors,

Chapter 10 sets down the basic assumptions of the Kinetic molecular theory of gases, a set
of ideas that explains gas properties in terms of the motions of gas particles, In summary,
Kinetic molecular theory describes the properties of ideal gases, ones that conform to the.
following criteria:

| # Ideal gas particles have a volume that is insignificant compared to the volume the gas
occ..p.s s awhole, The relatively small volume of a 20-ounce soda bottle, for exam-
ple. the hottle, making their sizes
Trrelevan 10 an kleal gas calculation

1 Ideal gases consist of very large numbers of particles in constant random motion
1 Ideal gas panticles are neither altracted 0 one another nor repelled by one another.
1 Ideal gas particles exchange energy only by means of pertectly elastic collisions —
collisions in which the total kinetic energy of the particles remains constant

nal. All

Live ol dels ot ool i and 50 on), ideal gases are entirely I

attraction or repulsion. No callsmn o e particles periectly eleti,But lockof perfection
15 n reason to remain unemployed or lonely. Neither i it a reason to abandon kinetic molec-
ular theory of ideal gases. In this chapter, you're introduced to a wide variety of applications
of kinetic theory, which come in the form of the so-called *gas laws.”
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Evaporation

and Vapor Pressure

Because kinetic molecular theory explains the movement of particles between diferent
phases, it comes as no surprise that we find gases in the presence of liquids, Within a liquid,
individual particles have any of a range of kinetic energies. At any given moment, some frac-
tion of particles on the surface of the liguid possesses enough kinetic energy to escape into
he g chase, Collcio e these gaphatseligee™ pintclen hoverrg Ol e sl
i, seecale ypar. The process by which paticies escape the susiace of g
{nto the vapor phisse s falied eomp arinor O} couri, he escaped partsles may el buck
lled time, the rate at which particles
chchpi g 1 el e e at which thy asevesapbasad e his s ofafats 1o caled
adynamic equilibrium.

Vapor pressure is the pressure at which vapor is in dynamic equilibrium with liquid. As evap-
orstanoccurs,he press s sbove the surace of s Kqud lncreases becaume mare palicles
are added to that volume, Eventually, the pressure over the surface of the liquid equals the
Jepar cagine ol tha i ot vhER palnt evaporstion equals condensaton. Why docs
increased Wha short, pressure is a
force spplied overgn ren— ke he ten o the Py Ilqmd for example. At the

that surface.

Al higher pressare, then, more
e T Thent chllisions make h more i liquid-phase particles to escape and
make it more likely that gas-phase particles will be recaptured. The final important piece of
information toxetainabeut vapor pressure i ts relationahip 1o boling: spocteally when the
vapor pressure of a liquid reaches the atmospheric pressure, a liquid wil boil,

At b
rium. Adding heat 0 a sample incveases po: R CAre Vi vt o e par Uk Rbls
that sample. Telnperalure is simply a measure of the s etk eiryy o e partiiy
in a sample. So at higl ore
Hidly o Gacape oV vapcr phase. The higher i mparahie: e Iugher the vzpur b

Pressure is also directly related to altitude. If you've ever tried 10 take a deep breath froma
mountaintop, you know that the air is “thinner” at higher elevation, making It harder to get
suffici 2 because the i i than at sea
level, and fewer oxyzen particles are in a given volume of .

Legend has it that watched pots do not A
hml Rigorous experimentation s
be

‘The claim is plausible. Placing a tight-

Some.
Kitchen theorists lim thal placing insi

tight iting 1 on a pot (1 prevent -
thorized pot-walching) actually causes
waler to boil at a higher temperature
than does water ina pot with nolid, Is
this claim plausible? Why or why not?

the water increases beyond the atmos-
pheric pressure in the kitchen. As heat is
added to the water, the vapor pressure
Increases. Boiling Gecurs only when the
vapor pressure of the water reaches




Chapter 11: Obey

sorstows 153

and/or exceeds the pressure over the
surface of the liquid. So, water in the
lidded pot must be heated more than
water in an open pot before it will boil.

Of course, water in a lidded pot may nev-
ertheless boil more quickly, because the
1id alsa traps heat that would otherwise
escape.

1. Inalittle hut on top of Mount Fuji in Japan,
Tomoko boils water for her breakfast.
Meanwhile, atop Half Dome in Yosemite
National Park Jim boils water, too. If
Tomoky's water bolls at BG°C and Jimrs
water boils at 90°C. which of the fwo is at
the higher altitude (and therefore the more.
hardeore hike)?

»

On the plaret Blurgblar, pressure decreases
linearly with altitude. A Blurgblarian
yodeler prepares tea atop the 2,250m peak
of Mount H1. The yodeler notes that the
water boils at 283K. Meanwhile, at sea level,
aBlurgblarian chemist measures the boiling
point of water to be 298K An unfortunate
Earthling physicist suddenly emerges from
atime-space wormhole on the surface of
Blurgblar. Gasping at the cyanide-daced
atmosphere, the physicist observes that a
nearby Blurgblarian Boy Scout is bolling
water at 293K. At what altitude does the
physicist find himself?

Playing with Pressure and Volume: Boyle’s Law

Although
graphs in the previous sect

por pres
tion, it mentions four

s for onlya few para-
¢ pressure, volume, tem-

nportant vz

perature, and the number of partiales. Relationships between these four factors are the

domain of the gas laws, We take a look at these In this section and the rest of the chapter,

T ool there vlacnhip s e s bt ntoa Bttt e
and volume, Babent Boyle.an rah gentioman regarded by somens the st cheaist

“chymist,” as his friends might have said), s typically gioon credh ioe roicing that g pre-
ure and velome have a

varse et
Volume = Constant x (1/Pressure)

This statement is true when the other two factors, temperature and number of particles, are
i sl s eupiens (hE sae O o say et st g pressig i charie
may change, they do 50 in such a way that their product remains constant. S0, as
s gots ciange h peeasre (9 and Vol () hetwesa two states, the allawag 1 true:

PxVi=Pix Ve



154 Parit Exa

g Changes in Terms of Energy

Thselataip make good sensg in it ot Mngé ol teory A oen temport:
1

and number of particles,
colbaione provca preer
al

ressure. And vice versa.

T e e

Boy! bout
ey i e Wings ik he el ek gkl the press e eliene et bl

at standard temperature and pressure
(STP). You accidentally sit on the bag.

The maximum pressure the bag can with-

hold hefore popping is 500 kilopascals
(kPa). What is the internal volume of the
bag at the instant of popping?

A. 0.2 The problem tells us that the bag.
has an initial volume, Vi, of 1L, and an

initial pressure, 7, of 1013 kPa (the pres-

sure at STP), (See Chapter 7 f you've

A sealed plastic bag s filled with 1L of air

momentarily forgotten the definition of

STP) The pressure inside the

reaches 500 kPa before poppin
%, So, the onl

sothat

final volume, V., by plugging in the
known values:

Ve« (1L %1013 kPa)/500 kPa = 021

An amateur entomologist captures a partic-
ularly excellent ladybug specimen in a plas-
tic jar. The internal volume of the jar is
051, and the air within the jar is Initially at
1 atm. The bugHover is 50 excited by the
catch that he squeezes the jar fervently in
is sweaty palm, compressing it such that
the final pressure within the jar is 1.25 atm.
What is the final volume of the ladybug’s
son?

A container possesses 3L internal volume.
“This volume Is divided equally in two by a

container Is kept under vacuum. Suddenly
and with great fanfare, the internal seal is
broken. What is the final pressure within
the container?

|
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Tinkering with Volume and Temperature:

Charles’s Law and Absolute Zero

Lestaheliak avaall i guagy i Wi Frch ginisthateda gast o thidr ol Misory
attributes this law. Jacques Charles. Chy rect, linear
relationship Vet wéenthe volame and tie temperature of a gas

Volume = Constant x Temperature

This statement is true when the other two factors, pressure and number of particles, are
fixed, Another way 1o express the same idea Is to say that although temperature and volume
imay Change, They o sich .y that el vaiatomati o5 st 08 w458 il
goes change in temperature (1) and volume (V) between two states, the following is true:

Vil Tie Vol T

Not to be outdone by the French, another Irish scientist took Charles's abservations and ran
with them. William Thorson, eventually to be known as Lord Kelvin, took stock of all the
data available in his mid-19th century heyday and noticed a few things:

1 First, plotting the volume of a gas versus its temperature always produced a straight line.
4 Second, extending these various lines caused them all to converge at a single point,
igtoasinglet ture at zero volume. though not
directly.accessible in expminentovas about -273 degrees Celsius. Kelvin took the
opfortuniy 1o esshuine hmsalln the sanals o scientfic betoey by daclariog that
e A GBSOl 36r Ahe\iwest st poash

This declaration had at least two immediate beneits, First, it happened to be correct
Second, it allowed Kelvin to create the Kelvin temperature scale, with absolute zero as the
Ofticial Zero, Using the Kelvin scale (where everything makes a whole lot more
sense For example, doubling the Kelvin temperature of a gas doubles the volume of that gas.
‘When you work with Charles's Law, converting Celsius temperatures to Kelvin is crucial

~K-213

A red rublber dodge ball sits I 20.0°C for the inal temperature, But take care —
basement, lilled with 350L of com- Charles’s Law requires you to convert all

pressed air, Eager to begin practice for Speaiiaip kiamee K 1421
the impending dodge ball season, Vince Alter alfew holurs outdool

reclaims the ball and takes it outside. assume that the lempeml ure c' the bt
After a few hours of practice. the well hes resehied cquiibiivin, Becanseths:
peab el e ke o500 Whats volume of the ball decreased, espect the
Thetenperatums oulaide? outdoor temperature to be lower than the

temperature in the basement:
~22°C. The question provides an initial

temperature, an Initial volume, and a final
volume. You're asked 10 find the T
\eimparatirs, T3 Apply Charles'y Law “This temperature corresponds to —22°C.
Hlingn the known valaes 4d soriog Vince ipay have some judgment lesuet.

1= (293K % 3.00L) / 3.50L = 251K

155
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w

dacsien Charlen's ghost attenpta 0 nflse

his sagging celestial hot air balloon w

short st et e The il

volume of the balloon is 300L (ghosts don't
large balloons). Trymglc fipress

1t Bastlig pll o/ recanty depar

séductrice, Jacques lets fly a long bus

the temperature of the air withi
toon from 40.0°C 10 50.0°C. How much does
the balloon inflate?

g Changes in Terms of Energy

Always helpful, Danny persuades his little
sister Suzie that her Very Special Birthday
Balloon wil last much longer if she puts it
in the freezer In the basement for a while.

1f the balloon has collapsed 100.200L by
the time Suzie catches on to Danny’s devi-
ous deed, what is the temperature inside
the freezer?

All Together Now: The Combined
and Ideal Gas Laws

& Boyle's and Charles's laws are convenient if you happen to find yourself in situations where
P\ onlytwo faciorschange gt e, The unlverse s rrsly 0 el belaved. Wha € pessue,
lii temperat

No. o s Dambined Gos s

Of course, the realuniverse can fight back by chan

for example, tires spring

volume all change at the same time? Is aspirin and a nap the oaly solution?

g another variable.Inthe real universe,

e road will attes

p i
tire This escape decreasesihe nomber of particles, n. within the tire. Cmnky.urelrcnwmd-
th nd his

decraases volume,

relationship s sometmes expressed o5 Ardgatro s Law

Volume =

onstant x Number of particles



Combining Avogadro’s Law with the Combined Gas Law produces the wonderfully compre-

sive relationship:

BxV, _BxV,

I ressure, temperature,

beh. (i
Velumms,an e f SAHKIGR) 1 s Casyinie SAation ealed the Heal Gas fa

PV=nRT

Here, R is the gas constant, the one quantity of the equation that can't change. Of course,

‘exact identity of this constant depends on the units you're usi

0.08206L atm K mol™* Alternatel

the ng >
perature, and volume. A very common orm o the gas constant as used by chemists is
R= y

0. A080Lcontainer holds 10 mol of belium,
The temperature of the container is 10°C
What's the Interal pressure of the
container?

A, 2.910° atm. Consider your known and
unknown variables. You're given volume,
number of particles, and temperature.
You're asked ta calulate pressure, The
equation that fills the billis the Ideal Gas
La, i ok Rearrange the exusion 1o
solve for P, 50 that i
before you hln.hely plugyuur known
values into the equation, be sure that all

for pressure, tem-

 You may encounter K = §:314L, kPa K mol”.

your units agree with those used in the
gas constant you've chosen. Here, we use
R = 0.08206L atm K- mol ' So, we must
convert the temperature (10°C) into
Kelvin, K « 10 + 273 = 283 K Next, plug

in your known values and solve:

Froapuon.s (0l 08004 o K
mol™ x 283K) / 0.80L = atm

‘That's nearly 300 times normal atmos-
pheric pressure, Stay away from that
container.

N

The 0.80L container from the example
cause the con-

olsonous gas, it was itsel

stored within a larger,

A container with a volume of 15.0L con-
tains axygen The gas s ot atemperatuve
of 29.0°C and a pressure of 1.00  10° kPa.

tainer. After the poisonous gas expands 1o
fill the newly available volume, the gas is at
STP. What is the total volume of the sec-
ondary container?

y gas oceupy that
contalner?
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°

The volume of a whoopee cushion is 04501 at 27.0°C and 105 kPa, Danny has placed one such
Pracica ik devicean e clalr of iy enshdgecing Aunt Birtia, Unbekedion i Dy s
jarticular whoopee cushion suffers from a construction defect that sometimes blocks normal out-
gassing and ruins the flatulence effect. So, even “l.eu Ihe conhion secsives h full oce of Aunt
Bertha’s ample behind, the blockage
cxtried b Berthe 0 Lt the It onal eesiure Peconias S kP A+ esns o \he cushion,
Bertha warms its contents a full 10.0°C. At last, and to Danny’s profound satisfaction, the cushion
explodes. What volume of air does it expel?

Mixing It Up with Dalton’s Law of Partial
Pressures

gk Gasesmix. They do 5o better than iguids and infniely better than solids. S0, whal's the rela-

4 tionship between the total pressure of a seous mixture and the pressure contributions of
the individual gases? Here is a satisfyingly simple answer: Each individual gas within the mis-
ture contributes a partial pressure, and adding the partial pressures yields the total pressure.

by Dalton's Law of Partial Pressures, for a mixture of individ-

wal gase:

BaunPiaPovPiso o B

“This relationship makes sense if you think about pressure in terms of Kinetic molecular
theory. Adding a gaseous sample into a volume that already contains other gases increases
the number of particles in that volume. Because pressure depends on the number of parti-
cles colllding with the container walls, increasing the number of particles increases the pres-
sure proportionally.

£

A d|e st desigs an experiment to A. 250 kPa. However difficult early emll\

Stud
20 the carly Gt blllbnsnlyean ago. this particular problea s a sitmple ane.

She constructs an apparatus t6 combine

pure samples of the primary volcanic
gases that made up the early atmos-
phere: carbon dioxide, ammonia, and
water vapor. If the partial pressures of
these gases are 50 kP, 80 kPa, an

120 kPa, respectively, what's the pres-
sure of the resulting mixture?

Dalton's Law states that the total pres-
sure s simply the sum of the partal pres-
sures of the component gases:

P = P(COS + FANH) + F(H.0)
0 kPa + 80 kPa + 120 kPa
250 kPa
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10. Achemist adds solid zinc powder to a solution of hydrochloric acid 1o initiate the following

Z0(s) + 2 HCI(ag) — ZnCla(ag) + Ha(g)

‘The chemist inverts a test tube and immerses the open mouth into the reaction beaker 1o collect

tha By os thal bubles s ron e st The nescion procosd o B A
end of the experiment, the water levels within the tube and outside the tube are equal T

sure in the lab is 101.3 kPa, and the temperature of all components is 298K. The vapor pressure of
water at 208K is 3.17 kPa. What is the partial pressure of dihydrogen gas trapped in the tube?

Diffusing and Effusing with Graham’s Law

Wk upaod siellihe eollse Thideousmand s sy il o sl tons, bt ot
people who b event fondly. The morning
it of offee aroma is. e pc;slble lw & phenomenon called i, Dillsicn s he -
ment of a substance from an area of higher 10 an area of Jower concentration.
Diffsion occes pontansolaly,on s wn. Dillison kads o i, evertualy pmdnﬁm&
in whicl
Hcighont gnieiiexoloma Of conres, Ut it of completa dlnion i an equlllhrlum
state; achieving equilibrium can take tim

Different gases diffuse at different rates, depending on their molar masses (see Chapter 7 for
deil o molar masse). The raes at which two guses diluse can be compared using
s Law. Graham's Law e process in which gas molecu
flow through a small hole in a container. Whell\erumesdnllme or effuse. they do soat a rate
inversely proportional to the square oot of their molar mass, In other words, more massive
gas molecules diffuse and effuse more slowly than less massive gas molecules. So, for gases
B

Jmolar mass,
Rate,  Jmolar mass,
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How much faster does hydrogen gas
effuse than neon gas?

v tater s, by ragen gas”
refers to dihydrogen, H.. Next, consult
‘your periodic table (or your memory, if
you're that good) to abtain the molar
masses of dihydrogen gas (2.0g mol”)
and neon gas (20g mol™"), Finally plug

those values into the appropriate places
within Graham's Law.

RateH, BT _,,
-2

S0, dihydrogen effusés 3.2 times faster
than neon

T1. Mystery Gas A effuses 4.0 times faster than oxygen. What is it the likely identity of the Mystery Gas'
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Answers to Questions on Gas Laws

You've answered the practi as behavior. Were your answers Ideal?
Check them here. No pressure.

BB Tomoko is at the higher altitude. As altitude increases, atmospheric pressure decreases. A%
lemperature ncreases, vapor pressure increases, Liquils boll when thelr vapor pressure
exceeds the external because boils at a lower tem-

st she sl Beata bighe skl whest RESOAPIIC pressie teVoear Tarhoke o the
Rardeone ke

[N 750m. Boiling point decreases linearly with external pressure. Because the atmospheric pres-
sure on Blurgblar decreases linearly with alitude, boiling point and altitude also have a linear
relationship on this odd planet. To calculate the altitude where the physicist emerged, you
s denmtine theIneat chtonabo beween alde s bllng poe. The toal clevatih
increase between sea level and the peak of Mount he decrepae i bollng polat
over that change in e s 15K GO0 - 283K). Sorthe Tailing point deceeases by 1K o
every 150m Increase in af

2,250m / 15K = 150 m/K
Thedying plyaicie chperved holng pice 3 lower i eneofserve ataes vl S
the physicist is §50m above sea

5K 150 m/K = T50m

[ 0.4L You're given an initial pressure, an initial volume, and a final pressure. Boyle's Law leaves
‘you with one unkniown: final volume. Solve for the final volume by plugging in the known
Values:

Tatmx 05L)/1.25 atm = 0.4L.

EEH 2.5 atm. Under the initial conditions, gas at § atm resides in a 1.5L volume. When the seal is
removed, the entire 3L of the container becomes available 10 the gas, which expands 10 occupy
the new volume. Predictably, its pressure decreases. To calculate the new pressure, . plug in
the known values and solve

Pow(Batmx151)) 3. = 25 atm

B 10L. You're given the inital volume and inital temperture of the Bt 4 el it

loon's final temperature. Apply Charles's Law, plugging in the known values and solving for the
final volume. Be careful —all temperatures must be expressed in isor
V= (300L % 329K) / 313K = 3101

‘The difference In volume due to beat-induced inflation is 3101~ 300L - 10L.

I -39°C. Charles's Law is the method here. The unknown is the final temperature, 75, You're given
an initial temperature. as well as the initial and final volumes. After converting the tempera-
tures to units of K. plug in the known values and solve for final temperature:

= (293K X 0.2001) / 0.250L = 234K
“This final temperature corresponds to -39°C. That's one serious freezer.

280L The njmber of ioles o g (10 mol) rémles constaat. The ther these factrs (pres
sure, temperature, and volume) all chang between initial and n.m states, So, you need to use
the Combined Gas Law, The initial values (29 S0yl e fom the s
ple problem. The final temperature and pre: o) because dhe question
states that the gas ends up at STP. So, the only unknown is the final g Rearrange th
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Combined Gas Law 10 solve for this value:

210" atm

B, 2910 080507
F 283K x 1 atm

59.7mol. This problem simply requires use of the Ideal Gas Law, arranged 1o solve for number
of moles, n. Don't forget to convert temperature to units of K and o use the appropriate ver-
sion of the gas constant,

PxV _ 10x10' kPax 1500
RxT AL o

9.7 mol

0.244L. You're given an initial volume, initial temperature, and initial pressure, You're also given
atinal pressure and a final temperature. The only unknown is final volume. Rearrange the
Combined Gas Law ta solve for final volume,

RXVixT, _ 105 kPas 0
<P, 0K 200 WPa

v,

Dot the et s the il tempesatie s ghe ot el ipsaoes e sl
mateh for

e presture evertol by Berth's postenor.

98.1 kPa. The system has com il the interior of the gaseous
miture o1 dibyeragen nd water vopor, Bechuba the wates Jevels nekle and Qutsida 10 tuba
e L YOO K, Iyt 0 B g kn e 5 s eyl Wik emblont i o the
1ab 10134, The to pressure incldes the partal pesasuse contebutions from dhyarogen
and from water vapor. Set up an equation using Daltor
Praw = PH) + HO)
Rearrange the equation to solve for P(H:) and substitute in the known values 16 solve:
P(H:) = 1013 kPa =317 kPa = 98.1 kPa.
Diydrogen, H.. The question states that the ratio of the rates is 4.0. Recall that oxygen gasis
dioxygen, Os, with a molar mass of 32g mol. Substitute these known values into Graham's Law.

RateA _; 0 R
RateO, o s A

Square both sides of this equation to bring values out from underneath the radicals.

5 32
molar mass A

Next, rearrange to solve for the molar mass of Gas A:

Molar mass A - (32/16)g mol ' = 20g mol”*

This molar mass Is consistent with dihydrogen, Hs.



Chapter 12
Dissolving into Solutions

In This Chapter
Seeking certainty about solublity
Keeping tabs on concentrations
Making dilutions

oo of indivigesl melacalis, e cal e musasee 4 sobifion Each /e ol compoind i
asolution's caled.a comparant The companent of which thereis the s s wsuanly calld
the solient The other components are called solutes Although most people think “fiquid”
‘when they think of solutions, a solution can be a solid, liquid, or gas. The only criterion is
that pl need to know in this
chapter.

Seeing Di{ferent Forces at Work in So(ubi(ity

For gase: process. Gases

Gonon vorape G Crspuer i foe rmors about difon). Things re o bit more camplr
ald fo condensed stes ke Bl solids, In liquids and solids, molecules or lons
are crammed 50 closely together ok very important, Examples of
S tios o ey e ion-dipale. dipole-dipole, hydrogen bonding, and London

(dispersion) forces. We touch on the physical underpinnings of these forces in Chapter 5.
R, bivducngsscius i wsolient iotates s toumaien o foes, Atygetvelorces e
forces.
tlon forms only 1 the e exlem that solutesolvent s ek oo e Tre
process in which and win in th forces is called

Soltation o, in the )peclll( el selvent ation Soivotad oglates re
surrounded by solvent molecules, When solute ions or molecules become separated from
one another and surrounded in this way, we say they're dissolved

Imagine that the members of a ridiculously popul and” exit their hotel to be greeted
 an assembled throng of fans and the media. e il attempt to eling 1o each

other, but are soon overwhelmed by the crowds cassdess, repeated ttemps I gl closer

Soon, each member of the band i his

hyperventilating teenage girls. So it is with Selidods
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The 1 lays out differenth

%o one another, more st ctn
be dissalved. One factor that al»mys tends to favor dissolution is enropy, a kind of disorder
or “randomness” within a system, Dissolved solutes are less ordered than s
solutes. Beyond a certain point, however, adding more solute 10  solution doesn't result in a
‘greater amount of salvation. At this point, the solution is in dynamic equilibrium; the rate at
which solute becomes solvated equals the rate at which dissolved solute crystallizes, or falls
utofsaution Asolision 1 his state s samed. By contast, s unsaingied solon 1 cne
that olut

dislved then s necpary o rake salwted snlidlon. A 4 persaturiledscliion i fnstn
ble; solute The
YT Caycle e i ols i oo suspended inthe yoi
he looks down — at which point he inevitably falls

“The concentration of solute required to make a saturated solution i the solubiliy of that
solute with th the solution. The dif
ent solubility in diferent slvents, and at different temperatures, and so on.

When onie liquid is added to another, the extent to which they intermix is called miscibility
Typically, liquids that have similar properties mix well —they are miscible. Liquids with dis-
similar properties often don't mix well — they are immiscibie. This pattern s summarized by
the phrase, “like dissolves like.* Alternately, you may understand miscibility in terms of the
Halian Salad Dressing Principl. nspect a bottle of ltalian salad dressing that has been sitting
in - Obs he. tlayers, an
olly layer and a watery layer. Befo oumist e the hotle o temporssly mix the
ovbrs, Paanbuali, 1hey Tl eoseate el Bataue watea s ol o L1 eamglo (Soe
Chapter 5 if the tion between polar and nonpolar s lost on you,) Polar and nonpolar
liquids mix poorly, positive

Sty o Qfvence iy poleny betwesscompanentsTs alen s grod predicta of solubl-
h

goad p'edlcw' ? Bacase polarcy I genteal 1 The omrpasiest of srees that sndaries sch
bility. S0, solids held together by ionic honds (the most polar type of bond) or polar covalent
bonds tend to dissolve well in polar solvents, like water. For a refresher on jonic and covalent
bonding, visit Chapter 5.

Sodium chioride dissolves more than 25
times better in water than in methanol
Explain this difference, referr
structure and properties of water,
methanol, and sodium chloride.

Sodium chioride (NaCl) is an fonic solid,
a lattice composed of sodium cations

(atoms with positive charge) alternating

with chlorine anions (atoms with nega-
tive charge). The lattice has a highly

regular, idealized geometry and is held
together by ionic bonds, the most polar

type of hond. To dissolve NaCl, a solvent
must be able to engage in very polar
Interactions with these ions and do so
with near-ideal geometry. The structure
and properties of water (which is polar)
are better suited to this task than are
those ol methanol (seethe following
Sgure). The tw 0-H b
(on the left) partiall
Sirong Angle sleag toe miseny Woage
plane of the molecule that runs between
the two hydrogen atoms, Methanol (on
the right) is also polar, due largely to its



own O-Hbond, but is less polar than
ente.In solulon, aler molecules an
orient their dipoles cleanly and in either
ittt ey favorably
“ith Na ar OF lans, Methanol moleoules
can engage in favorable interactions with
these ions too, but not nearly as well as
water

Chapter 12: Dissolving into Solutions

Lattice energy is a measure of the strength
of the Interactions between ions in the lat-
tice of an ionic solid, The larger the lattice.
energy, the stronger the ion-on interac-
tions. Here is a table of fonic solids and
their associated lattice energies. Predict
the rank order of solubil ter of
these fonic solid:

Sodium Sall  Lattice Energy, ki mol”!

NaBr 747
NaCl 7
NaF 923
Nal 704

thancl CH,CHOM, s e wilhwtar
Gctanol, CH,(CH.OH. isn't miscible in
Wate. s suchose (s intae sugar
to be more soluble in ethanal or octanol?
Why’

Altering Solubility with Temperature

J,m«

ncrensingtempeature magnies the eflects of entropy on waysten. Betquse the entiopy o

l increased when it dissolves, incs

.mperature usually increases sob

ity o s and Tt solutes,aeswiny nothe sy 40 andixstand tha clfectof tem
perature on solubility is to think about heat s a reactant in the

ssolution reaction:
Solid solute s Water + Heat — Dissolved solute

Heat is usually absorbed wh I Ives. Increasing

added heat. So, by increasing temperature you supply a needed reactant in the dissolution

reaction. (In those rare cases where dissolution releases heat, increasing temperature can
decrease solubility)

165
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ot sikies hhors difenly ton dosclid ot euid ke it respect o mpers:

e terpertie ands f0 deue«se'he sclbilty of gas i uld. To undes

By patieen, cheek o 1 e, (1 from

your sallag pere o wim apor pressure s about, take  prekalChapter 11)
ing

energv of the particles in Sokuion. With acded energy,these i agreater ;s
ol bresiing roe rom thIatmdlecular forass hat held therm n Soution, A Cesek, reablie
example of temperature’s effect on gas solubility is carbonated soda, Which goes flat (loses its
dissolved carbon dioxide gas) more quickly: warm soda or cold soda?

Uquids withth fvapor promu] highlghts
anclher important pattern: Increas ses the solubil 1 Just
s higl ficul s TR e Ll e aCpa i,
vapnr phase, high peessures nbib The sacape of gases disalvec st T i
p between pressure and gas solubility is sunmarized by Henry's Law:

Solubility = Constant x Pressure

The “constant”is Henry’s Constant and its value depends on the gas, solvent, and tempers-
ive, A parularly usculfem of HantysLa el the chai g i solbL) €9 hat accom
panies a change in pressure (F) between two different states:

Si1P St P,
According to this relationship, tripling the p i for example.
; { water is at 20°C, which is
Henry's Constant for dinitrogen gas in s glass o
water at 293K is 0,69 10~ mol L atur, v 10 K Gt 3o any
The partial pressure of dinitrogen in air Celsiunlemperaturéiaget Hiehénia
Spaii pibi e n equivalent). Because the giass sits within

Dl of Ny 1n  glase of water at 20 sh- a beach house, we can assume the dass
ting on a coffee table within a beach isat sea level. So, we can use the pro-
s vided values for Henry's Constant and
the partial pressure of N
0.54 % 10 mol L, This problem requires 3 ;
the direct applisatiar of Heniy'y Latt Solubily - 060 107 mol - atm) x
TeliSer AR S (0.78 atm) « 054 x 10° mol
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4

Achemist
costumsuliate Coxs00 smrnngn.e
beaker in her gloved hand to promote dis-
solution. She notices something, momen-
tarily furrows her brow, and then smiles
Knowingly. She nestles the beaker into a
bed of crushed ice within a bucket. What
did the chemist notice, why was she briefly
confused, and why did she place the dis-
solving cesium sulfate on ice?

s perate und

presiRy ol miblpl m. Ot sty

hese divers must be concerned with s
“the bends a dangerans conditlon that
occurs when divers rise 100 quickly from
the depths, resulting in the over-rapid
release of gas from blood and tissues. Why
do the bends occur?

3

Reefus readies himsell for a highly produc-
tive Sunday afternoon of football watching,
arranging bags of cheesy poofs and a six-
pack of grape soda around his beanbag
chair. At kickoff, Reefus cracks open his
first grape soda and settles in for the long
‘haul. Three hours later, covered in cheesy
crumbs, Reefus marks the end of the fourth
quarter by cracking open the last of the
six-pack. The soda fizzes violently all

over Reefus and the beanbag chair. What
happened?

>

“The grape soda preferred by Reefus (the
gentleman introduced In Question 5) is bot-
tled under 3.5 atm of pressure. Reefus lives
onabayou at sea level (hint: 1 atm). The
temperature at which the soda s bottled

is the same as the temperature in Reefs’s
living room. Assuming that the concentra-
tion of carbon diaxide i

grape soda is 0.15 mol
centration of carbon dioxide in an opened
soda that has gone flat while Reefus naps
after the game?
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Concentrating on Molarity
and Percent Solutions

B

It seems that different solutes dissolve to different extents in different solvents in diferent con-
ditions. How can anybody keep track of all these differences? Chemists do so by measuring
concenegon. Gymlnativly. o cluton with a ege ot of ke b said to b concsnite
n with only 2 small amount of solut 0 be dilute. As you may suspect, simply
g salution as concentrated ardilute s uumly ‘about as useful as calling it “pretly”

Fifi " We need numbers, Two important ways to measure concentration are molr:
i i ’)!‘rlelll solution.

Molarity relates the amount of solute to the volume of the solution:
Molarity « (moles of solute) / (liters of solution)

“To calculate molarity, you may have to use conversion factors to move between uits. For
example, If you're given the mass of a solute in grams, use the molar mass of that solute to cor-
vert the given mass into moles. If you're given the volume of solution in cm” or some other unit,
you need to convert that volume into liters.

Theusht ofmlachy sre iays moll. . Thase unltsste clen abbivinked s Mond ferid 1o
1, 02547 KOH(a) i described a-Polnt twelve molae ptaasien hydrle™
5 moles of KO Note that this does ot mean that there
are 0.25 moles KOH per liter o mmmmua, in this case) — only the final volume of the solu-
tion (solute plus solvent) is important in molarity:

Like other units, the unit of molarity can be modified by standard prefixes, as in millimolar
(M, 10 mol L) and micromolar (uMY, 10 mol L),

eSS SOl SEGUNSE 00 w1 s RS THE g i o el
cent sal the din liquids,
mass pme.u s usually used:

mass of solute
otal mass of solution

“This kind of i imes called a mass-mass percent mass is
divided by another. sl indrink.
Ing water) are sometimes expressed as aspecial mass percent called parts per million (ppm) or
parts per billion (ppb). In these metrics, the mass of the solute is divided by the total mass of the
solution, and the resulting fraction is multiplied by 10° (ppm) o by 10° (ppb).

i terms of the final

Sometimes, the term percent solution is used to describe concentration
volume of solution, instead of the final mass, For example:
1 47 “5% Mg(OH)" can mean 5ig magnesium hydroxide in 100 mLfinal volume, This is a mass-
volume percent solution.
» 2% HO." can mean 2 mL. hydrogen peroxide in 100 L final volume, This is a volume-
volume percent solution.
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important 1o pay attention to units when working with concentration. Only by
re attached toa measurement can you determine whether you are
‘working with molarity, mass percent, or with mass-mass, mass-volume, or volume~olume
percent solution.

P Clearly, it

Calculate the molarity and the mass-volume percent solution obtained by dissolving 102.9g
HPO, into (42 ml. final volume of solution. Be sure to use proper units, (Hint: 642 ml. = 0.6421)

First, caleulate the molarity:

L6AM H,PO,

1029¢H PO, mol H,PO,
0642980 H,PO,

Next, calculate the mass-volume percent solutior

DOTHPOL . o - 160k inasivalinia, o
T 100% = 16.0% mass/vohu vaa[

160gH J
T00mL

Note that the convention in molarity isto divide moles by fters, but the convention in mass
percent Is to divide grams by miliiters. I you prefer to think only in teris of liters (not mil-
liliters), then simply consider mass percent as kilograms divided by liters.

7. Calculate the molarity of these solutions 8. How many grams of solute are in each of
a 2.0 mol NaClin 0.872L solution thesa salutions?
671 i of 24
b, 93g CuSO, in 390 mL of solution 4671, MLOE2 (N NaOH

© 22g NaNO, in 777 mL of solution 52594t ol 0 S5M HO)
. 2,741, of 258 m CalNOS)s
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9.

g Changes in Terms of Energy

A 15,0M solution of ammonia, NH,, has den- 10. A chemistdissalves 2.5g of glucose, C.H,.0,
sity 0.90g L. What is the miass percent of inlo 375 mLof water. What Is the mass per-
th

solution? cent of this solution? Assuming negligible
change in volume upon addition of glucose,
what is the molarity of the solution”

Changing Concentrations by Making Dilutions

\%

Reabilechemiss inreaie lab dortmake evry alution rom scratch, Instead. hey mke
stock necessary for a given

experiment.

To make a dilution, you simply add a small quantity of a concentrated stock solution 10 an

‘amount of pure solvent. The resulting solution contains the amount of solute originally taken

from the stock solution. but disperses that solute throughout a greater volume. So, the final
th is les: 1 more dilute.

Bt oo e o e e pocl solelon e pgard Ko mchof he pore ol
vent to use? It depends on thestockmdo

volume of the jou want. You can

using the dilution equation, which relates concentratio © il (\) ety
and final stat

CxVieCix Vi

This equation can be used with any units of concentration, provided the same units are used
throughout the calculation. Because molarity is such a common way to express concentra-
tion, the dilution equation is sometimes expressed in the following way, where A, and M.
refer to the initial and final molarity, respectively:

Mk Vs M Ve
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). How would you prepare 500 mLof
200 m NaOH(aq), given astock solution
of 1.5M NaOH?

A. Add 67 mL 1.5M NaOH stock solution to
433 mL water.

Use the dilution equation: 8, x V, = b V

Thdnitial oy M dertye Srom the
stock solution, and 50 is e final
molarity is the one you want in your final
solution, 200 mA, which is equivalent to
0.2001. The final volume is the one you
want for your final solution, 500 mL,

which is equivalent to 0.500L. Using

these known values, you can calculate

V= (0.200M% 0.500L) | L5M = 6.7 % 10°1,

The calculated volume is equivalent to
67 L. The final volume of the agueous
solution is to be 500 mL. 67 mL of this
volume derives from the stock solution
The remainder, 500 mL~67 mL = 433 L.,
derives from pure solvent (water, i thi
case). S0, to prepare the solution, add
67 ml. 1.3/ stock solution to 433 ml.
water. Mix and enjoy.

T1. What is the final concentration of a solu-

tion prepared by diluting 2.50 L of 3.00M
KCl(ag) up to 0.175L final volume?

12, A certain mass of ammonium sulfate,

(NH)-50,, is dissolved in water 10 produce.
165L of solutian. 80.0 mL of this solution ks
diluted with 120 mLof
200 mL 0f 200 mA (NH),S0, What mass of

ammonium sulfate was originally dissolved?

171



172 Ppanii:Exa

Answers to Questions on Solutions

By this point in the chapter, your brain may feel as if it has itself dissolved. Check your
answers, boiling away that confusion to reveal crystalline bits of harc-earned know}-
edge. In other words, make sure you know what you're doing Solutions are critically
important. Really.

g Changes in Terms of Energy

M The rank order from most to least soluble is: Nal, NaBr, NaCl, NaF. As the question indicates,
the larger the lattice energy s, the stronger the forces holding logether the ions. Dissolving
Mo s e outscftln (hoag ereas sokian OFRA Whatatvictvs ctesleae
forces dominate over others (such as solute-solute bonds). So, salts with lower lattice energy
st ypleail e sonbe o hons with higher lattice energy,

[ ] S o i ke sl G s il i dinsives Ve Chemte ki
ko eiperionc hak it derolisd el 1y vates: Thsslor, s expee sugar o cisobve st
in solyents that are most ex, Because ethanol is more miscible with water than is
anol, we expect that phris il ol rosetic (GonesilR polachy) st e weter
than does octanol
IEN The chemist noticed the heaker that the beaker
was becoming her, because it sug-
gied tha e lasolution of cesmm sulfate released heat, a state o sl opposite i that
ual lscil
10 her advantage, Wit typieal sahs, mcma,smgcempeulure mcrezseasqluhnlllyln water, 50
heating a dissolving mixture can p iate, hor
the reverse is true: By cooling the dissolving mixture, gy promoted solubility of the
cesium sullate.
M At the high pressures 10 which deep-sea divers are exposed during ther dives, gases become
st sl e oo e s s 1 Hearys L Sty » Conuant «Pressuie
S0, when the divers do
Into the blood. If the divers rise t0 the surface too quickly at the end of e e solublity of
these dissolved gases changes 100 quickly In response 10 the diminished pressure. This situa-
tion can lead to the formation of tiny gas bubbles in the blood and tissues. These bubbles can

be deadly.
Il Nothing i pp hen Reeh 1l because that soda was
still cold from ‘As the game progressed, by the remaining sodas warmed

10 room temperature as they sat beside Reefus’s beanbag chair. Gases (like carbon dioxide) are
less soluble in warmer liquids. So, when Reefus opened the warm, fourth-quarter soda, a reser-
voir of undissolved gas hurst forth from the can

M 4.3% 107 mol L™ T solve this problem, use the two-state form of Henry's Law:
Si1P=Ss/P:

The initial solubility and pressure are 0.15 mol L-* and 3.5 atm, respectively. The final pressure
is 1.0 atm. Using these known values, solve for the final solubility:

S (0,15 mol L/ 35 atm) x 1.0 atm = 4.3 10° mol L*
Solve these kinds of problems by using the definition of molarity and conversion factors:
a 2.3 NaCl
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b. 15M CusO,

150 CuSO,

SO, 10° i, mal CusO,
390 . *T60g (w0,

< 0.33M NaNO,

2gNaNO, _ 10" ml.
Tmkl L

Agalo, Comeralon tctorsace i ray 1o Bpproah e ikl ofproblers. Kt prolert e
tures a certain volume of sa]nlkm that

volume
by ihe cancentration Hmlly, eonvert fram meles to grams by mnlllplylr@ bythe Rt st
the

a 5:. NaOH
Srial, 20mal ““"“x“.‘f;ﬁfﬁﬁ" ——
b. 9.3g HCI
L 85 ol He) l'x\;_zf :GCI axHal

€ 116g Ca(NOy,

2 BBmmol CaNO,). oy 1648 Ca(NO,),
T T 107 mmol  mol Ca[NO, ),

116g Ca(NO, |,

28%. To calculate mass percent, you must know the mass of solute and the mass of solution.
‘The molarity of the solution tells you the moles of solute per volume of solution. Starting with
this Information, you can convert to mass of solute by means of the gram formula mass (see
Chapter 7 for details on calculating the gram formula mass);

15.0 mol L% 17.0g mo = 255¢ 1
oty i 180/ i containg 2535 Ny okt S o oass does e ot s

mass of the solution by using the density. Note that the problem

Kststhe densiy I unite of militers, 5 be sure 13 Gonver 6 the proper anie:

1.0L sclution x (0:90g /1.0 % 10°L) = 9.0 x 10/ solution
So, 255¢ NH occur in every 900g of 15,00 NH,. Now you can caleulate the mass percent:

Mass percent = 100% x (255 / 900g) = 28%

into Solutions ] 73
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I3 The mass percent s 0.66% the molarity is 3.7 x 10°*¥. To calculate the mass percent, you
must use the estimate that 1.0 mL of water has 1.0g mass. This s a very good approximation at
m temperature, and one with which you:should be familiar. So, 75 mL water has 375¢ mass.
Adding 25 glucose increases that mass to 377.5g for the final solution. Calculate the mass per-
cent as follows:
Mass % « 100 x (258 / 377.50) = 0.66%
To caleulate the molarity, you must know the final volume of the solution. Although adding 25g
10 375 mL water increases the volume from 375 mL, the increase is very small compared to the
volume of the water. So, 375 m is a good approximation of the final volume of the solution.
Next, convert from grams of gluicose to moles of glucase by means of the gram formula mass:
Moles glucose « 2.5¢ glucose (1 mol / 180.2) = 1.4 x 10° mol ghucase
Now that you know the moles of glucose and the final volume of solution, calculating molarity
ise

Molarity = (1.4 x 10° mol glucose) / (0.375L solution) = 3.7 x 104
WEE 4.20 % 10°M, Use the dilution equation: M, x V, = Mx Vi
In this problem, the initial molarity is 3,008, the initial volume fs 2,50 mL (or 2.50 x 10°L), and
the final volume is 0.175L. Use these known values to calculate the final molarity, i

M= (300 mol L 250 x 10°L) /01751 = 420 % 10°0
MEL 109 (NH)SO,. First, use thy find th, o
My« Q005 10° mol L x 200 ur‘L)/ (wu % 10°L) = 050041

by ol ()50, per nerofsoh-
tion The question nictos et 188 of hn original o i prepared,

Las, 0500 mmol (4] 50, 1324(1,) 50,
d L W

=109 (N, ), 50,



Chapter 13

Playing Hot and Cold:
Colligative Properties

In This Chapter
Knowing the difference between molarity and molality
Working with boiling point elevations and freezing point depressions
Deducing molecular masses from boiling and freezing point changes

s arecently minied expert I solbllay i holely (ses Chapler 12) youumay be

ready 10 write off solutions as another chemistry topic mastered, but you,
chemist whith e slt st be aease of one finalplocé 1o ho puste Coleetvely called
the colligative properties, these chemically important phenomena arise from the presence
of solute particles in a given mass of solvent. The presence of extra particles in a formerly

asignificant on some of that solvent's characteristic properties,
prinks: This chapter waks Sou throoghthese colgalie pop:
anew solutios lality. No,

that's not a typo. Molality is an enmejy ew property that alows youto solve for the key
cOlligotive phopietics etee 1 this chaptes

Portioning Particles: Molality
and Mole Fractions

o

While Chapter 12 Iamses on molarity and its usefulness in expressing the concentration of a
solution, this on molality Like the dif in their names,

Between molarity and molality s subtle. Take a clase ok a their definitions, exwﬂ\ednexi
toone another in the following equations:

solute

of
yhils Moy k\l%r..mmlsolve

‘The numerators in molarity and molality calculations are identical, but thelr denominators.
differ greatly. Molarity deas with liters of solution, while molality deals with kilograms of sol-
vent. In Chapter 12, you find out that a solution is a mixture of solvent and solute; a solvent i
the medium inta which the solute is mixed.

Afurther subtlety to the molarity/molality confusion is how to distinguish between their
variables. The letter “m” turns out to be an overused variable in chemistry. By the time
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g Changes in Terms of Energy

chenias goto iy ey had alfendy deinad ss: molanly,a\d Aol and vere
freah out of ‘m” touse, losten (or
o hat stastod with 3 ics smcammon oier Dk 3, ehemists dhclded 12 give moiy the
“seript” mas e variabe () To help you avold uttering any four letter words when con-
fronted with this piethora of mwords and their variables, we have provided you with Table
131 containing all of them.

Tahle 13-1 The Chemical M Words

Name ‘Abbreviation

Mass n

Molerity m

Molalty m

Moles ml
Be very careful ing of a P isan ionic compound.
As we explain in Chapter 12, ioni ds dissociate in aqueous soluti litting up

ko dhelrcomatent parlkles Betansscaligativ propatties depend on he olanimber
articles in solution and not the total number of particles of solute before it

h 261t younee 1 take hig pIopeRy fao ackunt, For Susmale, b mol elaon (1)

chloride (FeCl) dissociates into four moles of particles in water, because water splits each

molecule of iron (1) chloride into three chlorine ions and one iron ion.

You may als asked the mole fraction of a solu-
tion, which is the ratio of the number of moles of eitler solute or solvent in a solution 10 the
tota ool melesof saute gud solvent i hesolution. By the e chemiats defned this
had too many “m” variables, and

they. gve I the variakie . Of course,chamists still eed 1 distinguish between the mole
fraction of the solute and the solvent, which Start with the letter *s." To
avoid to abbreviate sol 1 solvent as A and B respec-
tively in the general formula, alhoighin peicice, ‘hie cheieallpvmmlas ol ih solute and

vent are usually written as subscri lace of A and B, For example, the mole fraction
P kot T ey

In general, the mole ratio of the solute in a solution is expressed as

0,
o,

‘Where n, is the number of moles of solute and iy is the number of moles of solvent. The mole
ratio of the solvent is then

These mole fractions are useful because they represent the ratio of solute 1o solution and
solvent 1o solution very well and give you a general understanding of how much of your solu-
tion s solute and how much is solvent
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How many grams of sodium chloride
must you add to 750g of water to make &
0.35 molal solution?

7.59 NaCL. This problem gives you
molality and the mass of a solvent and

grams of solute, you need to first solve,
for moles of solvent, and then use the
-am formula mass of sodium chloride to
SoTva o The b of grams of saiin
Before plugging the numbers into the
‘molality equation, you must also note

mula calls for it 16 be in kilograms. If you
have been moving through this book
sequentially. you should be familiar

si

tothe lelt three places, nm ityou Lt

Solving for the unknown gives you
026 mol NaCl in solution, Recall, how-
ever. that NaClis an lonic compound that
dissociates into two moles of solute for
every mole of dry NaCl added t6 the
solution, 5o this number is twice as
much as the number of moles of NaCl
added originally (0.13 mo), To finish up
the problem, you must convert this
measurement to grams using the gram
formula mass.

013 molNaC1 .
1 Tma nagi ~ 8N

1.

50g of potassium iodide is added to 1500g
of water What is the molality of the result-
ing solution?

How many grams of magnesium fluoride
must you add to a20gatiwate torndhe
042 molal solutio

177
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g Changes in Terms of Energy

3. Calculate the miole fraction of each component in a solution containing 2.75 mol ethanol and
6.25 mol water.

Too Hot to Handle: Elevating and
Calculating Boiling Points

Calculating molality is 1o mare or less difficult than calculating molarity, 50 you may be
asking yoursell “why all the fuss?" Is it even worth adding another quantity and another vark-
able to memorize? Yes! While for

tions and working out how to make dilutions in the most efficient way, molalit ved
for the callition afsevers] important colbgative propertis, cliing Ao pora st
tion. Boiling point elevation refers 10 the tendency of a solvent’s boiling point to increase
‘when an impurity (a solute) s added to it In fact, the more solute that is added, the greater
the change in the bolling point

fcliog polt elevntionsare diecly proporténalfo the malalty of maolition; but chemista
have found that some solvents are more susceptible to this change than others. The formula
o he Sbenge I the batling peint of 5 soRumon terelre, contales & Brportionalty Gt
stant, abbreviated K,, which is a property determined experimentally and must be read from
atable such as Table 132, The formula for the boiling point elevation is

AT, =Kyxm

Note the use of the Greek letter deita (4) in the formula to indicate that you're calculating a
‘change in bofling point, not the boiling point itself. You'll need to add this number to the boil-
ing point of the pure solvent to get the boiling point of the solution, The units of K, are typi
cally given in degrees Celsius per molality.
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Table 13-2 Common K, Values

Solvent Kin mC Boiling Pointin °C
Acetic acid 30 ey

Benzene 2% 01

Camphor 5% 40

Carbon tetrachloride % %7

Cyclohexane 21 07

Ethanol 18 74

Phens! 3% 1917

Water [ 1000

Boflag polat elevations re . cont of s aitrac

asolut the:

between solvent and solute particles in
b

.muclesm around to attract one another. Sol

wse more.
ioles miust therel %

greater Kinetic energy to overcome this exr

ractive force and boll, which translates into

ahigher boiling point. (See Chapter 10 for fullinformation on kinetic energy)

What s the bolling point of a solution
Conainiag 452 ol menhol (C.f<0) -
solved in 3508 of acetic a

120.7°C. The problem asks for the boil-
ing point of the solution, s0 you know
that first you have to calculate the boil-
ing point elevation. This means you're
required to know the molality of the
solution and the K, value of the solvent
(acetic acid), Table 132 tells you that the
K, of acetic acid is 3,07, To calculate the
molality, youmust convet 4525 of mes-
thol to moles.

20 mol

mol menthol _
T56g menthol
You can now caleulate the molality of the
solution, taking care to convert grams of
acetic acid to kilograms,

1 menthol
e

Now that you have lug
itand youur Ky i the it B he
change in boiling point.

AT, =307°C/mx 08m=25°C

Remember, however, that you're ot
the problem asks for
point of the solution, not the
change in it Luckily, the st step is just
simple arphrneic. You mist adel youe

e boiling point of pure acetic
ackt which, sccording loTable 132,a
118.1°C. This inal botlng
poin for he solution o1 118.1°C + 26°C
1207°C.

179
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4.

‘What is the boiling point of a solution con-
taining 158 sodium chloride (NaCl) and

1.2 kg of water? What if the same number of

moles of calcium chloride (CaCL) is added
to the solvent? Explain why there is such
a great difference In the bolling point
elevation?

g Changes in Terms of Energy

5.

A clumsy chemist topples a bottle of indigo
dye (CuHyN-0,) Into a heaker containing
450gal ethavol. X the bollag point of he
resulbing golutlon 1 .2°C how many

o dye were I the botiie?

How Low Can You Go? Depressing
and Calculating Freezing Points

The second of the important colllgative properties that can be caleulated from molality Is

freezing point depression.
lowers s (reezing

Adding sol
point. This is the

et than the

ke o solvent notonly rlses s bolin
for example, that you s
“The sal mises with the ce and umas its freezing

g point; it also
salt on iy side-
poie i this ew mmg politle

commion on salt-free sidewalks,

"Thé corder 1 s taide, the more ah s needed 1o melt the

ice and lower the freezing point 10 helow the ambient temperature.

Freezing point depr

fons, like boiling point elevations, are calculated using a constait of
proportionality,this time abbreviated K, The formula therefore becomes AT~ K, xm. To cal-

culate the new freezing point of a compound, you must subiract the change in freezing point

from the freezing point of the pure solvent. Table 1

lists several common K, values.
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Table 13-3 Common K, Values

Solvent Kinm/°C. Freezing Poiatin °C
Acetic acid %0 166

Benzene 512 55

Camphor an 1

Carbon tetrachloride 300 -

Cyclohexane 22 64

Ethanol 199 145

Phens! 240 n

Water 136 00

Adding an mpuiy o aobvent makes s 0 i pisse morssable thrcugh th combioed
1 boin

elfects of
rarely

water, mal

ng theliquid phase mores

Each kilogram of seawater contains
roughly 358 of dissolved salts. Assuming
that all of these salts are sodium chio
ride, what is the freezing point of

ater?

2.23°C. Here again, you need 10 begin
by converting grams of salt to males to
igure out the molality. One mole of NaCl
equivalent to 58.4g, 50 35 is equiva-
fent 10 0.60 mol of NaCL This number
must be multiplied by 2 to compensate
forth fnct that sl chlojice diseach
ates into twice as many particle:
\ates 50 this scluton contains 120 ml,
Next, you must find the molality of the
solution by dividing this number of
moles by the mass of the solvent (1 kg),

evation and Ireezing point dey
1 rcion sat water The sat i the occans lowers the reesh
iable and able 10 sustain temperatures

epression. This is the
oot of the
slightly below 0°C.

ginga 120 wolal sohution: Lasly you
must look up the K, of water 13

a0d plugallof these values info i
equation for freezing point depression,
giving yo

AT, = L86°C/mx120m =

223°C

Because this is merely the freezing point
depression, you must subtract it Iram
the freezing point of the pure solut

et 0225 2 2 30'C, e reing
point of seawater.
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g Changes in Terms of Energy

6. Antifreeze takes advantage of freezing 7. 1t 15g of silver s dissalved into 1,500 of
point depression to lower the freezing ethanol, what is the Ireezing point of the

paint of the water in .
keep it from ireezing on bilstery winter
drives

Jint o1 10.0 kg ol water by 15,0

mixture?

s f anfrecse s made primarlly of

Determining Molecular Masses with
Boiling and Freezing Points

Just as a solid understanding of molality helps you to caleulate changes in boiling and freez-
ing poits. salid un(lsmunmuuol AT, and AT, can help you determine the molecular mass

ke toa salvent. When you're asked to
s problems of thistype, you'l always heghunthe mass of the mystery solute, the mass
of solvent, and either the change gt bolling point or the new freezing or hoil
o poit ol Froms hisinforasation you than folowa st of sl staps 16 dtenming the
molecular mass.

1. 1f youve been given the bolling point, calculate the AT, by subiracting the boiling
point of the pure solvent from the number you were given. If you know the freezing
point, add the freezing pofnt of the pure solvent to it to get the AT,

2. Look up the K, or K, of the solvent (refer back to Tables 13-2 and 13:3).

3. Solve for the molality of the solution using the equation for AT, or AT,

4. Calculate the number of moles of solute in the solutian by multiplying the molality
calculated In Step 3 by the number of kg of solvent you were given al the start of the
problem.

5. Divide the mass of solute you were given originally by the number of moles calcu-
lated in Step 4. This s your molecular mass, or number of grams per mole, from
which you can often guess the identity of the mystery compound.
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&) 0. 97.38 of amystery compotund Is added to Next, take this molality value and mult-
500 of water,raising is boiling point to ply it by the provided value for mass of
100.78°C. What is the malecular mass of solvent, giving you
the mystery compound?

152 mdl solute 6
152 mal solute 5 g 40 = 0,76 mol solute
A 1280 g/mol. According to the preceding ThkgHO “
Steps. you must first subtract the botling
point of water from this new boiling Lastly, you must divide the number of
point, giving you grams of the mystery solute by the
number of moles, giving the molecular
AT, < 100.78°C - 10000°C = 0.78°C massaof the compound
‘You then plug this value and a K, of 0,512 9,
into the equation for hoiling point eleva- T 1280 el
tion and solve for molality, giving you
AT, __omC .,
=R Ustaec/m
8. The freezing point of 83.2g of carbon 9. Benzene’s boiling point of 42.1g s raised to
tetrachloride is lowered by 1152'C when $19°C when $8¢ of a mystery compound is
15,0 of a mystery compound is added to added to it What s the molecular mass of
it. What is the molecular mass of this this mystery compound?

mystery compound?
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Answers to Questions on
Colligative Properties
You've tried your hand at problems on molality, bailing points, and freezing points. Are

you feelinga little hot under the collar or as ¢ool a5  cucumber? Here, we present the
‘answers to the practice problems for this chapter.

g Changes in Terms of Energy

M 0.40m. To caleulate the molality of this potassium odide solution. you must first find out how
‘many moles of potassium iodide are in the solution. This requires knowing its chemical for-
mula, its gram formula mass, and how many constituent particles it will dissociate Into in sl
i Potasal i ek metalwitha ypic lonk chir o o1 whilslodn i3 balagen with
pical fonic c i ratio, giving
e ettty 1 (see Cthlet ot namlngcumpaunds) Adding thelr mass

iodide (502) by this number tells you that 0.30 mol potassium iodide was added t0 the solution.
Because potassium iodide dissociates into two particles per mole of dry solute, multiply this
number by 2 10 give 0,60 mol of solute in solution. Divide this number by the mass of water in
kilograms to give

is problem gives you the mqla.llvy and asks you to solve for the solute amount,
gging Known variables

Solving this equation fof the unknown number of moles of solute gives you 1.3 mol Mgl

use magnesium iodide dissociates into three particies per mole of dry solute in solution,
multiply this number by 3 to give 3.9 mol Mgk in solution. The final step is to convert this to a
mass in grams by using the gram formula mass of magnesium lodide (2785 per mole), giving
you 1.084g Mgl or 1.08 ke,

= I and 69% water. T} s that Dy is 2.75 mol and
S 625 mol Pugelng oy eqmum\s o the el aghion of sepute el sclvem
viel

X,

3 and X,

= B26mdl
2.75 mol+ 6.25 mol

mol

0 T mol+6.25 mol

I The solution containing sodium chloride hasa boiling point of 102.3°C; the solution containing
calcium chloride has a boiling point of 103.5°C. To solve for the boiling point, you must first
solve for the molality. Start by dividing 1582 NaCl by its gram formula mass (58.4g per mole),
whlch telsyou tha them ace 271 mal o solute beore s added to the oluton. Mulipl thia

2 because each molecule of NaCl splits into two particles in solution, for a total of

s Ty he mass of solvemt (13 ki) 10 lve you s matty of 4.5, Fnaly, miltply iy
molality by the K, of water, 0512°C/m, 10 give you a AT,of 23°C. Add it to the boiling point of
pure water (100°C) to give you a new boiling point of 1023°C.
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¥ the same b of males.of calchim chloede (Ca were addd, onthe othes hand, i

into ths s per mole in solut) 2.71 mol x3 = 8.13 mol of

b eyt e g salnﬂm\, ik s by the mass of solvent

(124 10 gt 6.8m, and iy by the Kool waer (0512:C/m) logot aATiof 45°C This s

iference of more than 1 degreel Th ties such
Bolkng el slovaion dienc o717 b the AR o particles in solution.

79.3g C,oHyN.Ox, This problem requires a little bit more thought than the others you've seen

hefore because it requires you 10 solve a bolling polnt elevation problem backwards, You're

given the boiling point of the solution, 50 the first thing ta do is to solve for the AT, of the solu-

tion. You do this by subtracting the boiling point of pure ethanol from the given boiling point of

the impure solution. This gives you

AT=T92°C-TBA°C « 0.8°C

Atter ooling up he Ky of sthenol (1.19°/1m), thecnly known n your AT squation s the
ing for this gives yor

08cC __
TR0

Now that you know the molality, you can extract the number of moles of solute.

067m=

Xmol C,H,N,0,
A A = 0.0 mol €, H,N,0,

g EIOH

Lastl into @ mass  the gram molecular mass of
C.cHiNO: (262¢ per mcle) giving you your final. answer of NJg CuHioNO:.

S001g G0, Hers youve béen guen s reesing oot depréssion of IS0C and have been

asked to make it happen, Begin by

wlvlng for the. muLu.Iny o e o by plnggmgn]l the known qum\lllls into your freezing

point depression equation and solving lor molality.

AT 150°C_giem

TG

Now solve for the number of moles of the solvent ethylene glycol (antifreeze)

2 80,6 mol C.H,0,

Finally, translate this mole count fnta a mass by multiplying by the gram molecular ma
GHE (820 per mole. ghing you your ol swer of 500 i CH4O- lnwerlng(hglveedugpchn
of water by such a significant amount !

~114.4°C. First calculate the molality of the solution by converting the mass of siver into a
mole count (152 (1 mol/108g) = 0.14 mol) and dividing it by the mass of ethanol in kilograms,
giving you 0.093m. Then multiply this molality by the K, of ethanol ( 199°C/m), giving you a AT,
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of 0.19°C. Lastly, subtract this AT, value from the freezing point of pure ethanol, giving you
SHAGC-019°C = -1144°C

47 glmol. Follow thesteps outined 1 the etersrcing Malecular Masses v Ballig and
Freezing Points” section carefully 1o arrive at the correct answer. Step | is unnecessary in this
Cone Hekaiah vouve agsady e gve s ATyl i el o il fe 1, s bRk 1Y Jonk:
ing up the K, of carbon tetrachloride in Table 133 ( 30.0°C/m). Plug both of these values into
the equation for boiling point elevation and solve for molality. giving you

L52C__ 4
oy
Next, take this molality value and multiply it by the provided value for mass of solvent, giving
q;%"'%ﬁxu.om kg = 0.0319 mol solute:

Lastly, you must divide the number of grams of the mystery solute by the number of moles.
giving the molecular mass of the compound

N 293 @/mol. Unlike in Question 8, here you can't ignore the first step in the procedure because
‘you aren't given the AT, directly. Solve for it by subtracting the boiling paint of pure benzene
(refer to Table 13-2) from the given boiling point of the solution, giving you

BLOT-80.1°C = 180°C
Plug this and the K, for benzene (2.53°C/m) into your AT, and solve for the molality of the
solution.

T,
L LA

Next, take this and multiply it by the pr value for ma i
giving you

0.71 mdl solute o
D RS 00421 ke = 0,080 ml slute

Lastly, you must divide the number of grams of the mystery solute by the number of moles,
giving you the molecular mass of the compound,

88g
T0%0 ol - 293 8/mol



Chapter 14
Exploring Rate and Equilibrium

In This Chapter
Measuring rates and understanding the factors that affect them
d g how it is 1o d

(05t people don't like waiting. And nobody likes waiting for nothing. Research has ten-
tatively concluded that chemists are people, 100, It follows that chemists don'tlike to
wait, and if they must wait, they'd prefer to get something for their trouble.

To address these concerns, chemists study things like rate and equilibrium

+ Rates tell chemists how long they Il have to wait for a reaction to occur.
+ Equilibrium tells chemists how much product they'll gt if they wait long enough.

These between how produc-
16 8 roneiian con e e md 8 10kca o tRAR Aot SR i SUhGE Wrds,
chemists have good days and bad days, like everyone else. At least they have a little bit of
theory to help them make sense of these things. in this chapter, you get an overview of this
theory. Don't wait. Read on

Measuring Rates

S0, you've got this beaker, and a reaction is going
slow one? How fast or how slow? How can you tell

n Inside of it s the reaction a ast one or a
?These are questions about rates. You can

messue o vsiction rlo by g how astarenctan disa 12 how fast
Ifthe the mola actant or
time, 50 rates are T unitsof molaiy per second (5"

For the following reaction,

AsB=C

‘you can measure the reaction rate by measuring the decrease in the concentration of either
reactant A (or ) or the increase in the concentration of product C over time:

Rate «~d[A] / di = dIC) /dt

In these kinds of equations. dis math-speak for a change in the amount of something at any
given moment. f you plot the concentration of product against the reaction time, for example,
you might get a curve like the o shown in Figure 14-1. Reactions usually occur most quickly
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atis hegnaiog f aeselion, whein the soncentrtlonof prodite s the lowest and s
centration of reactants is highest. The precise rate at any given moment of the react
ot th st 085 o 1 AL 10 1 o O A i W 1SSt 4 1 e

ing Changes in Terms of Energy

S <fariranis
rate atim

— (P01

Figure 141:
Thefesa:
drs
eaction |
Ll
Time
Clearly, th ha
Joird Gpeen |I|a| any comton o descrlbiog the rate P reaction ke the ane vain
Figure 14-1 woul reactant. You'd be right

Equations that relate the rate of a reaction to the concentration of some species (which can
mean either reactant or product
assumes depends on the reaction involved. Countless research studies have described the

intricacies of rate in chemical reqctions. Here, we focus on rate laws for simpler reacti
ral, rate laws take the form:

Rate = k [reactant A]"[reactant B]"
The rate law shown describes a reaction whose rats the i 7
reactants, A and B, Other rate laws for other reactions may include factors for greater or fewer
reactants. In this equation, k is the rate constant. a number that must be experimentally meas-
ured iordiffrent reacions. The expaneats i and s are clled reacfor orders, and must also
be measured for different hange in con-
centrati rallvte o 1 fA
more than does char gn.gmem.mmm.au i B, The sum, m + I the overal reaction oder

%

Some simple kinds of reaction rate laws crop up frequently, 50 they're worth your notice:

tes for these reactions don't depend on the concentration of
ply pmceal at a characteristic rate:

Zero-order reac
any species, but s
Rate =k
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First.
of asingle species:
Rate = A{A]

4 Second.onler reactions: Rates for these recctions may depend on the concentration of

two species, or may |

species (or some. lnlermedlalecambmnlmn)

Rate = k[A][B] or
Rate = AT

Mesauiog ates can helyou Hgurs.out meshaniao he maleculer detals bywhlch n renc-

. The slowest step is 'yp;cally thecoe thatcanthuies mos o he abserved

vate. ction
Y01 G5 it . % ahot! £ CHEmp Al S R Tote Qg 163 B L,

however: You can never use rates to prove  reaction mechanism; you can only use rat

disprove Incorrect mechanisms,

Consider the following two reactions and
their associated rate laws:

Reaction AvBSC
Rate = KA

Reaction 2: DVEF. 20
Rate = k{D][E]

a. What is the overall reaction order for
Reaction 1 and for Reaction 2?

b. For Reaction 1, how will the rate
change if the concentration of A is dou-
bled? How will the rate change if the
concentration of B Is doubled?

. ForReaction 2, how will the rate
change if the concentration of D is dou-
bled? How will the rate change f the
concentration of E s doubled?

. What is the relationship between the
rates ofchavgeda [A] [Bl and [C?
What s the retio
rates of change in [m.m, [ﬂ.ml 1017

Based on the given reactions and their
associated rate laws, here are answers
10 the questions about reaction order
and rate:

b 1f [A] is doubled, the rate law predicts

change because [B] doesn't appear in
the rate law.

. I {D]Is doubled orif (E] is doubled.,
the rate law predicts that the rate will
also double because 2"+ 2.

d. Rate = d[A]/ dt = d[B] f dt ==d[C] ] i
and

Rate = d[D] / dt = dIE] / dt =~dF] / di =
~05d|G] / dt
In Reaction 1, reactants A and B are
consumed to make product C, 50 the
rates of change in the concentration of
Aand B will have the opposite sign as
the rte of change n C (you could
swap positive and negall
heodghouttherite eqnzllm\ And the
answer would still be correct).

sumed of reactants D and E. So, the

rate of change In D, E, and F is one half

n.e iateof change G, s ndicaied
05

B i
because adding the individual reaction
orders yields “2" in each case.

189
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Methane combusts with oxygen to yield
carbon dioxide and water vapor.

CH, 420, €O, + 2HO
If methane is consumed at 2.79 mol 5™,

what s the rate of production of carbon
dioxide and water?

g Changes in Terms of Energy

N

You study the following reaction: A + B —C

You observe that tripling the concentration
of Alncreases the rate by a factor of 9. You
also observe that doubling the concentra-
tion of B doubles the rate. Write the rate
law for this reaction. What is the overall
reaction order?

3. Youstudy the following reaction: [} + E— F + 2G.

You vary the concentration of reactants D and E, and observe the resulting rates:

L ELM Rate, 5™
Trial 1: 27%10° 27x10% 48 x10°
Trial 2: 27%10° 54x10° 96%10°
“Trial 3: 54%10° x10 96 %10°

‘Write the rate law for this reaction and calculate the rate constant, & At what rate will the reac-
tion accur in the presence of 1.3 x 10°M reactant D and 0.92x 10°M reactant E2
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Focusing on Factors that Affect Rates

Figure 142
Areaction
progress
diagram

Despite given i finicky, tinkering
types. They usually want to change reaction fates 10 sull o bt Wonksom agect
rates, and why? Temperature, concentration, and catalysts influence rate as follows;

1 Reaction rates tend 1o increase with lemperature, This trend results from the fact
thatfensiaa el Sl i e 1 e e chatics s vl enctanty
collide with the right orientation ad with enough energy, the reaction can occur.
thi grater the minbar of colluians; 4 i grener | IIle energy of those collisions,

erature corresponds to an
ot et of Vot paridon i aaCho aacré e the

clos e foster,collding mare equently asd ith grestos aneni, (See Chapter 10 16%

more about kinetic energy)

¢ Incrogng concenteatlon énda o Incresse repction rate The ressoh loe (e et

also has 10 do with colisions. ngher concentrations mean the reactant particles are
closer to one another, o they undergo more collisions and have a greater s o
reacting, Increasing the concentration of reactants may mean dissolving more of those
reactants in solution. Some reactants aren't completely dissolved, but come in larger.
undissolved particles. In these cases, smaller particles lead to faster reactions. Smaller
particles expose more surface area, making a greater portion of the particle available
for reaction.

1 Catalysts Increase reaction rates. Catalysts don't themselves become chemicall
changed, and they don't alter the amount of product a reaction can eventually produce
(the yield). Catalysts can operate in many different ways, but all of those ways have to
do with decreasing activation energy, the energetic hill reactants must climb to reach a
transiton stafe, the highest-energy state along a reaction pathway. Lower activation
energies mean faster reactions. Figure 142 shows a reaction progress diagram, the ener-
getic pathway reactants must traverse to become products. The figure also shows how
a catalyst affects reactions, by lowering the activation energy without altering the ener-
gies of the reactants or products

Activation Effoct of
energios catalyst

Energy

Feactarts

Products

Reaction progress
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&1 0. Consider the following reaction: The reaction occurs more rapidly in the
H.(g) + Ch(g) — 2HCI(g) 5L vessel because the concentration of
reactant molecules s higher when they
1t Lol ; reacts with 1 o1 C o form oceupy the smaller volume, At higher
2 mol HCL. i more
apilly i 5.0 a 101, vessel? Dot between reactant molecules. At higher
oceur more rapidly at 273K or 203K? temperatures, particles move with greater
Why? onmrmy el podecs mere ol
s, and collisions of greater
T reaeton oo ooy o ok,
4. Hereisa simplified ation for following reaction: A — B

thecombustion ot gutpawis

10KNO, + 35 + 8C — 2K,CO, + 3KSO, +
6C0. + 5N,

In the 13005, powdersmiths began to
process raw gunpowder by using a method
called coming. Corning involves adding
liguid to gunpowder to make a paste,
pressing the paste into solid cakes, and
forcing the cakes through a sieve to pro-
duce grains of defined size, These
are both larger and more consistently sized
than the original grains of powder. Explain
the advantages of corned gunpowder from
he perspective of chemical kinetics,

To progress from reactant to product, reac-
tant A must pass through a high-energy
transition state, A*
conditions are changed
the energy of A is Increased, the energy of
s dectested aid the ey it
s unchanged. Does the change in

camlnlcns remil n  foster rescllon? Why
why not?
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Measuring Equilibrium

Eneray

Figure 143
lights th
ineptaiant of aciatlon caurey Whics ws s i s Beeki s s e ARBovED St
tion energy cantrols the rate of a reaction, the difference in energy between reactants and
products determines the extent of a reaction — how much reactant will have converted to
product when the reaction is complete

shows areaction G e diagram ke thecneshown i Fiuie 142, but bk
1 proch

Resctanis

products

Products

Raaction progross

A reaction that has produced as much product asit ever willis said to be at equifibrium
Equll g doeki'i et it inore sheiatry douteing e equbrl meany
that the rate at which reactant converts to product equals the rate at which produc

Vers back [t veaevat 30 Haonksal Sonsantratons ol vaElAm i Broducls B0 e
change

Two key ideas emerge:

B the sl pstion g e Che eiteri 1 whlchthe resein poceeti)

Comeoatcanina ne Tngh Changs
1 Second, the equilibrium position of a reaction is intimately connécted to the difference
energy between reactants and products.

‘These two Ideas are expressed by two important equations, which we cover in the upcoming
sections.
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The equilibrium constant

& parameter called K., the equilibrium constant describes the equilibrium position of
reaction in terms of the concentration of reactants and products. For the following reaction,

A UB & cC v dD)

The equilibrium constant s calculated as follows:

gl ecabuationsofhe prslicy ace dhidad by e concenidions e epclantn

In the case of gas p instead of molar

Multple roduet or re multiplied. Each ised to an
al to in the balanced a

that progress on their slotl praduct sothey.

have K., values much larger than 1. Ve that

energy)comertvery it reactant into product, so they have K. values between0 and 1 )
freactant at equilibrium.

Note that you can only calculate K., by using concentrations measured at equilibrium,
Cancenititany maptrod efore & HeacHan eahes Squlioim are osod 1o CAIOWATE ez
tion quotient, (%

1 Q < K., the reaction will progress “to the right,” making more product. f 0> K.,, the reac-
it “to the left.” converting product into reactant. If Q = K., the reaction is at

tion will shif

equilibrium,

Free energy

The second havmgw(lu late nwgm b

energy between react roducts. The pi % " T thie el

tionship is free energy, & The diference energy ey product and reactant states
15 AG = Gpagus = Girsau, The relationship between free energy and equillbrium s

AG <-RTIn K.,
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or

In these equations, Ris the gas constant (0.08206L atm K~ mol” or 8 314L kPa K- mol"
Chaper 11 Iot e I Pmaton, T1s Torsperature, s In reeis  the namra lgasiti, 165

base e The equation is typically true for reactions that occur with no change in temperature

or pressure.

Favorable reactions possess negative values for AG and unfavorable reactions possess posi-
tive values for AG. Energy must be added to drive an unfavorable reaction forward. I the AG
foraset of is 0, the reaction

Thelesscnar hinge o s A aroek o ikl of o o pmraiatrs,
and

emmpy tsel I)eytmd ¥ scopé af T hosk, Aua mugll .ppmunmm. you can e
enthalpy in the system, s the energy asso-
bt s system, Negative changes i enthalpy are lavorable, as are posi-
tive changes in entrapy. Overall, then:

AG = 8H~T5S (where T'is temperature)

Consider the following reaction: (Note: R - 8314L kPa K™ mol '~ 83141
V2B 2C K mol')

- Wik theexpression il rdates he AL Here e answers fr th questions abeut
equilibrium constant for this reaction tHeteactionA
to the concentrations of the reactants
and product K, [CF/ (lAJ[BI )

bl the K., « 137 x 10%, what Is the
free energy change for the reaction
at 298K?
. At equilibrium, are reactants or prod-
0

b.AG=-RTTn K., -
~(BIMIK " mol )(295K) In 137 10' <
~1.79 10% mol™ =

~179 Kl mot”
€. K> 1and AG <), 50 product is
favored.
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g Changes in Terms of Energy

6. Consider the following reaction: 7. You perform the following reaction:
Ni(g) + O:(g)  2NO(g) B s 3C+ D
At equilbrian, you measurs the olowing After waiting three hours, you measure the
partl prethres ) - & following concentrations: [A] = 273 ma, [B]
(0. %107 atm, m\d[’(NO)-"Mx =347 mM [C] = 04438 and [D] = 789 mAL

the reaction quotient for the

107 atm.

a. What is the K., for this reaction?

b If you measured PO = 3,74 10°

other partial i

unchanged, what is the reaction quotient

fofthe renction? I whlch dirction Salo
Id the reaction proceed?

tm,

is 1855 10°,

~25.8 k| mol, and

Sonsorihe racilon s Bley 16, The foe energychangs for s resction i
the enthalpy change for the same reaction is 12.3 kJ m

a. At 273K, what Is the entropy change for the reaction? What drives the reaction forward — favor-
able enthalpy change, favorable entropy change, or both?

b, What is the expression for K., for the reaction, and what Is its value?

¢ lfareaction misture at equilibrium contains 0.744 reactant A and 11,70 product C, what is the
concentration of reactant B?
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Checking Out Factors that Dlsrupt Equilibrivem

SR e has rea I be disrupted, or per-
turbed. Think of systems at equmhrlumay people’ e ﬂm]ly found their easy chair at
the end of a long day. You may rouse them ta take out the trash, but they Il return ta the easy
chair at the first opportunity. This concept is more or less the klea bebind Le Chalelier s
Principle: The equilibrium of a perturbed system shilts in the direction that minimizes the
perturbation st d temperatu

» Concentration: Il asystem is at equillbrium, Q = K., Adding or removing reactant or
praducldnsrupls the equilibrium such that Q < K., or Q > K.,. The equilibrium reasserts
itself in resy

. Ilreaﬂlanl is added or product is removed, reactant converts into product.
« If product is added or reactant s removed, product converts into reactant

Either way, chemistry oceurs until Q « K., once more. The equilibrium shifts o oppose
the perturbation,

1 Pressure: Reactions that include gases as reactants and/or products are particularly
sensitive 10 pressure perturbation. I pressure is suddenly increased, equilibrium shits.
Yol the sice of the eacton thal contan eer e of g thesehy decrassing
pressure. If pressure is suddenly decreased. equilibrium shifts toward the side of the
reaction that contains more moles of gas, thereby i remng pressure. Consider the
following reaction:

N:(@) + 3H:(g) & 2NH,(g)

A given amount of mass on the reactant side of the equation (as N: and H
sponds 1o double the moles of gas s the same mass on the product side (as NH.).
Imagine that the system is at equilibrium at a low pressure. Now imagine that the pres-
sure suddenly increases, perturbing that equillbrium. Reactant (N. and H:) convertsto
product (NH,) so the total moles of gas decrease, thereby lowering the pressure,

Ui the system suddeny shifs 1o lower pressure, NH, converts to N.and H,, 50 the total
moles of gas increase, sing the pressure. T
the perturbation

‘Temperature: Reactions that absorb or give off heat (that is, most reactions) can be
perturbed from equillbrium by changes in temperature. The easiest way 1o under-
stands this behavior is 10 explicitly include heat as a reactant or product in the reac-
tion equation:

A+B&Cheat

Imagine that this reaction s at equilibrium. Now imagine that the temperature sud-
denly increases. Product C absorbs heat, converting 1o reactants A and B. Because the
heat “product” has been decreased, the temperature of the system decraases,

1 hifts down f libriy 1 1B convert to
oS . felatg et The el il e Htadn the eiopardtnes of the syoeem
The equilibrium shifts to appose the perturbation.

w197
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Consider the following reaction, at equi-
librium: 250,(g) + Ou(g) > 250,(8)

In which direction will each of the follow-
Ing perturbations shift the system?

a Adding SO,

b, Removing O,

<. Pumy
reacti

g unreactive neon gas into the
sel

. Introducing a metallic catalyst into the
system

Systems at equilibrium shift 1o oppose
perturbations.

a. Adding SO, “pushes” the reaction to
the left.

b. Removing O, “pulls” the reaction to
the left.

Pumping unreactive gas inta the reac-
tion vessel increases the pressure. The
system shifts in the direction that
reduces the total moles of gas. This
dliscion it th rgh, becuse the
product state contains only 2 m

s forcvery 3 mles of gos i the
reactant state.

d. Introducing a catalyst produces no
respanse, hecause catalyats alter anly
the kinetics of a chemical reaction, not
its equilibrium, (Yes, this part was a
trick question!)

les of

C,H .., 15 a major component of
asoing, Ockanb vapor combusts o yield
carbon dioxide and water vapor.

2CH(@ + 250.(5) + 16C0(8) + 18HO(D)
o

eat

. How does increasing the partial pressure
of axygen affect combustion?

b. How does increasing temperature affect
combustion

Within engines, fuel and air are com-
ressed within a cylinder and then
ignited. The combusting fuek-air mixture
expands, driving a piston through the
cylinder. How does the expansion affect
combusti

10. You conduct several trials of a mysterious,
gas phase reaction. The reaction includes
an unknawn reactant, X, and unknown
product, Y:nX + 20, - 4Y

You observe that the equilibrium yield of
¥ at 208K is smaller than the yield of Y at
273K. Furthermore, you abserve that the
yield of Y at 3 atm is smaller than the yield
of Yat Latm

4. Does the reaction absorb heat (endother-
mic) or give off heat (exothermic)? (:
Chapter 15 for more information about
these terms.)

Wit e elwing eliexcln’y
most plausible: 1. 2, o
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Answers to Questions on Rate and
Equilibrivm

You may have raced bl espeed
OUa dentspailin wintos Bt e o SopASte Fom e hat

‘you've made it this far. Now shift in oppositionto any. per\mbing Probieseshece you
work.

BB The reaction equation makes clear that each mole of methane reactant corresponds (o 1 mole

of carbon dioxide product and 2 moles of water product. So:
AICH,) /i =~d[CO:] / dt = 054 H0) ] dt

‘This means that th 1279 mol s of
279 mol s” of CO. and the appearance of 2x 2.79 = 5.58 mol s~ of H.0. oo concempanones
methane changes at half the rate of water, so the concentration of water changes at twice the
rate of met

Bl The observations are consistent with the rate law, Rate « K{A['(B], Tipling [A] increased the
rate ninefold, and 3 « 9. Doubling {B] doubled the rate, and 2' = 2. The overall reaction arder
()15 the sum of the individual reaction orders (the exponents on the individual reactant con-
centrations), 2 +

B Doubling the concentration of either reactant (D or E) doubles the rate. So, the data are consis-
tent with the rate law, Rate = K[D](E] Solve for by substituting known values o rate [D] and
[E] from any of the trial reactions:
JeeRate / (ID][ED = 48 10 s / (2T x 10°Mx 27 < 10°4) = 6.6 10M ' 5°
Usa this calelated vibueof 10 determine he afe n e presence of L3510 “Mreactant Dand

104 reactant E:

Rate - (M X A0W $ (L3 10MY0,92 % 10°M) = T9 % 106°M 57

EN The comin er lrom a Bodar o udelned pacle
sizeisto larger piriices of defined.s h i partkles e

rned gnnpﬂwder s less likely to explode. .uccldenudly hun 3 e dust

o gisonn (rmder, Bataee the carnad particles are all the same size, combustion occurs at a pre-
dictable rate, which s convenient for the user.

B echango i condilions docs reslt i Isstereate Rae s Liniled by acthvation energy e
erence in energy betwaen eactant (4 and the transkion state (A9, the enerey o
ised and the energy of A* remains constant, then the difference in energy (the eeton
‘e b oross i, sl e ackyatksn aneigies e[ liator seneting The desiohis
in the energy of product B has no bearing on the rate because it has no effect on the activation
energy for the A — Breaction — although it would affect the rate of the reverse reaction,

K Hereare in the reaction, N.(g) + 0@
a. The K, = (263 107 atm)’ / [(4.76. 10° atm)(9.82 x 107 atm)] = 148 10°".

b. Q= (263107 atm)* / [(476x 10~ atm)(3.74 x 10° atm)] = 3.8 x 10", Because Q < K., the
reaction woukd proceed o the right, converting reactant into product,
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Here are the answers regarding equilibrium in the reaction, 2A + 28 3 + D,
. Q= [(TR9 mM)(443 mMY']/ (273 mMy(HT mb)*] = 764
b. 1K, = 1.8 x 10° then Q < K., 50 the reaction will continue 1o convert reactant to product

Here are the answers regarding eq

brium in the reaction, A + B 2C.
a. AG = AH - TAS, Solving for the entropy change, we obtain:

A< (AH-AG) /1= [ 123 1) mol” - (25,8  mol)] / 273K - 0,140  mol ! K. A2 the
contlbtion of enropy, TA5 s (014D k) mol K (2780 - 381 ks . hi v

e [B] = [CF / (IAIK.) = (1LTMY/ [(0.7440)(11.4)] = 16,10

H ilibrium in octane.
a. Increasing the partial pressure of oxygen increases the concentration of a reactant, 50 the
system shifts 10 the right, converting more mass into product

b. Increasing temperature is tantamount to adding heat *product.” 5o the system shilts t0 the
left, counteracting the increase i heat content

Az the gasesexpand within the e, uolue ncroases 0 pressure docrenses (see
Chapter 11 for more about
Yo the right because the productside ccrmspands [ grealer number of moles of gas for

s, the decrease

s

Here are answers regarding equilibrium in the reaction, nX + 20, — Y.
a. Higher temperatures (more heat) shift the reaction away from product, toward reactant, So,
heat must be a product. In other words, the reaction is exothermic.
b. Increasing pressure leads to lower equilibrium yield. So, the total moles of gas in the product
exceed the total moles of gas In the reactant state. In other words, 4> 1.+ 2. S0, the
only plausible possibility offered for the value of s 1



Chapter 15
Warming Up to Thermochemistry

In This Chapter
Getting a brief overview of thermodynamics
Using heat capacity and calorimetry to measure heat flow
Keeping track of the heats involved in chemical and physical changes

Adding heats together with Hess’s Law

oo s st s et ;

ergy shils between many forms, 1t may b tricky o detect, but ener
how energy
o B b e et iy investigates

changes in heat that accom-
S chemenl reacnam In this chapter, we delve into the particulars of thermodynamics
and thermochemistr

Working with the Basics of Thermodynamics

To understand how thermochemistry is done, you need to first understand how the particu-
heat fits into the overall ter,

To study energy, it helps to divide the wiiverse into two parts, th
g, For chamsts, the system may consls of the contents of & Bonker o tube, ThE 5 g
example of st ange of energy with . bui
doesn allow exchangaof matter Ciosed s it ot n Cherola ey TG gy
may move between system and surroundings, the total energy of the unicerse is constant.

ém and the surround-

Energy itself is divided into potential energy (PE) and kinetic energy (KE).

4 Potential energy s energy dus to position, Chemical energy is a kind of potential energy,
arising from the positions of particles within systems,

1 Kinetic energyis the energy of motion. Thermal enérgy s a kind of kinetic energy, aris-
ing from the movement of particles within systems

‘The total intemal energy of a system (E) Is the sum of its potential and kinetic energies. When
asystem moves between two states (as it does in a chemical reaction), the internal energy
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g Changes in Terms of Energy

he syst h with th The diff in energy
[0S )hewee\ theolalsod ialsates derive from heat (4) e soor st ram e
system, and from work (u) done by the system or on the syst

We can summarize y with the help ple of

Eua = KE 4 PE.

AE = iy~ Es =+ 10

What kind of "work” can atoms and molecules do in a chemical reaction? One kind that is
easy to understand is pressure-volume work: Consider the following reaction:

)

Sold calclumeisbonsie dacomiones i ol clekus oxd and cachon dGala s A
constant pressure (P). on proceeds with achange n volume (V) The ndded

C4CO,(s) — CA0(S) + C

the prod is mad, t expands, push-
Ing against th ings. The carbon di 1o work as they push Into a
greater volume:
we-PAV
The negative sigh n th lon mems hat the syt
1th Frpeina system, 1I|erelzv

decreasing the sy;lmns vatisie thes the systera R saIntreel snermy

5 or changes in
tion When pressure- valnme ok 3 the oy kh»d ook hwalved any emaiolng angs
come lmm hea e heat content of m al con-
 sich e o e
I the change in | inus the enerdy used to periorm

pressurevolume work:
MM« AE - (-PAV) < AE + PAV

Like £ P and V. H s a state funcion, meaning that its value has only to do with the state of

the system, and nothing to do with how the system got 1o that state. Heat () s nof a state

function, but Is simply a form of energy that flows from warmer abjects 10 cooler objects.

Now breathe, The practical consequences of allthis theory are the follos

ng:
1 Chemical reactions usually involve the flow of energy in the form of heat, ¢
+ Chemists monitor changes in heat by measuring changes in temperature.
+ At constant pressure, the change in heat content equals the change in enthalpy, AH.
1 1 Knowing AH values helps to explain and predict chemical behavior.



Gas is heated within a sealed cylinder. The
heat causes the gas 10 expand, pushing a
movable piston outward to increase
volume ol the cylinder to 463L. The ini-

tial and final pressures of the system are
both 115 atm. The gas does 3041 of work
on the piston. What was the intial volume
of the cylinder? (Note: 101.3) = 1 Latm)

2.02L. You're given an amount of work,
a constant pressure, and the knowledge
that the volume of the system chang
S0, the equation to use here is w « -PAV
PV Vers). Because the system does
work on the piston (and not the other

Chapter 15: Warming Up to Thermochemistry

way around), the sign of w is negative.
Substituting your known values into the
equation gives you

~304)

115 atm (4631 ~ Vi)

Converting joules to liter-atmospheres
yields:

~3.00 Liatm = ~115 atm (4.63L

Vomid)
Solving for Vi gives you:

Vi = (532 L-atm - 3,00 Latm) / 1.15
atm = 2,021,

1. Atuel combusts at 300 atm constant pressure. The reacllm\ releases 75.0ki of heat and causes the
system to espand from 7.50Lt0 20.0L. Whatis th

? (Note: 101.3) « 1 Latm)

Holding Heat: Heat Capacity and Calorimetry

Heat is a form of energy that flows from warmer objects to cooler objects. But how much

heat can an object hold? If abjects have the same heat content, does that mean they're the

same temperature? You ¢an measure lferenttemperatures, b how do these temperatures
the

d the concept of

amount of heat reqmred i temperature o system by 1K

1t takes longer to boil a large pot of water than a small pot of water. With the burner set on
high, the same amount of heat flows into each pot, but the larger pot of water has a higher
heat capacity. 50, it takes more heat to increase the temperature of the larger pot.

You'll encounter heat capacity in different forms, each of which is useful in different scenarios,
h

Any system has a heat capacity. But

cal systems? You use o)

olar heat capacity or Specific heat capacity (or jus

heat ca mne

ific heaf), Molar

ot hciaciy Iy sioghy ChE b Eamncty a1 Lo o & sbatamces ST hest cARSAIN B

203
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g Changes in Terms of Energy

simply the heat capacity of 1 gram of a substance. How do you know whether you're dealing
with heat capacity, molar heat capacity, or specific heat capacity? Lok at the units.

Heat capacity: Energy / K.

Molar heat capacity:  Energy / (mol-K)

Specific heat capacity: Energy / (@K)
Fie, bt what are the uataofenerey? Well, has dapend: The St uskt of ensrgy i th joute
() (see Chapter 2 for more about the tem of units), but the

ol and leratptosphere L aim are lso e Hers o b joule, the calorie, and e
liter-atmosphere are related:

1 10 = 0.2390 cal
L 10130 = 1 Latm

Note that in everyday language, a “calorie” actually refers 1o a “Calorie” or a kilocalorie —a
calorie of cheesecake is 1,000 times larger than you think it is

Galrimary g ol echo e hat pute i hermochente heoryra e iWien

they initiate a defined system, and then measure
any 'empemlurechanga that occurs as the reaction progresses. There are a few variat
on this theme

C ly e halpy change (AH) for a reaction

because it monitors heat flow at constant pressure: AH = g,

“Typleally, heat flow is ohserved through changes in the temperature of  reaction solu-

tion. If a reaction warms a solution, then that reaction must have released heat Inta the.

solution. In other words, the change in heat content of the reaction (gu.s,) hasthe

same magnitude as the change in heat content for the SOIUtION (guuuies) but has oppo-

SHe SIGN: G =~

50, measuring g, allows you 10 calculate g, but how can you measure guyawa? You
50 by measuring the difference in temperature (A7) before and after the reaction

Ui = (mass of solution) x (specific heat of solution) x AT
In other words, g = mGAT.
Here, "m” is the mass of the solution and C; is the specific heat capacity of the solution
at constant pressure, AT is eQUal 10 Tiuu= Tu

When you use thisequslon, be-sue that il your uits match, Ror example your G
has units of J ¢ K™ don't expect to calculate heat flow in kilocalor

» Constantvolume calorimelry directly measures a change i
for a reaction because it flow at
very similar values.

internal energy (AL not AH)
Often, A and AH

A common variety of constant-volume calorimetry is bomb calorimetry, a technique in
which a reaction (often, a combustion reaction) s triggered within a sealed vesse
called a bomb, The vessel is immersed In a water bath of known volume, The tempers-
ture of the water is measured before and after the reaction. Because the heat capacity
of the water and the calorimeter are known, you can calculate heat flow from the
change in temperature.
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ek P e
500 wete, Prior 10 the immareton of the
lead, the water is at 203K After a time, the
lead and the water assume the same tem-
pecshse, 97K, Th spciic ieat capucey
oflead is 0.127) ¢ 'K, and the specific
heat capacity of water is 4.18) ' K- How
hot was the lead before it entered the
water? (Hint: You'll need to use the density
of water)

wax is sometimes incorporated A 36.0 joules. You're given two tempera-
within sheetrock to act as an insulator, tures, amass, and a specific heat capac-
During the day, the wax absorbs heat and ed to find an amount of
uring the cool nights, the wax. gy, You've got all you need to
releases heat and solidifies. At sunrise, a proceet kg « MOAT
‘small hunk of solid paraffin within a wall
has a temperature of 208K, The rising g (02572501 g K-)(E54K - 298K) «
sun warms the way, which has a melting 360)
temperature of 354K. If the hunk of wax
has 0.257g mass and a specific heat
capacity of 250 g K. how much heat
must the wax absorb to bring i to its
melting point?
2. A .14§g pluga[ lead is heated and placs 3. Atsame point,all labaratery chemists.

learn the same hard lesson; Hot glass looks
just like cold glass, Heath discovered this
when he picked up a hot beaker someone
leit on his bench. At the moment Heath
grasped the 413K glass beaker, 567) of heat
flowed out of the beaker and into his hand.
The glass of the beaker has a heat capacity

of 0.84) g K. If the beaker was 410K the
instant Heath dropped it, then what s the
collective mass o the shards of beaker
now littering the lab floor’
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4. 254g of NaOH are dissclved in water within an insulated calorimeter. The heat capacity of the
resulting solution is 4.18  10°] K. The temperature of the water prior to the addition of NaOH
was 296K If NaOH releases 44.2 kI mol 'as it dissolves, what is the final tem perature of the
solution

Absorbing and Releasing Heat: Endothernic
and Exothermic Reactions

S0, a5 you find out In the previous section, you can monitor heat flow by measuring changes
intempetaluse. Bt wiiat does iy ol ths e Lo o wilh chemisey? Chemicalreciiohe
transform both matter and energy. Though reaction equations usually list only the matter
Comporients of a reacton, you can consider he energy a5 a resctamas protuct s we

n heat flow duringa when runat
constant pressure), Ihey m y list the right of the rea
tion. As we explain in the previous section, at constant pressure, heat flow equals Af%

G = AM = Hoia~ Hiia

It the A/ listed for a reaction is negative, then that reaction releases heat as it proceeds —
the reaction is exothermic. 1f the AH listed for the reaction Is positive, then that reaction
absorbs heat as it proceeds — the reaction is endothermic.In other words, exothermic reac-
tions release heat as a product, and endothermic reactions consume heat as a reactant,

0 of the AH tells us the direction of heat flow, but what about the magnitude? The
coefficients of a chemical reaction represent molar equivalents (see Chapter § for details).
50, the value listed for the AH refers t0 the enthalpy change for one molar equivalent of the
reaction. Here's an example:

CH{(g) + 20.() = CO) + 2HO@ ~ AH =-802k)

bes the com:  methan n you might
e;peu tordesss beat. The enlhalpy chinge lated o the rescton i expectation:
For each mole of methane that combusts, 802 kJ of heat are released. The reaction is highly

cxothermic Bl on the tolehimoetey o e equallcn, you can also say that 802 kJ of
heat are released for every 2 moles of water produced. (Flip to Chapter 9 for the scoop on
stoichiometry.)

S0, reaction enthalpy changes (or reaction “heats") are a useful way to measure or predict
chemical change. But they're Just as uselul in dealing with physical changes, like reezing and
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melting, evaporating and condensing, and others. For example, water (like most substances)
absorbs heat as it melts (or fuses) and as it evaporates:

Molar enthalpy of fusion: MMy = 6.01K]
- Molar enthalpy of vaparization: Ak, = 40.68 kI
e
sorts of ¢ chemical ch d physical

The rules apply p ol
changes. Here's a summary of the rules that apply to both:

o Thie henf .h.nmd onreloteed by rencems I roporilona. o e molerot et
sting methane release twice as

process.
Tch heat ae does mcle of combusting methane.

+# Rusning . proceastn reerse prodiiessieat Aow of e garie raguii
‘opposite sign as running the forward process, Freezing 1 mole of water e
S8 ot ot it I aoPhid WheRT ol Waker il

Here s a balanced chemical equationfor A, 1.08 x 107 k. First, recognize that the

the oxidation of hydrogen gas (0 form ghvsa ntialpy chunge b foe the eyerse
liquid water, along with youmust
ding enthalpy change: reverse its sign from T2 1o 7% Second,
recall that heats of reaction are propor-
2HA(E) + 0:8) > 20D AH =-5T2 kI tional to the amount of substance react-
ing (2 moles of H0 in this case), s0 the
How much electrical energy must be caleulation is:
expended o perform electrolysis of
3.76 mol of liquid water, converting that 376 mol HOx (572 k) / 2 mol H.0) =
water into hydrogen gas and oxygen gas? 108% 10° k)
5. Carbon dioxide gas can be decomposed 6. How much heat must be added to convert
into oxygen gas and carbon monoxide: 4.77 mol of 268K ice into steam? The spe-
cific heat capacity of ice Is 38. 1] mol 'K-!
200.08) — 0:(g) + 200(@)  AH = 486k The specific heat capacity of water is
75.40 mol”' K. The molar enthalpies of
How much heat is released or absorbed fusion and vaporization are 6,01 kI and

when 9.67g of carbon monoxide combine 40,68 k), respectively.
with oxygen o form carbon dioxide?




208 Partilt: Exam
Summing Heats with Hess’s Law

For the chermist, Hess's L heat flow licated, multi-
step reactions. For the confused or disgruntled chemisiry student, Hess's Law isa breath of
fresh air. In essence, the law confirms that heat behaves the way we'd like it to behave: pre-
dictably.

g Changes in Terms of Energy

Imagine that the product of one reaction serves as the reactant for another reaction. Now
imagine that the product of the second reaction serves as the reactant for a third reaction
What you have is a set of coupled reactions, connected in serles like the cars of a train:

A—B and B—C and C—D

AsBSCoD

L& ‘You can think of these three reactions adding up to one big reaction, A— D. What s the over-
all enthalpy change associated with this reaction (AH, .)? Here’s the good news:

AH = Aty s ¢ AHy o4 AHe

£ . But the good gine that you're
trying!tofigure out the total enthalpy change for the following multistep reaction:

XYz

il ik For technie easors. o G mesause this onthaly dangs (414, )

dirctly but must calculte i [rom tabilated valuesfor Ay ind Ao No prablem, ight?
Yora s Yook up the wrinkle: wher y
Iook up the tabulated values, you find the lallawmg.

SHyy =375 k] mot
MMy = =102 Kimol

Gasp! You need AH, <, but you're provided only AH, | Relax. Aswe note in the
section, the enthalpy. chm»ge lcu tesction ha the saime maguilude snd opposiie slyl 2
the reverse reaction. S0, If A 10.2 kI mol, then A = 10.2 kJ mol”" It really Is
simple.

AHy o = A+ (At ) =375 K mol* + 10.2 kI mol' =273k mol

Thanks be to Hess.
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b
@ 0. Calulate the reaction enthalpy for the following reaction:

POLE) = PO + CLE)

Use the following data:
Reaction 1: APCL(E) — Pu(s) + 6C(E) A« 821 kI

Reaction 2: Pis) + 10CL( — 4PCI(E) AH 156K

A.  B3.8KJ. Reaction enthalpies are given for two reactions. Your task is to manipulate and add
Reactions L ant he sum s equivalent 10 the target reaction. First, reverse Reactions 1
and 2 10 obtain Reactions I'and 2, and add the two reactions;

Reaction 1’ PE)+ 6CL(g) — APCL(g) AH 821K
Reaction 2 APCI(E) — Pu(s) + 10C1(g) A< 56K
Sum: APCL(Q) — APCL(D + ACKE)  AM= Bk

Identical species that appear oy 5
Specles Pyand C1, Fnsily, divide e sum by 4 10 yield the targe renction aquation

PCL > P + Cl(g)  AH =38 kI

N

Caleulate the reaction enthalpy for the following reaction:
NO(g) — Nalg) + 205

Use the following data;
Reaction 1: N(g) + 20,(0) — 2NO(E) AH 1032k
Reaction 2: 2NO.(0) — N0 AH <886 k1
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8. Calculate the reaction enthalpy for the following reaction:
Cs) + HO(@) — CO(E) + Hi(g)
Use the following data:
Reaction 1. C(s) + Ou(g) = COLg)
Reaction 2: 200() + O:(g) — 2C0:(2)
Reaction 3 2H:(g) + O:() — 2H.0(g)

605 kI
AH =966 kI
AH =638 K
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Answers to Questions on Thermachemlsa'y

6! the pr t truly felt the heat

BB 78.8 kJ decrease. You're given a constant pressure, an amount of heat, a change in volume, and
the knowledge that there’s been an change in Internal energy, Changes in heat content at can-
stant pressure are equivalent 10 a change in enthalpy. S0, the equation to use here is:

AH=AE s PAV

i the maths property; you s make sy {hat ol your it mateh. 3o mporart con-
vert the given heat energy from kI to Latm: 75.0 ki « .50 x 10') = 740 x 1 Lt

Because heat s released from the system, the change in enthalpy (AH) is negative, Substitute
your known values into the equation:

=740 % 107 Liatm = AE + 3.00 atm 200L - 7.50L)

Solvinig for AK gives you ~778 Liatm, which is equivalent 10 78,8 kJ. Because the sign is neg-
tive, the internal energy of the system decreases by 785

BN 473K. The key tosetting up this problem isto realize that whatever heat flows out of the lead
Hlows int0 the Water, 50: G = s Calculate each quantity of heat by using ¢ » mCAT Recall
that AT = Ty~ Types. The unknown in the probles is the initial temperature of lead.

- msg)(mzn KNI~ T

To calculate g, you must first calculate the mass of 0.500L water by using the density of
water: 0.500L (1.00 kg L) = 0,500 kg = 500

G = GOODAIR ¢ K)EITK ~ 293K) = 8.36 % 10%
Seting guws €UaI 0 (i a0 s0IViNG fOF T yields 473K
BTSEN0.127) g K'Y297TK - T = -836 % 107

297K = Ty = 176K

Ty = 4TI

EH 23 10°% To solve this problemaplyg = mAT i e beskiar The ikoown o thiemast o
the beaker, m. Because heat flowed out of the beaker, the sign of ¢ must be negative.

5760 = (m)(O84) g K*)(410K - 413K)
Solving for m yields 2.3 x 10°g.

303K, Solve In two parts. First, amount of heat released d
lution of the NaOH:
254gNaOH _molNaOH 4421

T *00gNa0H ol NeOH ~ 21 ¥

Because you're given the solution’s heat capacity —not its molar heat capacity or its specific
heat capacity — you can simply substitute the released heat, g, into the equation

,, = (heat mpamy)(m ~

he given heat capacity uses units of foules, you must convert the heat nto joules from
klla]uulu belore plugging in the value:

2815104 = (418 % 10° ) K)(Toaa- 206K)
Solving for Ti, yields 303K.
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I -83.9kare Ive this problem with factors. Convert from
‘grams of CO 10 moles, and then from moles to k). Be sure to adjust the sign of the enthalpy and
incorporate the stoichiometry of the given reaction equation:

9,G7§C° llmlCQ _AB6 k)
2805C0 " Zmoico - K
Because the sign is negative, 83.9 ki are released (not absorbed).

I 2.60 % 10%) (or 2.60 x 10° kJ). The total heat required is the sum of several individual heats:
heat to warm the ice to the melting point (273K), heat to convert the ice to liquid water, heat to
‘warm the liquid water to the boiling point, and heat to convert the liquid water to steam.
careful to match your units (J versus k)):

g (warm ice to melting paint) = (4.77 mol)(38.1J mol* K)(273K - 268K) = 909)

4 (convert Ice to liquid water) = (477 mol)(6.01 % 10°) mol) = 2,87 % 10°)

4 (warm water to boiling point) = (4.7 moh)(75.3) mol ' K*)(373K - 273K) «
g convert liquid water t steam) » (4.77 mol)(4.068 x 104 mol) = 194 101
“The sum of all heats is 2.60 x 10°) (or 2.60 x 10*

Bl -146 kJ. Reverse Reaction 1 o get Reaction l (=103 ‘ZU) Reverse Reaction 2 to get Reaction 2'
(886k1). Add Reactions 1' and 2', yielding. ~146 kJ,

197 kJ. Reverse Reaction 2 and divide it by 2 to get Reaction 2' (483k)). Reverse Reaction 3 and

divide it by 2 to get Reaction 3 (319kJ). Add Reactions 1, 2', and 3/, yielding AH « 197 kJ. You

need 1o reverse Reactions 2 and 3 to put the right compounds on the reactant and product
sides of the equation, Reaction 1 a]rendy has the right odemmkm Reactions 2and 3 mnsl be
dvidedby 250 mat the target
equation (namely, 1 mole each of H, o, co. and H,). Even th.p\ e S temporarily cre-
ates noninteger coefficients for O: in these equations, the noninteger coeficients cancel out

‘when you add reactions 1, 2", and 3,

595 104
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In this part . . .

toms are built with three kinds of particles, two of

which are charged_ This means that charge is impor-
ant in chemistry. Swapping or transferring charge
etueen reactrs llers heir propertie; Two citcal
s of reactions revolve around such movements of
Clmrue acidibase reactions and oxidation reduction reac:
tions. In this part, we give you the tools 10 deal with these
chargecentric reactions, In addition, we describe nuclear
chemistry, which deals with transformations in atomic
nuclei, the positively charged hearts of atoms.




Chapter 16
Giving Acids and Bases the Litmus Test

In This Chapter
Checking out the many definitions of acid and base
Calculating acidity and basicity
Determining the strength of acids and bases with the help of dissociati

those llcllo|m|  solve-the-crimedn-G0-minutes shows on TV, you've lkely come across a

‘Acids are genera fas somethi

= intomto spray s the face of & hore o hraine, o somehow usually
fowever, s and even ngest

s in everyday life. Citric acid, present in citrus fruits such as lemons
VR TagaNbles 1 et Akl 160 Y i Vmigas

fairly innocuous a
and oranges,

Strong acids can indeed burn the skin and must be handled with care in the laboratory.
Hovime st s can i sk el Chiaess i s e sachfaned
base and their relative strength:
than simply et propensity to burn, This chapter focuses on how you can identily acids
bases, as well as several ways 10 determine their strengths.

Three Complementary Methods
for Defining Acids and Bases

hemists 10 iibarstad soids dind Bass:

R K bl
understanding of how to define them evolved as well Is often said that acids taste sour,
Mol Bases tast BHiex bt w0 n facommondl tht you 0 fround oiag ehemicals in

y y ids or bases. In the we explain three
much safer methods you can use to el the difference between the two

Method 1: Arrhenius sticks to the basics

Svante Arrhenius was a Swedish chemist who is eredited not only with the acid-base determi-
nation method that is named afte: with an even more fundamental chemical concept
that ol dssociation Arshentis proposed an explanation i his PHD thesi fora phenomenon
that, at the time, had chemists all over the world scratching their heads. What had them per-
plesed was this: Although neither pure salt nor pure water is  good conductor of electricity,
solutions in which salts are dissolved in waler tend to be excellent conductors of electricity




Archenius praposed that I f the bonds

toms in the salts had beer oing them into the water, forming
o e he 0 hal Been dkfned saveral Aacadis Galier by Michos! Frsdi,
chemists generally believed at the time that fons could only form through electmlysis. of the
breaking of chemical honds using electric currents, so Arrhenius’s theory was met with some
skepticism. Ironically, aithough his thesis committes wasn't overly impressed and gave him a
grade just barely sufficient 10 pass, Archenius eventually managed to win over the scientific
community with his research. He was awarded the Nobel Prize in Chemistry in 1903 for the
same ideas that nearly cost him his doctorate.

Arthenkus subsequently expencied i theores o oen aneofthe mast videly med and

d that acids are substances that
nv«ter,wmle b that form
ater.

Hior
Ilydmmlde oS ons e they osderate

Peruse Table 16-1 for a list of commoh acids and bases and note that all of the acids in the
lst contain  hydrogen and most of the bases contain a hydronide. The Arthenius definiticn
of acids and and works for d bases, but its
limited by its narrow definition of bases

Tahle 16-1 Common Acids and Bases

Acid Name Chomical Fomula____Base Name

Acetic Acd CHEOOH Ammonis NH,
Ciric Acid CH,0,C00H Gelcium Hydroxide ColDH),
Hydrochloric Acid  HEI Magnesium Hydroxide  Mg(OH),
Hydrofluoric Acid HF Potassium Hydroxide KoH
Nitic Acig HNO, Sodium Carbonate NaCO,
Nittous Acld HNO, Sodium Hydroxide NaOH
Sulturlc Acld 150,

Method 2: Bronsted-Lowry tackles
bases without a hydroxide ion

You no doubt noticed that some of the bases in Table 16-1 don't containa hydroxide ion,
which means that the Archenius definition of acids and bases can't apply. When chemists
realletha several substances behaved lke bases bul didn' contan a hydroxie on, they
reluctantly that another method was need

pioposal by fohanves Artusiaf o Thostas Loury 1 1023 bl kieiee s slter bolh
of them, the B netho for

Peaiy s byeitide-contaning ks
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Uit e Bruraro Lowryafcitionomasidina g nce Hoapdonafenx i grogan on 01
S aackbage rgelion, whil s buse i stance s accepts [ by rogan oo the
witha , hydrogen loses
gl proton, For his reasan, Bronsted-Lowry
'y bisses are called profon acceplors.

acid.
lhcne and only eleclrouimd i lft with only a

Th best way t spot HeansteLowry acds and bases i to keep crell tack o bydiogen
foia s Sl acuntion, Congbie, tr cxampls, the disaouiatian of e base soAlumenst
bonate in water. Note that although sodium carbonate is a base, it doesn't atfeiy ahydrox-
ide ion.

Na,CO, + ZH,0 - H,CO, + 2NaOH

. (see Chopterdi foran itrducton o theso
types of reactions). A hydrogen ion from water s places with the ,mn..m of sodium
carbanats o form the poducts casbonie md wd odiam hydroside By the Bronsied-Lowry
definition, water is the acid because It gave up its hydrogen to Na.CO,, This ke N0,

fhe i Uaima b acesphes e Hodramsn fon rom i

This is a simple double replacement reactic

‘What about the substances on the right-hand side of the equation? Bronsted-Lowry theory
calls the products of an acid-base reaction the conjugate acid and conjugate base The conju-
e ackl s produced when the hase acceptsa proton (n this e, KO, while the o
gate base Is formed when the acid I . Thi
sleotringsup aery important pont ot e srength ot e hene el and bases.

ith avery strong by
e it watet 18 3 ext ooty S Akt and e cempiate boats ol et
ide, is a very strong base. Weak ackds always lorm strong conjugate bases
The same is true of strong acids.

Method 3: Lewis relies on electron pairs

Inthe saime year that Bronsted and Lowry proposed their defiition o acids and bases, an
hat not only
1 for acid-base reactions in which
hydrogen ion lsn't exchanged. Lewis’ Sation e Lr.nckmg lone pairs of electrons.
Under his theory,a base is any substance that donates a pair of electrons 0 form a coordi-
nate covalent boiid with another substance, while an acid Is a substance that accepts that
electron paic in such a reaction. As we explain in Chapter 5, a coordinate covalent bond is
acovalent bond in which both of the bonding electrons are donated by one of the atoms
forming the bor

All Bronsted-.owry acids are Lewis acids, but in practice, the term Lewis acid is generally
reserved for Lewis acids that don't alsa fit the Bronsted-Lowry definition. The best way to
spot a Lewis ackbbase pair i o draw a Lewis o structureof the reacting substance.
noting the presence of lone pairs (We introduce Lewi in Chapter 5)
For example, consider the reaction g (NH.) and boron iloride ey

NH: + BF;— NH.BFs

and Bases the Litmus Test 2 ] 7
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Figure 16-1 Ammuma preined ane pak o elertrana 10 the han ot bovon tiucrile
atins S THE | Suls boaS av batan EAoF e the Ly a1

Figure 1
Thelows W F H
dotstre- || |
wresol H—N: s B—F — H—N—
ammonia [ |
andboron  HF H
iflworide:
Sometimes you can identify the Lewis acid and base in a compoun
Lewis dot structure. You can do this by identifying reactants o e leamonrien uma) or
electron poor (ackds). Metal cations, for example, are electron poor and tend to act as a
Lewis ackd in a reaction, accepting a pair of electrons.
< In practice, it's much simpler (0 use the Arrheni

y
base, but you'll need to use the Lewis definition when Ivydrageu fons aren't being mhau[,ea
You can pick and choose among the definitions when you're asked to identify the acid and
base ina reaction

with & negative charge). This makes
water the proton donor, or Bronsted-
Lowry acid, and O s orjugae base.
ia scxepts he proton rom vater,
{orming ammonium (NHS.
i b AL ammonia the proton acceptor, or
e e ok WAk b & vt s Bronsted-Lowry base, and NH," its conju-

nia, lcrmmg a I\ydrumle anion (an atom gate acid

0. identify the acid and base in the follow-
& ing reaction and label thelr conjugates

NH, + HiO — NH, + OH"

1. Consider the following reaction. Label the acid, base, conjugate acid, and conjugate hase, and
comment on their strengths. How can water act as an acid in one reaction and a base in another?

HCI O 5 HO™ 4 I
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2. Use the Arrhenius definition 10 identify the
acid or base in each reaction and explain
how you know.

& NaOH(S) + KO - Na'(aq) + OH (ag) +
b HF(E) « H.O - H'(ag) + F(ag) + HO

b

Identify the Lewis acid and base in each
reaction below, Draw Lewis dot structures
for the first two, and det Lewis
acid and base in the third reaction without
adot structure.

a 6H.0 + Cr* — Ce(OH)*
b 2NH, + Ag —5 Ag(NH
.20 + HgCl — HgCl,

Measuring Acidity and Basicity:
pH, pOH, and Ky

Assbatance's dentity s s:ack) ar  base oy ane ol many (ings that chemist may

need to know about it Sulfuric acid and water, for example, ¢

sullutc ackito wash your face nthe morolag would bea
in acidity a

ity, measures a hase’s strength.

called bas

Acidity and basicity are measured in terms of quantities called pH and pOH, respectively.
Both are simple scales ranging from 0o 14, with low numbers on the pH scale representing a
higher acidity and therefore a stronger acid. On both scales, a measurement of 7 indicates

neutmtsibaion On the pH sl any umbes e Ilun 7indiates that the sclution s
acidic, with

7 indicates a
basic solution, with basicity ncreasing as pH ncreasen. cmemams "be rther the epil
gets away from 7, the basica OH sh !

relationship between distance from Tand aciiity or basiiy,only ths e low e
cate very basic solutions, while high numbers indicate very acidic solutions.
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o
C)

plifesalestatd g he il o, whete he beacketiacound Y infiars ot
it's a measurement of the concentration of hydrogen ions In moles per liter (or molarity: se

Chapter 12), pOH is calculated

sl v, with O coneentration replacing the

H: concentration: pOH = -Jog{ OH']. (The word login each formula stands for fagarithm)

Becaus:

substance with high acidity must have low basicity,a low pH indicates a high pOH
POH

foe s subitance an vice versa. In et  very comenient relytonahp Letieen p exd
allows you to solve for one when you have the other: pH + pOH =

Youl alan b give g or O and be gsked s slve o the H: e O concentiations

instead of the.

1o solve for (H'] or [OH], but llycu remembes thsta
sides of an equation, you quickly arrive at a convenient formula for (H], namely [H] « 10

make it tricky
done by raising 10 to both

Similarly, [OH ] can be calculated using the formula (OH] = 10** As with pH and pOH, a

convenient relationship exists between [H'] and [OH], which multiply together to equal

a constant called the ion

7 or K is cal

follows:
Ko [H] X [OH] =1 10

Calculate the pH and pOH of a solution
whhan (ol 510 L e the saluion

acidic the same for a solu-
Hian withan |ou Jol23x10°"

For a solution with an [H'] of 1x 10

pH 6= s et ek e
Fou hath been ghven the H cancant
tion, 50 irst solve or the pH by plugging
[H into the formula for pH, giving

pH = -log[1 x10°] = §

Plugging this value into the equation relat-
ing pH and pOH gives you a value for pOH,

14 pH=14-8=6 = pOH.

A pHof 8 indicates that this solution is
very slightly basic, It not just a coinci-
dence that the exponent of the H- con-
centration is equal to the pH. This is true
whenever the coefficient of the H- con-
centration is

For a salution with an [OH'] of 2.3 10°;
'POH = 10.6; pH = 3.1; the solution Is an
acld. The second portion of the problem
givesyouan [OH,la which case you
can either use the ion-product constant
for water to caleulate th [H-

solye for pH and pOH as you did before,
or, more simply, you can first calculate
the pOH and use it to find the pH,
Plugging an [OH ] 0l 2.3 10" into the
POH equation yields

POH = -logi23 10 = 10.6

Plug this value into Ihe relation between
pH and pOH 1o get

14-pOH = 14- 10,

dd=pH

This low pH indicates that the substance
Isa relatively strong acid.



Determine the pH given the following
ues:

a[H] =110
b. [H] =158 10"
e [OH] =210

d.[OH]

1x107

Chapter 16: Giving Acids and Bases the Litmus Test

5.

Determine the pOH given the following
values:

a [H]=2x10°
b [OH] =51x10™

L

Determine whether the following are
acidic, basie, o neutral:

a [OH] =25 107
b.[OH] =31x 102
o [H]=421x10%
A [H] =89 10"

Determine ;I|e|H ] from the following pH
or pOH v

. pOH = 1021
d.pOH = 1.26

221



Finding Strength through
Dissociation: K, and K,

Arrhenius’s concept of dissociation (which we cover earlier in this chapter) gives us another
onvasent bay ofmesing thesenglh o s ack o base Al Igh water i o lsc-
ciate all acids and bases, the degree
Siromg acids such as HCl, HNO and H.50, dbsoeiae completely i water, whils weak ocids
dissociate only partially. Practically speaking, a weak acid is any acid that doesn't dissociate
completely in water.

To measure the amount

Ll s iy A (K). K. s a special varlewal the

equilbrium constant introduced in Chapter 14. As we explain in Chapter 1, the equilbrium
chemical reaction is

dindicates the products and react n. The acid
dissociation constant is simply the equilibrium constant ofa reaction in hich n acd
mixed with water and from which the water concentration has been removed. This is done

ecause the concentration o waterls a constant in diute solutions, and & better indicator of
acidity is the by th fthe
acid reactant. The general form of the acid dissociation canstant s therefore

[H,0")x[A")
g, =10 1A )
N [HA]

Where [HA] is the concentration of the acid before it loses its hydrogen, and [A] is the con-
centration of its conjugate hase. Notice that the comesotiation althe idroium ey 0505
used In place of the concentration of H', which we use to describe acids earlier in this chap-
15 Ity iiage om o the pocoe. Gemralhy SPRGMRE - 1o 1n sy 08 Selution il
be caught up by atoms of water in solution, making H0" lons.

bases. St h s KOH, NaOH, and Ca(OH); dissociate
ompletely in water. Weak bases don' Idvssccnle campleldyhn«mer and their strength i
i ot s ssociston st

[OHJx[B)
X =TaoAr

Here, BOH is the base, and B s Its conjugate acid. This can also be written in terms of the
acid and base:

[OH|x[HA]
L]

In problems where you're asked to calculate K, or K,, you'll generally be given the concentra-

o emolaiy, of thaarglal acld o bastand the concentration of i confagas or o
but rarely both. [ I

of that acid into one molecule of its conjugate i hydrogen ion, while dissociation
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ofa bm sways Invobes sl et Bese ot one mdlecile i conlogal acd

draxide fo
'mlmn otihe I\ydwnhm\ orhydroxide i

o thieresson,the mnceulrulmncl the conlgte and i conc

ociation are equal, sa you only need

R i Vot iy 61og be Fve the pi aoe be asked 1 e ot the 151
GaivRint 10 [HLOTy o [OHY| Ky anc K e s Sonaianks 4 Caba hnk mpbtaiare

CH.COOH + HiO = HO" + CH,COO
Then calculate its actual value

if [CH.LOOH] and
[CH.COO = 651 107

A, Your general expression should be

). Write a general expression for the acid
ociation canstant of the following
reaction, a dissociation of ethanoic acid:

H,0'|%[CH,000 |
K=o comy ¢ the setual
value fs 180 % 10°, You're given
[CH.COO'| = 651 % 10%, and [H.0']
must be the same. Plugging all known
values into the expression for K, yields
651x10°][6.51x107]
T Emx0

80107

This is a very small K. and thusa very
weak acid

Calculate the K. for a 0.504 solution of ber-
zoic acid, C,H,COOH, f the [H'] concentra-
tion is 5.6x 10

9

The ph ofa 0754 enleiom ol HOOOH
is 193, Calculate the acid dissociation
constant.

5

10. 1t you have a 024 solution of ammonia, NH,, that has a K, of 180 10°, what is the pH of that
olution?

223
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Answers to Questions on Acids and Bases

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

B In this reaction, HCI donates a proton to H.O, making it the Bronsted-Lowry acid, Water, which
accepts the proton, is the Bronsted-Lowry base. This makes H,0" the conjugate acid and CI the
conjugate hase. Water can act as the base in this reaction and as an acid in the example problem
because i's composed of both a hydrogen ion and a hydroside ion and can therefore either
aceept or donate a proton.

BN For Arrhenius acids, remember to track the movement of H' and OH ions. If the reaction yields
an OH- product, the substance is a base, while an H product reveals the substance to be an

acid.

a. Arrhenius base. NaOH dissociates in water to form OH' lans, making it an Arrhenius base.

b. Arrhenius acld. HF dissoclates i lution to form H- ions, making it an Arrhenius
acid.

BEH o identify Lewis acils and bases, track the movement of electron pairs. Draw  Lewis dot
structure 10 locate the atom with a lone pair available to donate. This s the Lewis base.
a. H,0 s the Lewis base, while Cr* is the Lewls acid. Your Lewis dot structure should show
that the lone pair of electrons is donated to the bond by H,0.

3
il i§
o \
E/\N oo —s [HE—o—on
L) o }

b. NH, s the Lewis base, while Ag' is the Lewls acd. Your Lewis dot structure should show
that the tone pair of electrons is donated ta the bond by NH;.

© The pegatin charge.on the lorin odicates tha ' lectron rch maing ha Lais base
HCl.is, therefore, the Lewis a
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I To caleulate the pH values In this problem, use the equation pH = ~log [H'] and plug in all
Known values. If you're given [OH ] instead of [H'], simply calculate the pOH (using the equa-
tion pOH =~log[OH |) instead and then subtract that number from 14 to give you the pH
a. pH = 13. Because the coefficient on the H* concentration is 1, the pH s simply the exponent
b. pH = 8.8. Plug the given [H'] into the pH equation, giving pH = -log (1.58 x 10°) = 88
€ pH = 7.3, First, use the OH concentration to calculate the pOH. pOH = -log(2 % 10) = 6.7
Then use the relationship between pH and pOH (14 - pOH = pH) to determine the pH:
14-672173

d. pH = 7. Because the coefficient of this OH' concentration is 1, you can read the pOH directly
irom the expanent 10 gt pOH = 7. Then use the relationship between pH and pOH
(14~ pOH = pH) to determine the pH: 147 = 7.

[ To calculate pOH, simply take the negative logarithm of the OH- concentration. If you're given
H concentration, use it 0 calculate the pHand then subtract that value from 14 to yield
the pOH.

a. POH = 6.3. First, use the H cancentration to calculate the pH. pH « ~log(2 x 10%) = 7.7.
Then use the relationship between pH and pOH (14 - pH = pOH) to determine the pOH:
1U-T7=63

b. pOH = 10.3, Here, you cansimply use the OH- concentration to calculate the pOH directly.
POH = ~log (5.1 x 10-) = 103

I To determine acidity, you need to calculate pH.

a. Basic. Use [OH] to determine pOH. pOH = ~log(25 % 107) = 6.6. Subtract this value lrcun 140
geta pH of 74, This solution s very slightly. grealerlhan 7 and, therefore, slightly bas

b. Acidic. Use [OH ] to determinie pOH. pOH = -log(2.1 x 10°) = 12,5, Subtract this value from 14
to.get a pH of 15, This solution is significantly smaller than T an(l therefore, quite acidic.

. Acidic, Use the [H'] concentration 1o determine pH. pH = -log(421 x 10 = 44,

. Baslc. Use the [H] concenteation 10 determine pH, pt

A In this problem, use the formula [H'] « 10", 1f you're given the pOH instead of the pH, begin by
subtracting the pOH from 14 to give you the pH and then plug that number into the formula.
.50 % 10™, Use the pH 1o calculate the H- equation using the equation [H'] = 10",

[H] =10 =50 10
b. 2,04 x 10 Use the pH to calculate the H equation using the equation [H'] = 10,
[H] =107 204 10%
e le m" Begin hy pming the pOH o caleuatethe o usg the scuation 14 —pOH =
70 = pH, Then use the pH to calculate the H' equation using the equation
|u1.m ||-11,m*“.m.xm

d. 182 x 10, Begin by using the pOH 10 calculate the pH using the equation 14~ pOH = pH,

14-126 = 12.74 = pH. Then use the pH to calculate the H' equation using the equation
[H] < 107 [H] « 1057 2 182X 107

225
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BN 6.3 10°. The molarity in this problem tells you that the SN ol ek g

5.0 10", You also know that th {benzo e same
as the given H' concentration. All that remains s to ity equation for the acid dissociation
constant and plug in these concentrations.

K _[H,0"1x[C,H,C00 | _ [56x10%)x[66x107] _ . 107
H,CO0M] BO<107]
BEH 1.6% 10, You need to use the pH to calculate the [H']. [H'] = 107, [H] = 10" « 11x 10°,
which must alsa be equal 0 the concentration of the conjugate base. Al that remains is 10
for the plugin

[HO ]x[HcooJ L0 L0 2
Ko T = gy =110
I pH = 8.6. Begin by considering the K,equation:
K, =[O 1x(NE ')
v N
(oH

Because [OH'] = [NH, ], you can rewrite this as K,

INH,T
Salving this equation for [OH'| yields [OH ] = JK > [NH ]

Plugging in the known values of K, and [NH,] into this equ
(oH 1=l 8x107 % 0:
Use this to solve for the pOH.

POH =log (36 10) =54

The final step is to solve for pH by subtracting this number from 14
1U-54-86

=36x10°




Chapter 17

Achieving Neutrality with Equivalents,
Titration, and Buffers

In This Chapter

E 1 the superior ing abi in acids and bases

Deducing the concentration 0l a mystery acid or base through titration
Working with buffered solutions
 Measuring the solubllity of saturated solutions of salts with K.,

C pter 16 gives you the ins and outs of acids and bases, but treats each separately. In

thereal word of chomistr, hawever acds and base oiten reet i solon, and when
they do, they're drawn to one another, These unions of acid and base are called neutraliza-

tion reactions because the low pH of the acid and the high pH of the base essentially cancel
one another out, resulting in a neutral solution. In fact, when a hydroxide-containing base

reacts with an acid, the products are simply an innocuous salt and water.

Although strong acids and hases have their uses, the prolonged presence of a strong acid or
Base nan envionment nol equipped o bandle . can be very danagin I e laboralory,
for example, o e ko hancle o ks and hases careuly,anddelberately pesorm

reactions wh y pridimrsiey et a brow beating
from her hleyed teacher 1l dhg xnempl: to dump a concentrated acid or base down the
laboratory sink. Doing s0 can damage the pipes and is generally unsafe. Instead, a responsi
Fl chomist will neutralis acklic Biboratory waste with a ase such as baking 3oda, il
neutralize basic waste with an acid. Doing 50 makes a solution perfectly safe o dump down
the drain and often results n the creation of a satisfyingly sizzly solution while the reaction
s occurring

g chiapte,we explore s it arie whin £kl it up with bases, e, oot ll.

acidsand ally— 'y more acid or bas
“To account for these differenc a measure of the effective
ainnte of 0% e ommpond prodces splition Conngoted 1 the 1063 of g

lents and normality is iration, the process by which chemists add acids 1o bases (or vice

g up acid and base equivalents as the two neutralize
n ta figure out the concentration of an unknown
scid. Then,we descrilie bufersoulors mtures et comtain both ack ad b fosmeof
the same compounds and serve to maintain the pH of the solution even when extra acid or
Eaue o et Fianlly bieaued sl are BrOCHCe W eida reach WA baee W i
the solubllity product, K,,, a number that tells you how soluble a salt is in




© At heart, neutralization reactions in which the base contains a hydroxide lon are simple
double replacement reactions of the form HA + BOH — BA + H.0 (or in other words, an acid
reacts with a base to form a salt and water), You're asked to write a number of such reactions
in this chapter, 50 be sure to review double replacement reactions and balancing equations

in Chapter § before you delve inta the new and exciting world of neutralization.

Examining Equivalents and Narma(ity

Unlike people, not all acids andbases ated equall - il
than others, Consi i (HCD and sulfuric

ackd (500, for example, f you mised 14 sodium hydrosde {NdOH) together with 1
4, you'd need to add equal ts of each to create i

you uric acid, h you'd need to add twice as much
sczllmx)llyzlruxﬂe as sulluric acid. Why this blatant inequality of acids? The answer lies in
the balanced neutralization reactions for both acid/base pairs.

HCl+ NaOH — NaCl + HO

HSO, + 2NaOH — NasSO, + ZHO

“The coel m'lle fslnced the keyto is inequality, To
balance the eqy the coeflicient 2 needs to be added to sodium hydroxide, indicating
that 3 mles ot mnslbepresem to neutralize 1 mole of suluric acid. On a molecular level,
this happens be

cause sulfuric acid has two acidic hydrogen atoms to give up, and the single
hydroxide in a molecule of sodium hydroxide can only neutralize one of those two aci
hydrogens to form water. Therefore, 2 moles of sodium hydroxide are needed for every
1mole of sulfuric acid. Hydrochloric acid, on the other hand, has only one acidic hydrogen
tocontribute, s it can be neutralized by an equal amount of sodium hydroxide, which has

I bute to

Themberat malen ot et o hase il by o numberst iogens oo
ides that a molecule has to contribute in a neutralization reaction is called the

equialenis o trat subgnnce. Bascaly, the nuisber of ffctine neutralzing rcles aibble
determines the ratio of acid 10 base in a neutralization reaction

You may also be asked to caleulate the normality (N) of an acid or base, which is simply the
number of equivalents divided by the volume In liters.

e noematiy of anacicor base dtion e cgn tven gl ofthe oty of s
solution. I any ways,the two are i Normaliy however, ke molaky; takes
cqmvalems . 1

results mqnemral oluti i Ie)qme can' he saidof sohaions of equal
muumy (P 16 Chapior 12 or an ntroduetion to meriy:




You may also find the equation NxV, = Nyx Vy equating the volumes and normalities of a
neutral acid/base mixture useful Normality multiplied by volume is, after all just the number
of equivalents, and equal numbers of equivalents of acid and base must by definition neutral-

ize one another

Your careless lab partner has just
dumped 24 mL of 0.8M magnesi

hydroxide, Mg(OH),, into your lab sink.
Luckily,a plug in the bottom of the sink

15 keeping it from entering the drain. You

must neutralize the base hefore you can
pul the plug_ The only acid you ha
your disposal is 0,44 phosphoric acid

(HPO,). How many milliliters should you

add 1o the sink before making your lab
partner reach her hand in to pull the
plug (assuming, of

wish her any harm)?

course, that you don't

To find the number of equivalents in the
sink. you have to multiply this number
by 2 o compensate for the two hydrox-
ide ions available for neutralization per
each mole of magnesium hydroxide,
giving you 0.0384 equivalents Mg(OH)..

To neutralize this, you need an equal
number of equivalents of phosphoric
acid. You know you need 0.0384 equiva-
lents of HPO, and that there are 3 equiv-
alents per mole of H.PO, (because there
are three hydrogen atoms), s0 you need
0.0128 mol of PO, to neutralize the

with Equivalents, Titration, and Buffers

A, 32mLHPO, The first step to solving base: Dlvilinghis valie by themalarly,
this problem is to determine the number of your solutian (or, equivalently, mul
of equivalents of Mg(OH). in the lab sink. plying by its reciprocal) gives you the
To do that, you first need the number of proper number of liters to.add.
moles of base. Because you're given
‘molarity and volume, you simply multi- —0082L, ar 22 mLH,PO,
ply the volume in liters by the molarity. DAmal
'““% =0.0192 mol Mg(OH )
1. Write a balanced tion f How sssium hydroxide,

a reaction between hydrofluoric acid, HE,
and calcium hydroxide, Ca(OH).. How
many equivalents of each are present?

potass
KOH, o you need 10 neatralize 3 moles of
nitric acid, HNO,?




3. thllslhemnmlllyul 1 a 4. How i 15M phosphoric

ing1

acid, H,PO,, do you need to neutralize
20 ml. of 2N potassium hydroxide, KOH?

Concentrating on Titration
to Figure Out Molarity

Imagine you're a newly hired laboratory assistant who's been asked to alphabetize the chem-
icals on the shelves of a chemistry laboratory during a lull in experimenting, As you reach for
the bottle of sulfuric ackd, your first-day jitters get the better of you, and you knock over the
bottle. Some careless chemist falled 1o screw the cap on tightlyl You quickly neutralize the
acid with a splash of baking soda and wipe up the now nicely neutral solution. As you pick
up the bottle, however,you notice that the spilld acid burned away most of the labell You
knowt’s sulfuric acld, but th ic acid
shelves, and you do know the molarity of the salution in ths bkt Knawlag st youe
boss il aurely blasse youlf she see the daaged botlle, and aot wantingto ge sacked on.
day, you g up witha way ther
‘and save your job,

You know that the bottle contains sulfuric acid of a mystery concentration, and you notice
battles of Lif sodium hydroside, a strong base, and phenoiphthalein, a pH indicator, among
the chemicals on the shelves. You measure a small amount of the mystery acid into a beaker
and add a little phenolphthalein. You reason that if you drop small amounts of sodium
hydroxide into the solution ntil the phenolphthalein indicates that the solution s neutral by
turning the appropriate color, you'll be able to figure out the acid’s concentration.

You can do this by simple caleulation of the number of moles of sodium hydroside
you have added, a iy ing that the mystery acid must have an equal number of
equivalents to have been neutralized, This then leads 10 the number of moles of acid, and
that, in turn, can be divided by the volume of acid you added to the beaker 10 get the molar-
ity. Whew! You relabel the bottle and rejoice in the fact that you can come in and do menial
labor in the lab again tomorrow;

This process s called a fitration, and It's often used by chemists to determine the molarity of
acids and bases. In a titration calculation, you generally know the Identity of an acid or base
of unknown concentration, and the identity and molarity of the acid or base which you're
going 10 use to neutralize it. Given this information, you then follow six simple steps:




Figure 171
Apical
titration
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1. Measure out a small volume of the mystery acid or base.
2. Add a pH indicator such as phenolphthalein.
Be sure 16 take note of the color that will ndicate that the solution has reached
neutrality.
3. Neutralize.
Slowly add the acid or base of knawn concentration into the solution until the indicator
shows that it’s neutral keeping careful track of the volume added
Caleulate the number of moles added.
Multiply the number of liters of acid or base added by the molarity of that acid or base
t0 get the number of moles added
5. Account for equivalents.
Determine how many moles of the mystery substance being neutralized are present
using squivalent. How miny moles of your ackd do you nee 9 neutalze one iole of
base or vice
6. Solve for nmh.rlly.
Divide the number of moles of the mystery acid or base by the number of liters meas-
ured out in Step 1, giving you the molarity.

&

The titratioh process is often visualized using a graph showing concentration of base on one
s s concentration ofackd on the other st I Figure 1.1 ‘The Interaction of the two
traces out ich

",

1

1|

11 [ Phenclphialei colar-
change intorval

10 z

9

"
o o[ Eauivolenc poin

0 0 A % o % 60 70 80
mLNaOH
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7o

0. 1 the laboratory assistant had to add

10 mL of 1M sodium hydroxide to neu-
tralize 5 ml. of the sulfuric acid in his
impromptu titration, what did he end up
writing on the label for the concentration
of the sulfuric acid in the bottle?

A, IMHSO,. The problem tells us that the
volume from Step 1 of the titration process

culate the number of moles of sodium
hydroside added by multiplying the
volume in liters (0.01L) by the molarity

(1M) 0 give 001 mol NaOH, Because one
NaOH has only ane hydroxide ion ta con-
tribute to neutralization, there are alsa
0.01 equivalents of NaOH present. You
need an equal number of equivalents of
H.50, to complete the neutralization, But
H.S0, has two equivalents to contribute
per mole, 5o you only nieed half as many
moles of the acid, or 0.005 mol. The final
step s 0 divide this value by the volume
of acid in liters added 1o get a molarity of
1. The assistant should have labeled the
bottle as 1 H.SO,.

11, in doing a titration of a solution of cal-
cium hydroxide of unknown concentration,
astudent adds 12 mL of 241 HCI (hydrochlo-
ric acid) and finds that the molarity of the
base is 12581, how much Ca(OH), must the
student have measured out at the start of
the titration?

&

Titration shows thata 5 mL sample of

acid to accomplish the
neuallzation, what must the malaty ot
the base have been?

i

How much could a chemist find out ahout a mystery acid or base through titeation if neither its

identity nor its concentration were known?
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Maintaining Your pH with Buffers

Yo sy bave notied tha the thrtion curesshown L Figure 1.1 basa Datened avenf the
dle where pH doesn't when you ad
Base. Thi reptons il bt egion

Certain solutions, called buffered solutions. resist cianges in pH like a stubborn child resists
eating her Brussels sprouts: steadfastly at first, but choking them down reluctantly if enough
pressure is applied (such as the threat of no dessert). Although buffered solutions maintain
their pH very well when small amounts of acid or base are added o them or the solution is
hned, lh;y camonly witstan the addion.of  cetalnsmovatofack o ase belore
g overw]

Buffers are most often made up of a weak acid and its conjugate base, though they can also
be made of a weak base and its conjugate acid. (Conjugate bases and acids are the products
s ke reacia el o 16 i detaed) A ik ot 1n slicsis sl ifon ol b
its pK.
In‘,arllhm o s acid dissodiation Constant. The dissociatian will be of the o HA + HLO >
where A" is the conjugate base of the acid HA. The acidic proton is taken up by a
S el Jormi hydroniu, 1{HA were  trong acel, 10 pecent o the acd would
become H.0" and A", but because I's a weak acid, only a fraction of the HA dissociates. and
gt

The Ka (acid dissociation constant; see Chapter 16 of this reaction is defined by

Solving this equation for the [H.O 10 devise a relationship
between the [H,0'] and the K, of a buffer.

[I{‘Q']:K‘x%

tes the pHand the pK..

e
@ ki the negaivelogithin of boh skl o the equation and masipultig loguihn ules
ﬁi relat

pnsznmg{l{“—m}

[a
This equation can be maripudated using logrithe ks 0 get L1 <1044, which may
be more useful in certain situations. ]

The very best bulfers and those best able to withstand the addition of both acid and base are
thiae oz et [H4T snd (A Tareapproximalely squal When tisoccyes helogrimic
term in the Henderson-Hasselbach equation disappears, and the equation becomes pH = pK..
Whan creating a bafred sohiion, chemists herolore chaos & nscit Ut has 3 pK.closeto
the desired pl




Figure 17.2:
Tho afactof
adding acid

reactans.

1f you add a strong base such as sodium hydroxide (NaOH) to this mixture of dissociated and
undissociated acid, its hydroxide is absorbed by the acidic proton, replacing the exception-
ally strong base OH- with.a relatively weak base A', and minimizing the change in pH.

HA+ OH = HO + A

This causes a slight excess of buse In the reaction, but doesn't affect pH significantly. You can
think of the undissociated acid as a reservoir of protons that are avallable to neutralize any
strong base that may be introduced to the solution. As we explain in Chapter 14, when a
et ad i o et o el I e teotic changes v th fescants
or to “undo” the change in conditions. Because ion generates A, the acid dissocia-
on reocion happans e raquently as a esul,uriher siabyising the pL

Whena strong acid, such as hydrochloric acid (HCY), is added to the misture, it acidic
proton s taken up by g b s ing HA.

Ho A = HA

Thiscuises s shgh-eschay el seld  theiesction but dosant flct gt ignfcanty 1
shifs the balance in the acid dissociation reaction in favor of the products, causing it
happen more frequently and re-creating the base A-

“The addition of acid and base and their effect on the ratio of products and reactants is sum-
marized in Figure 17

Buffer after Bufer with equal Buffer aftor
addition of OH concentrations of addition of H-
wesk acid and ts
conjugate base

Buffers have their limits, however, The acid's proton reservoir, for example, can only com-
Pensate o he Rl of et amotetof b belra i A o a1 protons it fan

e free hydroxide. At this point, a buler has done all it can do, and the titration curve
resimds s sicep vt Hopé
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). Consider a buffered solution that contains the weak acid ethanoic acid ( *10%) and
its conjugate base, ethanoate. I the concentration of the solution Is 05/ with respect to
ethanoic acid and 0,33 with respect to ethancate, what is the pH of the solution?

>

PH = 4.5. This isa simple a : remember to
fake the negorivelogarith BT 10 get pK, Plugging in i yields

.,H:.,x,mg[%"mJ] g(18410° ,mﬂ_lj a5

il buffer 9. Describe the preparation of 1,000 mL of a
0.2 carbonic acid bulfer of pH = 7.0,
Assume the pK. of carbonic acid is 6.8

8. Ethanoie acid would make an ic:
to maintain what approximate p

Measuring Salt Solubility: K,,

In chemistry, a “salt”is not necessarily the substance you sprinkle on French fries, but has a

wenlmlualmn reaction. Salts, therefore, tend to dissocs The degree of dissociation
ke i other word,the sohiily ofthe sall — varies ety from e sal 10 another
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B8 Chemists
™ of salts. K, is calculated in muc!

uch the same way as

omsantor
brium constant (K..). The product

concentrafions are multiplied together,each Taiseto the power of 1t cosficintin the bak

 however, between a K., and a K., K.,

tion of salt, 50th the

isa uanlllv:pedll

sall eactant b abaoldely o beseing oo s el he souon s satwated,then he

dded merely

‘amount of possible di

settles on the bottom.

£ 1 0. Write alormula for the solubility
product constant of the reaction
o Ca® 4 2F

A, K, =[Ca¥] % [F]% The solubllity product
canstant s constructed by raising the
concentrations of the two products to
the power of their coefficients, 50

Ky = [Ca™] % [F T

10. Write the dissociation constants for silver
(1) chromate, AgCrO,. and strontium suk
fate, SO

11, tthe K., of silver chromate Is 1.1 x 10

i the silver ion concentration in the

solution 150,005, what Is the chromate
concentration?
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Answers to Questions on Neutralizing
Equivalents

answers to the p presented in this chapter.

2HF + Ca(OH), — CaFs + 2H,0. The balanced neutralization reaction tells you that there are
2 equivalents of CaOH. per mole and 1 equivalent of HF per mole.
3 mol. Nitric acid (HNO,) Is a monoprotic acid (an acid with a single hydrogen atom) with

1 equivalent per mole, while potassium hydroxide (KOH) also has 1 equivalent per mole. 56 you
need equal amounts of each to achieve neutralization.

3N HSO,. Normality is equivalents per liter. Because volume is already built into molarity, you
simply need to multiply the molarity by the number of equivalents in 1 mol of H,S0, (2 equiva-
lents, one for each hydrogen).

2 equivalents H.50,
Tmol H,50,

15 rm:H,SO‘ NHSO,
8.9 mL. The quickest way t0 arrive at the answer is 10 solve for the normality of the phospharic
acid 50 you can use the equation N, x V.« Ny x Vi, Calculate this normality with the equation
L5molHPO, 3 equivalents H PO
TmalHPO,

=45N

Solve the equation Nyx Vi = Nox Va for V, and plugin all known values to get your answer,

9.6 mL Ca(OH).. Begin by finding the number of moles of HCI by multiplying the molarity (281
by the volume (0.012L) 1o get 0.024 mol HCL Next, calculate the number of moles of Ca(OH):
needed t6 neutralize this amount using equivalents:

0024 et et} mol Ca(OH)
1 Zmol

G = 0012 mol Ca[ OH),

tyt lume of base added, giving 0.0096L Ca(OH),.
.16 Mg(OHD,. This probles gves you Step § i the titation procechire and asks you 1o back.
solve for the molarity of the base, Start by finding the number of moles of acid present in the
solion by multphing the molaelly (.54 by the vohue (100SL),gving you 00025 . Next,
determine the number of equivalents of magnesium hydroside needed to neutralize 0.0025 mol
HNOy by sxamining the balanced neutralation reaction

ZHNO, + Mg(OH), — Mg(NO). + ZHO

0.0025 molHNO, ) mol Mg(OH ),
T Zmal ANO,

=1.25%10"" mol Mg(OH),

Divide this by the volume of base (8 mL. or 0,008L) added to get a molarity of 0,160 Ma(OH)..
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Without an identity or a concentration, a chemist coukd still determine the number of equiva-
lents per liter of the mystery acid or base. If he titrates an extra-mysterious acid with a base of
known concentration until he achieves neutrality, then he knows the number of equivalents of
acidl in the solution (equal to the number of equivalents of base added). This information may.
even allow him 10 guess at its identity.
MG pH of 4.7, Ethanoic acid, also known as acetic acid or vinegar, would be an ideal buffer for
apHclose to its pK, value. You're given the K. of ethanoic acid in the example problem (it's
K. = 18 10°), 50 simply take the negative logarithm of that value ta get your pK, value and
therefore your pH.
BN You're given a pHand a pK,, which hat you need 10 use the Hend
equation. You're given the total concentration of acid and conjugate base, but you don't know
elther of the concentrations in the equation individually. 50 begin by solving for their ratio,

1o g g

[

This tells you that there are 1.6 mol of base for every 1 mol of acid. Expressing the amount of
base as a fraction of the total amount of acid and base therefore gives you

16
Tirg =062

Multiply this number by the molarity of the solution (0.24) to give you the molarity of the basic
solution, or 0.1241, The molarity of the acid is therefore 0.2V - 0.1241 = 0.08M.
This means that to prepare the buffer you must take 0.2 mol of carboric acid and add It to
‘somexwhat less than 1,000 mLof water (say 800 mL), To this you must add enough of a strong
base such as sodium hydroxide (NaOH) to force the proper proportion of the carbonic acid.
solution to dissociate into its conjugate base. Because you wailt to achieve a base concentra-
tion of 0121, you should add 120 mL. of NaOH, Finally, you should add enough water to achieve
your final volume of 1000 mL.

M For silver (1) chromate: K, [Ag]* < [CrO.* ), for strontium sulfate: Ky, = [$r*] % [SO.*],

tions, you lirst need to write an

equation for their Pl s (see Chaplu ot e 1<),

AZCrO, — 2Ag (ag) + CrO; (aq)

5r50. - St (ag) + SO (aq)

Raising the concentration of the produucts to the power of their coefficients in these balanced

reactions yields the K, for each,

K. -[Aa] ®[CrOF]

0 the K., of silver (1) chs Problem 10, Solve the
equation o the chromate. camemmm.. by dividing K., by the silver ion concentration.

L1x10™"

[ero J:[i 4x10"




Chapter 18
Accounting for Electrons in Redox

In This Chapter
Keeping an eye on électrons by using oxidation numbers
Balancing redox reactions in the presence of acid
Balancing redox reactions in the presence of base

n chemistry, elect tall the action. her things,
between reactants during a reaction. Reactions like these are called axidation redction
brevity. Redox reactions are as important as they

common Bt they re not always obvious.In this chapter, you find out how to recogaize
redox reactions and how to balance the equations that describe them.

Keeping Tabs on Electrons
with Oxidation Numbers

I electrons move between reactants during redox reactions, then it should be easy t0 recog
nize those reactions ust by noticing changes in charge, right?

Sometimes.

The following two reactions are both redos reactions:
Mg(s) + 2H(aq) — Mg (ag) + Ha
2H.(9) + 0u(g) — 2HO()

)

In the first reaction, its obvious that electrons are transferred from magnesium o hydrogen.

exsarecply twd reactant, ano magneshun s newizal s reactat bt pogilvely chirged
a2 prodety 1 hesecond esciin, 1 notbalobikas it alactrons aretrnalrs o
Rdimgon o iygen. W mesd wos o ke s amelestrons on theg Aransto bebweos reac:
tonts, n shart, we need avidafion numbers

Oxtdation numbers are tools to keep track of electrons, Sometimes an oxidation number
describes the actual charge on an atom, Other times an oxidation number describes an imag-
Inary sort o charge —the charge an atom would have i ll f s bonding partners lfttown.
taking their them, In s loses




is less a

which electrons are |esmw|y nm.em hyone stem orancther (‘ee Chapter § orthe
seful

Ioclﬁ but they aren’t direct uempmn,al pnyq\m reality.
Here are some basic rules for figuring out an atom’s oxidation number:
Atoms in elemental form have an oxidation number of 0. o, the oxidation number of
both Mg(s) and Ox(g) is 0.
s Singleatom (monalonic) fons have an oxidation number equal o thelchage. 5o, the
oxidation number of Mg (aq) is +2 and the oxidation number of Cl-(ag) is
dduptalina chargsd i, oxid-

»ina b
Yo st the cumpmmd 's charg
2 I conspeds, oejgei usualyhas an o4t eymbe of -2
HLO., In wh
4 In compounds, hydrogen has an oxidation number of +1 when it bonds to nonmetals
(as in H,0), and an oxidation number of ~1 when it bonds to metals (as in NaH).

2. An annoying exception is
er of

» In compounds
roup 1A atoms (alkali metals) have an oxidation number of +1
* Group lIA atoms (alkaline earth metals) have an oxidation number of +2
n Group 1A, Al and Ga atoms have an oxidation number of +3,

« Group VIIA atoms (halogens) usually have an oxidation number of -1

s s 6k
transition metals) by taking Into account these basic rules, as well as the compound'’s overall

you can discern who supplies electrons to

By applying these rules to chemical reactions.

1 4 The chemical species that lases electrons i oxidized, and acts as the reducing agent (o

reductant).
| 17 The species that gains electrons is reduced, and acts as the axidizing agent (or oxidant),

All redox th
beaker can contain many gy oxidizing ageul—recludnn Ao s ach (A -

tutes Its own redox reaction.
Outdation may o may ot Invve bonding wikh oxygen; bresking bonds whl yrogen, ox
h increase i
may ac may nck el onding wth bydiogen.breaking bonds with cxygen: or ga
electrons — but reduction always means a decrease in oxidation number.
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Use oxidation numbers to identify the oxidizing and reducing agents in the following chemi-
cal reaction

CrOL(5) + 2AI(S) - 2Cr(s) + ALOL(S)

A, Cr04s) is the oxidizing agent, and Al(s) is the reducing agent. The keys here are to recall
thab e elememd form " lke ol A and solld C) have oxdation numbers of 0. and
number of -2 . The oxidation number

breakdown (shown n e ion ing figure) reveals um Al s cxddized 0 410,
Cn0.(s) i reduced to Cr(s). So, AI(S) is the reducing agent, and Ce0,(s) is the oxid:
agent, Yo can tel that Al 1s oxdzed hecause the ouidaiion number of ALl 0 In AL but

+2in ALOL(s), You can tell that Cr.0,(s) is reduced because the oxidation number of Cr s
+2in Cr0,(s) but is 0 in Cr(s),

Oxidzing  Auducing
agent agent

60, + M — 2+ AlD,

e | N

/
I I )
Sum=0 Sum=0
1. Use oxidation numbers to identify the oxi- 2. Useoxidation numbers to identify the axi-
dizing and reducing agents in the following dlaing and sducing agen i he lollowing
chemical reaction: chemical reactio
MnO.(s) + 2H'(ag) + NO:(ag) — H.S(aq) + 2NO.(aq) + 24 (ag) —

NO; (ag) + Mn™(ag) + HO() () + 2NOL(g) + 2HO()




Balancing Redox Reactions
under Acidic Conditions

When yon Balancs  chemicalesciion equaton, the primary concen st gbey the priach
ple of Conservation of Mas: reactants must equal the total mass of
tie proccts, (e Chapter 81t yons eed 1 soviw the praties) b tadee eactions, 300
musk obey a second principle as wel he Conservution of Charge. The 1otal mumber af lec-
trons ost mustequal the total number ofeectrons gainesl, I oher words, you cant just

d. The universe Is finicky that type of thing

times simply balancing a redox reaction with an ey to mass results in a charge-balanced
stianan el Like s i o resh Ighis when yove drihig hal s ovely Cing whe
st o v g tayatem fo bnlnciagsedex

of nm  system Gepand on whether the reaion oG
conditions — in the presence of excess H' or excess O, Both variatios
reacilans, Incomplete part af e toal reaeion tha rflectether oxldaon o redcion
alone. (We introduce the basics of acids and bases in Chapter 16.)

Here's a summary of the method for balancing a redax reaction equation for a reaction
under acidic conditions (see the next section for detalls on balancing a reaction under basic
conditions):
1. Separate the reaction equation into the oxidation halfreaction and the reduction
haltreaction. Use oxidation numbers 1o identify these component halfreactions.
. Balance the halfreactions separately, temporarily ignoring O and H atoms.

2,
3. ‘Turn your attention to the O and H atoms. Balance the halfreactions separately,
using H0 10 add O atoms and using H' 10 add H atoms.

4. Balance the charge by adding el ).
5. Balance the cugSal HEnLeon sl e W eark Ee b gy

6. Reunite the haltreactions into a complete redox reaction equation.
7. simplify the equation by canceling items that appear an both sides of the arrow.

ot - Step 2: Balance the haltreactions, tem-
e Aeing AR S porely ignarog O nd 1

NO; + B —NO + Br, 2B Br,

Simply go through the steps, 1 through 7, NO: = NO
oty el S TR
by using oxidation numbers. respectively.

Br —Br. (oxidation) 2Br — Brs

NO; — NO(reduction) 2H' 4 NOs =+ NO + HO



Step 4: Balance the charge within each
halfreaction by adding electrons ().

2B > Br 4 2

Te 4 26+ NO; —NO + HO

Step 5: Balance the charge of the half-
reactions with respect to each other.

2B > Brs v 2

2e 4 4H + INO: —2NO + 2.0

Chapter 18: for Electrons in Redox

Step 6: Add the halFreactions, reunit-
ing them within the total reaction
equation.

2+ 4H + 281+ 2N = Bra + 2NO +
2HO + 2¢
Step 7: Simplify by canceling items
pear on both sides of the
equation.

A+ 2Br + 2NOs = Br, + 2NO + ZHO

3. Balance the following redox reaction equa- 4. Balance the following redox reaction equa-
tion assuming acidic conditions: tion assuming acidic conditions:
Fe* 1 50, Fe Ag s Be s Ag s BeOS

5. Balance g redox o assuming
CrOF + B Cr* 4 BIO"

243



Balancing Redox Reactions

under Basic Conditions

{ot much can be

It's true; Balancing 0

lot
dane to remedy that anlortunate (a6, But hercs the #90l news — the process i balncing

redax equations under basic conditions s 90 percer

fentical ta the ane used for balanci

under acichc condilons 1 the previous section. I cther wards, master oné anel youve mas.

Here’s how easy It s 10 adapt your balanci

» Perform
conditions.

+# Observe where H s present n the resulting equation. Add

method for hasic conditions:

eps 1-7 as described in the previous section for balancing under acidic

dentical amount of OH-

to both sides of the equation 50 that all the H is *neutralized” becoming wat

4 Cancel any amounts of H.0 that appear on both sides of the equation

That's it Really.

Balance the following redox reaction
equation assuming hasic conditions:
CF" +Hg —Cr + HEO

Begin balancing as if the reaction oceurs
under acidic conditions. and then neu-
tealize any ' fons by adding OH equally
to both sides. Finally, cancel any excess
H.0 molecules.

Step 1: Divide the equation into half-

reactions for oxidation and reduction
 using oxidation numbers.

Hg— HgO (oxidation)

€= Cr (reduction)

Step 2: Balance the haltreactions, tem-

porarily ignoring O and H. (They're

already balanced here.)

Hg— HgO

e ser

Stey ce the halfreactions for O
and u T by adiing H,0 and H:, respes
tivel

Hg + H:0 = HgO ¢ 2H
o s er

Step 4: Balance the charge within each
half-reaction by adding electrons (¢).

Hg+ HO > HEO + 2H' + 2
426 —Cr

Step 5: Balance the charge of the half.

reactions with respect to each other.

(They're already balanced here.)

He « HO— HgO + 24 + 2

Cr o 2e —Cr

Step 6: Add the halfreactions, reuniting
them within the total reaction equation.

Hg s CF L HO ' 2 — HgO 1 Cr s 2H 4 22
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Step 7: Simplify by canceling items that
appear on both sides of the equation.

Hio CF + HO — HgO + Cr 1 24

Step 8: Neutralize H' by adding sufficlent
and equal amounts of OH 10 both sides.

Hg+ CF + HO + 20H —HgO + Cr + 24,0

Step lify by canceling H.0 as
po-lble rom both sides

Hg+ € ¢ 20H = HgO + Cr + KO

6. Balance the following redox reaction equa- 7. Balance the following redox reaction equa-
tion assurming basic conditions: tion assuming basic conditions:
€L+ Sb = CI 4 SbO S0+ €10 —50; 4 €10

8. Balance the following redox reaction equation assuming basic condi

BrOs + PhO — Bro+ PHO.

245
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Answers to Questions on Electrons in Redox

Redos reactions have a bad reputation among chemistry students because of the per-
ceptions that theyre difficult o understand and even more difficult to balance. But the
perception is only a perception. The whole process boils down 10 the following pririci-

b Balancing redox reaction equations is exactly like balancing other equations; you

‘simply have one more component to balance — the elect
d reduction

vl
+# Under acidic conditions, halance O and Hatoms by adding H.0 and H
4 Under basic conditions, balance as you do with acidic conditions, but then
[ neutralize any H* by adding OH".
So, relax. Well . . relax after you check your work.
M The oxidizing agent is MnOs, and the reducing agent s NO,". The oxidation number of Mn is
4 In the MnO, reactant and i +2 in the Mn* product, The oxidation number of N s +3 in the
NOy reactant and is +5 in the NO,” product.

Oxidizing Reducing
agent agant.
MiO, & 2+ NO,  — NO; M s HOD
AT
e b
@ ED 20 A 2kl 9 axEd) D 2 (2
Sum=+1

v
Sum=+1
ol Sis-2in

HS.TI umb
\munher of Nis 431 the NO, reactant

the H.S reactant and is 0 in the § product. The oxid:
and s +4 In the NO. product
Reducing  Oxidiang
sqant

24 w ‘

Hso4 oy o ﬂr.l !
3 i

. N

209 6x(2 2xplly (@ 2x() axi-d dxien) 2x(2)
¥

2xi) (2 5
Sum=0 Sur
BN Slepl  50.-507  (axidation)
e e (reduction)

Sep2  Glreadycmplen)
Step3 SOF 4 AH"
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Step 5.
Step6
Step7
Step 1
Step2
Step3
Step 1
Step5

Step6
Step7
Step 1

Step2

step3

Step 4

Step 6
Step7
Step 1

Step 2

Step3

2H0 4 §0: = SO 4 4H 4 26

le s Fe* — Fe'
2HO 4 §0:— 505 + 4H 4 2¢

2¢° 4 2Fe™ — 2Fe™

2e" 4+ 2H0 + 2Fe™ + 80, — 2Fe™ + S0,
2H,0 4 2Fe* + S0 2FE” 4 SOF 4 A"

Be—Be0F  (oxidation)
Ag - Ag (reduction)

2Be— Be.0

Ay Ay

BHO0 + 2Be— BeO, 4 6H

Ay Ag

3H0 + 2Be - Ba.O, + 6H + de

1o+ Ag —Ag

3H0 ¢ 26— Be0; + 61+ de

e AAg s AAg

47 BH.O + 4Ag + 2Be - 4Ag 1 BeO,
3HO 4 AAg + 2Be - 4Ag+ B0 + 6H

Bi— BIOY (oxidation)
(reduction)

BIO" 4 2H
WH 0 CrOF — 206 4 THO

HIO + Bi = BIO™ + 24" + e
6" LH 4 CrO> 207« THO

2H,0 4 28— 2BIO”  4H + 6"

6" HH + CrO& 20 + THO

G+ 1A' + 2H0 + CrO7 + 281 — 207 + 2BI0 + THO + 4H + G-
10H + CrO 4 2B1— 206 + 20" + SHO.

Sb-sSbO"  (oxidation)
cL—ar (reduction)
b b0

Ch— 201

b+ HO —SbO" + 2H
€l 20

247
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Stepd S HO—ShO" 4 2H + 3
L v 26— 208
StepS  28b+ 20— 25h0" + AH' 4 G
30k + 6 - 601"
Slep6  25h+3Ck + 2.0 + e — 250"+ 6CT + 4H « e
SlepT  28b 4+ 3Ck + 2H.0 - 250" + 6CI 4 AH"
Step8  25b.4 4C + 2H,0 + 4OH —25b0" + 6CT + 4H,0
Step9  25b+ 3Ck + AOH — 250" + 6CT + 2HO
B Sepl  CIO:—CIO.  (ovidation)
50, (reduction)
Step2  (already complete)
Step3  CiO; - Cl0.
507+ AH > S0, + O
Stepd  CI0s —CI0, 4 le
SO AH ¢ 26— 0.+ 20
Step5  2CI0: —2CI0:+ 2¢°
SO AH 4 26— 50, + 2H0
Step 6 20105 + SO, + 4H + 267 — 210, + S04 + 2H,0 + 2¢”
Step7 20105+ SO+ AH 2010, + 50; 4 2H0
Step8  2C10: + SO 1+ 4H,0 - 2C10: + 50: + 2HO + 40K
Stepd  2CI0. 4SO + 2H.0 —2C10. + 4OH-

Il Stepl  PbO—PbO,  (oxidation)
BrO; —Br.  (reduction)
Step2  PhO— PhO,
2Br0; - Br
Step3  PLO .« HO = PhO. + 2H°
ZBrO; 4 12H 5 Brs + 6H,0
Stepd PbO .+ H.O —+PbO + 2H s 2¢°
WO, + 12H + 10— Br: + GHO
Step5  5PHO + 5H.O = 5PhO: + 10K+ 10e°
28107+ 12H 1 108 Bra + 6H.0
Slep6 PO« 2Br0; « SHO + 12H" + 106 —5PbO. + Br. + 6H.O + 10H" + 10e
Step7  5PbO 2805 4 2H > 5PbO, + Bry + HO
Slep§  5PHO .+ 2Be0; + 2Hi0 — 5PbO. + Br. + H.O + 20H
Step9  5PbO + 2BrO; + HO— 5PLO. + Bra 4 20H




Chapter 19

Galvanizing Yourself into
Electrochemistry

In This Chapter
Understanding voltaic cells, anodes, and cathodes
Figuring standard reduction potentials and electromotive force
Zapping current into electrolytic cells

A bongh et s tha youlr il o B it redos eaclons as e diong
force behind ust and .
you should know T you don't ||eed 105it around watching metal rust 0 see redox reac-
tions In action. In fact, they eryimportant role in your everyday life. The redox reac-
Homs Thatyois A o abopt 1 Chapher 18are the ilert partner backing the unstoppable

Energizer Bunny, That's rightl Redox reactions are the essential chemistry behind the inner
workings o he alFimportant battery. n Tact,am entre branch of chemistry, called lectro-
chemisiry d the study of

fromclhaaieal anesdy We Intradace e bastes I ths ehaper

Identifying Anodes and Cathodes

The energy provided by batteries is created in a unit called a voltaic or galvanic cell, Many
batteries use a number of voltaic cells wired in series, and others use a single cell Voltaic
cellshartess the energy reeased n a red reaction and transfor i into electrical energy: A
voltaic cell is created lled electrodes in an external
circut, In this way, the reactants aren’tin e contact, but can transler electrons o one
another through an external pathway, fueling the redox reaction.

) The slctiode tiat urdesgond oktion s call theandi: You can exlysemember thie ||
‘you burn the phrase “an 0x” (for anode oxidation) into your memory. The phrase *red cat™
L opaly wask o et b Nagspoms o Ao thar eleetr o, called e catmd.
where the reduction reaction occurs.

Electrons created in the axidation reactionat the anode of a voltaic cell llow along an exter-
nal circuit 10 the cathode, where they fuel the reduction reaction taking place there, We
the spontaneous reaction between zinc and copper as an example of a voltaic cell here, but
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‘you should realize that many powerful redos reactions power many types of batteries, s0
they're not limited to reactions between copper and zinc.

Zine metal ly with an a ! 1 nllbisibien ey
placed in direct contact with her. Zinc, beinga m han copper (it's
Bigher on the activity series of metals presented in Chapter ), displaces the. conper owein
solution. Af as pure copper metal on

solving zinc strip. At first, it may appear 10 be a simple single replacement reaction, et
a redox reaction.

‘The oxidation of zinc proceeds as Zn(s) — Zn*(ag) + 2€. The two electrons created in this
axidation of zine are consumed by the copper in the reduction half of the reaction Cu* (ag) +
2k 23 0ot T il Vol encion Cu(ag) + 26 + Zn(s) — c..(s) + 2 (ag) 2 . The

Pttt 30 he cenchon redlly Tt CusCa) s ZnGs > Cus) + 2 (..q)

This reaction takes place when the two are in direct contact, but as we explain earlier in this
section, a voltaie cell is created by connecting the two reactants by an external pathway. Only
the electrons created at the anode in the oxidation reaction can travel to the reduction half of
the reaction along this external pathway. A voltaic cell using this same oxidation-reduction
reaction between copper and zinc is shown In Figure 19-1, which we examine plece by plece

4 First, note that zine (Zn) is being oxidized at the anode, which is labeled with a nega-
Hie g Thie doseut meay e theanode 1 pagaivly charga Rther s that
0 cations inta the
B gty u]nnu The cireut 1o 1he cathode, This oxid:
tion thus results in an inerease of Zir~ lons into the solution and a decrease in the mass
of the zinc metal anode.

4 The electrons created by the osidation of zinc at the anode fuel the reduction of
copper (Cu at the cathode. This pulls Cu” from solution and deposits more Cu metal

* lons are used up in the reduction rea
tion, and the electrode gains mass as Cu metal is deposited.

4 No doult you noticed that Figure 19-1 also contains a Ushaped tube connecting the
two solutions, This is called the sal bridge, and it serves to correct the charge imbal-
ance crealed as the anode releases more and more cations into i solution, resulting

and the cathode uses d more of its solu-
o, Laving R with -4t negmtive havae. The s2h bdie Contains g decamolyic it
(in this case NaNO.). A good salt bricge is created with an electrolyte whose compo-
nent ions won't react with the ons alreadly in solution. The salt bridge functions by
sucking up the extra NO, lons in the cathode solution and depositing NO; ions from
the other end of the bridge into the anode solution. It also sucks up the excess positive
charge at the anode by absorbing Zn™ jons and depositing its own cation Na' into the
cation solution. This is necessary because the solutions must be neutral for the redox.
reaction to continue. It also completes the cell’s circuit by allowing for the flow of
charge back to the anode

A uselul way to remember how ions flow in the salt bridge is that anions travel to the
anode, while cations travel to the cathode.
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Switeh

k2
anode
o
cathods
Zn(s) — Zn* (ag) + 26 Cu {ag) + 20 —= Culsf
Fighe191: Movement of cations
Avolizic
cell
Movement of anions

These voltaie cells can't run forever, however. The loss of mass at the zinc anode will eventu-
ally exhaust the supply of zine, and the redox reaction won't be able to continue. This phe-
a5 why et biterion et over b, ReArEeabls bater s ki dsantagh of
areverse reaction to resupply the anode, but many redos reactions don't allow for this, s0
rechargeable batteries must be made of very specific reactants.

‘The voltage provided by a bittery depends largely on the materials that make up the two elec-

ek T o e nt 1yl 151 ittt thot e Yo cpilaton ity

or MP3 player, for example, are act

ioangancss dhosiie, The Nghvoliags Ianblvec bebarics fhat pawer yourcaptes pacs-

maker, or watch, on the ather hand

which can provide Foughly fwice the votage of many other batterles and are lcnaer lived (cer-

fainly adesirable qualty n the battery that pownst pacemaker). Although many batteries
cell,a number of ba require ages, such as car

btteries, hanes the power ol mutiple votalc cells by wirng them n series with o

another. A 12V car battery, for example, s created by wiring six 2V voltaic cells together

Voltage is measured by attaching a voltmeter to a circuit as shown in Figure 16-1. When the
switch is closed, the voltmeter reads the potential difference between the anode and cathode
of the cell,




0. A valtaie cell harnesses the reaction
2AI(5) + 350" (aq) — 2AI*(ag) + 35n().
Which metal makes up the anode and
which makes up the cathode?

A.  The aluminum makes up the anode, and

the tin makes up the cathode. The best
place to start is to add in the spectator
electrons to both sides of the equation

reduction half-reactions (s we explain in
Chapter 18):

Oxidation hlfreaction
AI(s) — 2A1" (ag)

Reduction half-reaction:
S0 (ag) + 6 — 3Sn(s)

Using your “an ox" and “red cat”
mnemonics, you know that the anode is
the site of aluminum (AD) oxidation, while
the cathode is the site of tin (Sn) reduc-
tion. As with the earlier zinc/copper
example, Iso apparent using the
activity series of metals (see Chapter §),
which shows that aluminum is far more
reactive than tin.

‘Write the oxidation and the reduction

Sketch a diagram similar to Figure 19-1 of a
1 Ina

halves of a reaction a
and tin (I, Which makes up the anode and
which the cathode? How do you know?

chromium (ill nitrate solution and a bar of
silver in a silver (Il nitrate solution if the
sal bridge Is composed of potassium
nitrate. Trace the movement of all lons and
label the anode and the cathode.

Calculating Electromotive Force and
Standard Reduction Potentials

In the previous section, we take for granted that charge can flow through the external circuit
contesting the o Habves ol s volale el bty eansts i o of chiac The

answer lies in

When a difference

establishe between two locations, an object has a nalural tendericy to move rom an S

higher 10 an area of

When Wile E Coyote places a large circular boulder at the top of a hill overlooking a road on
which he knows his nemesis the Road Runner will soon be traveling, he takes it for granted
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that et boseenses i b vl du 0 the differ-
ence n polenta enesgy betwesnthe.top s bottomofthe il which Nrvehigh andlow
SotGrtia eneriios esicnaly (ibondh Covaimwilnead o be fr sorewell versed
Physa il b3 1o me e crushing of i Btversry propert)

nply roll down the hill Thi

In a similar, though less diat b produced at the anode of a voltaic
cellhave s naluml tendency to Tl alang the crcul o 8 location with Jover potentak the
cathode. between the e,

or EME of i Sl M € te e oo o o th st potential and is denoted .., The
cell potential varies with temperature and concentration of products and seactants and Is.
measured in rols (V) The E.., that occurs when concentrations of solutions are all at 137 and
cellis at standard temperature and pressure (STF) is given the special name of standard cell
potential,or E,

Much ke assiging enthalpies 10 peces of a reaction and sumiming them using Hess's L

(see Chapter 15), cell be tabulated by taking between the stan-

dard potentials of th d reduction b ly. To do this properly,
uction hall 10 be positive and the

other to be negative. They happened to assign positive potentials to reduction haltreactions
and negative patentials to oxidation half-reactions. The standard potential at an electrode is
therelore a measarement of s propensity to undergo a reducton reaction. As such these

ntials are often referred toa potentials. using
e lorma

E' = E'wi(cathode) - E'(anode)

Tible 15-Lbsa somie tandas icticn polentals skl the edcion hallﬂgc:mm
associater with them. The table is ordered from the most negative E'. to oxi-
iz 10 e most posilive Evu most IRely 6 b reduced) The reactons whh negatlve B
are therefore reactions that happen at the anode of a voltaic cell, while those with a positive
. 0ccur at the cathode.

?

Table 19-1 Reduction Half-Reactions and Standard Reduction Potentials

Reactic B (i V)

Wlag) +e Lty an
K'lag) +e —K(s) 292
Colag) + 26— Cals) 27
Na'(ag) +e — Nals) 20
20*(ag) +2¢"— Znls) 078
Fe™ (ag) + 26— Fels) 08
2H'lag)+ 2 — Hylg) 0

Cu'(ag) +2¢ — Culs) 1034
Lis) + 22 =20 (ag) +0.54
Ag' (ag) +e — Agls) 080

Ceontinued),



Table 19-1 (continued)

Reduction Hall-Reaction B lin V)
Br,(1 + 26— 2Br (ag) +1.08
04(g) + 2H1ag) + 2¢ — Og) + KON 200
Filg)+ 26 —2F (ag) 281

Note that not all the reactions in Table 19-1 show the oxidation or reduction of solid metals
as in our examples 5o far. Liquids and gases are thrown in as well. Not every vohaic cell s
fueled by a reaction taking place between the metals of the electrodes. Although the cathode
itself must be made of a metal to allow for the flow of electrons, those electrons can be
passed into a gas or a liquid to complete the reduction halfreaction. Examine Figure 19:2 for
an example of such a cell, which includes a gaseous electrode.

Figue 19:2:
Avaltsic
callwith
amatal

anda gas.

Anods
compartmant

Zn(s) —= Zn*(ag+ 20 2 (ag) 4 22 —> Hg)

3

@l

An equation relates standard cell potential to the EMF of the cell, This equation, called the
Nernst equation. is expressed as

®T /P 10 Q

Where Q is the reaction quotient (discussed in Chapter 14), n i the number of éectrons
transferred in the redox reaction, R is the universal gas constant (821/(K x mol)), T i the
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temperature in Kelvin, and F is the Faraday constant (9,65 10* ooy, wbere
coulombs area rit of electric charge). Rcall lso thl In stands for *naturallog”and is a
function in your calculator, With this informa lues to the
EMEsof baveres, The exuation alo revealsthat ne EMIF o  atiry depands on tempera:
ture, which is why batterles are less likely to function well in the cold

isthe
0.1M and Zn

EMF of the cell shown in Figure 19-1 when it is at a temperature of 25°C if Cu™ is
is 300

L0, 6 fnd the EME o B you et need 10 determin the standard oel potential. Do
this by looking up the oxidation and reduction half-reactions in Table 19-1. The oxidation o
zinc has an E*., 0f ~0.76, while the reduction of copy hon s of 034, Recogaizing that
copper is the cathode and zinc the anode, you can plug these values into the equation

BT = S (cathode) — E%y@node) 1o get By = 0.4V + 0.76Y = 110V,

You must then se the Nernst the EMIE which means.

the . You can find n d reduction

Dresnted cmter iy chapler i e e that two electrons are exchanged in the
30]

process, Q s expressed as Q= j =30 (if you can't recall how ta calculate
TG

[01]
reaction quotients, see Chapter 14). Next, write out the Nernst equation for this specific cell.

M sl {221
nx[9.65x10" Coulombs/mol) m

and Zn™, and converting temperature to degrees

Plugging in known values for E'_, n, Cuf
Kelvin, you get

xIn(30)= 106V

Jov{ (821K >xmol)x 208K
(965 % 10" Coulombs /ol




3. Using the two half-reactions fueling the cell 4. 1s EMF constant averme life of a valtaic
in Figure 192, calculate the EMF of that cell cell? Why or why not?

ata femperatire of 25°C and a1 0°C given

concentrations of 103 and 0.01M for H ]

and 20" respectively. :

Coupling Currvent to Chemistry:
Electrolytic Cells

‘A posiive simdaet cel potentia el you tht he cathod s at o gher potentia hanthe
anode, and the reacts re spontaneous. What do you do with a cellthat has a nega-
tive E%.? rith rely on such

trolytic cells The redox reactions in electrolytic cells rely on a process called azemr,m
‘These reactions require that a current be passed through the solution, forcing it to split into
companents that then fuel the redox reaction. Such cells are created by applying a current
source, battery, 1o electrodes placed in a solution of molfen salf,or salt which has
been heated until it melts. This splits the fons that make up the salt

Cations have a natural tendency to migrate toward the negative anode, where they're oxk
dized, and anions migrate toward the positive cathode and are reduced. Thus the "an ox"
and “red cat” mnemonics are still valid

Figure 193 sh lectrolytic cell using molten h Aredcxrezclmn

b by Il\e Baitery provilesthe adltinal eney needed Ic i |he reson b e
process the an nd sodium s
e e e depocnad p il ey

The amount of pure 1 al st
Y e it the masbar of e hatsaa be i b ey Todo
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this, write out half-reactic d how are needed to
accomplish it. In the cell shown in Hgnre 193, reduction of sodium at the cathode occurs.
accarding ta the equation Na'(ag) + & — Na(s), thus 1 mole of electrans can reduce aqueous.
sodium ta produce 1 mole of m{lmm metal, I the cathode were reduci |\gmpper melul
accarding ta the reaction Cu™(ag) + 2 — Cu(s), it would require 2 moles of electro

every mole of copper created, and 5o on.

Battery

Tnart
eloctrode

amount of charge passi the standard unit of
charge) by using the current provided by the power source and the amount of time the cell
operates, This s done using the relationship

Charge - Current

namperes x Time in seconds

Thisiorks Gut hecauss the anpers the stardard ualt of ussest ibbievited ) deined
as 1 coulomb per second. Because this gives us the amount of charge that has

Through the it duing s aperatin me,all that remaing I to caculate the mberet
moles of electrons that make up that amourt of charge. For this, you use the conversion
factor 1 mol & = 96,500 coulombs.

How many grams of sodium metal would be deposited onto the cathode of the electrolytic
cell shown in Figure 193 i it was connected 1o a battery providinga 15A current for 1.5 hours’

19.32¢ Nags). Start by determining the amount of charge created in the cell. To do this, you
must multiply the current by the time in seconds, which requires the conversion

b, @ min

R

AxWsee

Plugging this value for time into the equation Charge = Current in amperes x Time in sec-
nds yields 8.1 x 10' coulombs of charge. Convert this to moles of electrons.




8.1x10" Coulombs. 084 mole
1

1 mole
6,500 Coulombs
Because you know that 1 mole of electrons can create 1 mole of sodium metal,this trans-
lates 10 0.84 mol Na(s) produced. All that remains s to convert this to grams using the gram
atomic mass (see Chapter 7 for details).

5. How much sodium would in 6. itanelectroly 1l all
the same amount of time as in the example minum (1) chloride were attached to a bat-
question if the battery could supply a 50A iding BOA for 45 minutes, how
current? many grams of pure aluminum metal would

be deposited on the cathode in that time?
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Answers to Questions on Electrochemistry

Are you charged up to check your answers? Take a gander at this section to see how
‘you didt on the practice problems in this chapter.

You actually need to evaluate the second portion of this question first, which can be answered
with a simple glance at the activity series of metals in Chapter 8, which tells you that cadmium
i more active than tin. So it must be cadmium that is oxidized and makes up the anode, and tin
that is reduced and makes up the cathode, The haltreactions are therefore

Oxidation half-reaction: Cd(s) - Cd*(aq) + 2¢
“(aq) + 2¢” - Sn(s)

EH Chromium is more active than silver (as we explain in Chapter 8), 5o chromium is oxidized in
this reaction and silver reduced according to the haltreactions

Oxidation half-reaction: Cr(s) - Cr'(aq) + 3e
Reduction halkreaction: Ag™(aq) + 2¢ — AG(S)

‘The balanced redox reaction is therefore 2Cr(s) » 3Ag*(ag) + 6™ —2Cr"(aq) + Ge™+ JARS); see
Chapter 18 for details on balancing redox reattions.

iageam should therefore look like the following figure:

Reduction halbreaction:

Ay
cathods

Cils) ——= O30 A2 — Aglsl

Movemant of cations

Movement of anions
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JEN 0.848V for 25°Cand 0.840V for 0°C.
Oxidation hall-reaction: Zn(s) — Zn*(aq) + 2¢
Reduction hal-reaction: 2H-(ag) + 2e"— H(g)
The potential for the oxidation half-reaction is revealed in Table 19-1 o be .76V, while the
reduction hallis shown o be 0V. Plugging these values into the equation E'.. « E%..(cathode)
E'(@node) gives you 'y = 0V + 0.76V = 0,76V, The problem asks you to caleulate the E.., at
T~ 268K and at T - 273K and tells you that H' = 108/ and Zn* = 0,018, The reaction quotient Q is

Lzt oo
Ty 0001
g these values into the yields

(B211/K x mol)x 208K
2x(965%10"Coulombsfmol |

76V

% 1n(0,001)

818V

(8:211/K x mol) x 273K

F(085 10 Coulombsfmal] | < (0001)=0.840V

for 0°C

IR EMF is not constan over the lfe of  voltac cell because the conemialins of the aqueous
in flux Th

while the cathode
‘changing the value of the rea and therefore
N
Il 64.4g Nags). To do i Iy need to change he current in the

sample problem and follow the calculation through the rest of the way.

Plugging the value of 50A in for the current and keeping the same value for time In the equation
Charge - Current in amperes x Time in seconds, you get 27 10° coulombs of charge. Convert
this 10 moles of electrons

2710 Coulombs mole __
T 550 Coombs 20 el

Convert 2,80 mol Na(s) to grams by using the gram atomic mass.

280 mol Na(s) zz‘ngm_wgmw
B gy Nas
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E 189 Als). First, you have o write out the reduction half of the reaction to determine how
many moles of electrons you need to reduce the aluminum.
Reduction halbreaction: AF(aq) + Je"— Al(g)
This means that § moles of lectrons e required (0 reduce each mole o aluminum. Next
convert which gives 00 sec. Multiply this
8 amperes to get 21600 coulombs, Divide this by qe,sm 10 give you 0.22 mol of electrons pro-
hced. Dde his sumbes by 3o g you 007 mol shuinum Lastly. multply the mumber of

s of aluminum by its gram atomic mass (which is 27 grams) to give you 1598 AICs).
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Chapter 20
Doing Chemistry with Atomic Nuclei

In This Chapter
Decaying into alpha, beta, and gamima
Living with halflives
Combining and splitting nuclel with fusion and fission

A s chaper s many cments i e e e s n e v
sions called Thes: into other

cloments ina process caled radicactive decay: Because fhastibiliyothese radlliciopes
depends on th their of nuctear.
chemistry. Unsurprisingly, nuclear cllemh'ry aie with el and nocear | Trosesige.
Nuclear fusion, which fuels our sun, and nuclear fission, which fuels a nuclear bomb, are
examples of nuclear chemistry because they deal with the joining or splitting of atomic
nuclel. In this chapter, you find out about nuclear decay,rates of decay called halfives,
and the processes of fusion and fission

Decaying Nuclei in Different Ways

but not al created squal brea
\y processes (ar decay decay, beta decay,

Many
down through three sep
and gamma decay.

Alpha decay

S5, Thelios ype ol decay piocess, called alpa decay, tnsobves emission of analphs paride

L byth Analpha le) is nothing more exatic than
R s o1 £ e s ok o protons and two ity Emitting an alpha par-
ticle decreases the atomic number of the daughter nucleus by 2 and decreases the mass
number by 4, (See Chapter 3 for details about atomic numbers and mass numbers.) In gen-
eral. then, a parent nucleus X decays into a daughter nucleus Y and an alpha particle.

SX Y+ (He



264 Parv: Swapping Charges

’w

Beta decay

‘The second type of decay, called beta decay (j decay), comes in three forms, termed beta-
plus, beta-minus, and electron capture. All three involve emission or capture of an electror or
apositron (a particle with the tiny mass of an electron but with a positive charge), and all
three also change the atomic number of the daughter atom.

+ In betaplus decay, a proton in the nucleus decays into a neutron, a positron (€),
it ey, weally Intosicting psticls Galla s Refrian (. Thi deeay decrenses
the stomc number by 1. The mass numbe, hvievss, docs ot chngs. Boh protons
and neutrons are nueleons (particles in the nucleus), after all, each contributing
1 atomic mass unit. The general pattern of beta-plus dem_y Is shown here:

XD AYeersy

o decey;ertally ey s el dotuye A pentrpmocomvernéntos
prmnn emitting on cleciran and an antiacutring (abich hes the same symbal

P teiso exorpt forthe Tkt o 1ag Earte . Astparlich pals Such ps BOWTINGS
and antineutrinos are a complicated physics topic, so we'll keep it basic here by saying
that a neutrino and an antineutrino would annihilate one another if they ever touched,
but are otherwise very similar. Again, the mass number remains the same after decay
becaisethd imbor 1 aiklecna remalng 1h e, Howeves. e atovmle pumbar

s by 1 because the number of protons increases by 1:

XAV re +T

1 The final form of beta decay, eléctron capture, occurs when an inner electron (one
in an orbital closest to the atomic nucleus; see Chapter 4 for more about arhlln.h) is
“captured” by an atomic proton. By capturing the electron, the proton converts into a
neutron and emits a neutrino. Here again, the atomic number decreases by 1

IXH e AVe

Gamma decay

“The final form of decay, termed gamma decay (y decay), involves emiss
i aiisy too oFVgat) by 2 Cacihed ety Athaugh e decny O
ASC A 207 e T imios of the danihies ks, It O Hhs omparen a]pha or
beta decny (Gamma decay allows the nucleus of a daughter atom to reach ts lowes! possible

‘The general form of is shown here, where }X*
represents the excited state of the parent nucleus, and the Greek ltter gainina () rep-
resents the gamma ray.

ot agamna oy (s
neither

“ Yy
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1 parent nucleus has decayed into "2 Rn
through alpha decay, what was the
parent nueleus and what other particles
were produced?

A, The parent nucleus was radium, and an
ipha

particle was produced. Alpha
decay lowers the mass number by 4 and
the atomic number by 2, 50 the parent

nucleus must have had a mass nuiaber of
222 and an atomic number o

Consulting your periodic table (check
out an example in Chapter 4), you find
that an atom with an atomic number of
8815 radium, 5o the parent nucleus must
have been % Ra

Write out the complete formula for the
alpha decay of a uranium nucleus with 238
nucleons.

Sodium-22, a radioisotope of sodium with
22 nueleons, decays through electron cap-

e, Write out the complete formula below,
including all emitted particles.

Clas:
decay), and supply the missing particles.

A wesy  yers_  T¥PE
bomAm—__+iHe Type:
Type:

Type:

the following reactions as alpha, beta, or gamma decay (specily the sub-type ifits beta

265
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Measuring Rates of Decay: Half-Lives

3

*,

The word “sadiactivs*dunds scaey butsence acdmedicineare st with s,
friendly centered on the pre-
dictable (Iecay iy These prezl[clmble a [
haltfives. The haltiife of a radioisotope is simply the amount of time it takes for exactly halt
o4 sampleof thasctope o decay oto daughier nuciel or exampl,f s scentat fnoies
thata d measures 21 mg of
that lwmpe inthe sample four days later, then the hal- et hon radioisotope is four days.
The hallives of radioisotopes range from seconds to billions of years.

Radioactive dating is the process scientists use 1o date samples based on the amount of
radioisotope remaining, The most famous form of radioactive dating s carbon-14 dating
which has been used to date human remains and other organic artifacts. However, radioiso-
topes have also been used 1o date the earth, the solar system, and even the universe. (Flip
back to Chapter 310 find out more about carbon-14 dating.)

Listed in Table 20-1 are some of the more useful radioisotopes, along with their halHives and
decay modes (we discuss these modes earlier in this chapter).

Table 201 Common Radioisotopes, Hall-Lives, and Decay Modes
Radioisotope Hall life ‘Decay Mode

Carbon-14 57310 years beta

fodine-131 80days beta, gamma

Potassium-40 12510 years bets;gamma

Radon 222 38 days alpha

Thorium-234 21 days beta, gamma

Uranium-238 44610 years alpha

To calculate the remaining amount of a radiolsotope. use the following formula:

Ax(05)"

where A, s the amount of the radioisotope that existed originally, {is the amount of tine the
sample has had to decay, and 7's the hall-life.




1 a sample originally contained 1g of

will the sample contain one year later’

A, 2.76x10°g, Table 201 tells us that

thorium234 has a haltlife of 24.1 days,

50 that’s 7 The time elapsed (1) is 365

thorium-234, how much of that lsotope

Chapter 20: Doing Chemistry with Atomic Nuclei 26 7

= 1gx(05)™ ™ = 276%107g
Notice that the units in the exponent
cancel out, $0 you're left with units of
grams in the end. These units mal
sense because you're measuring the
mass of sample remaining.

days, and the original sample was 1g
A0, Pugging thesevalues 1o the hat
life equation give:

5. itasogsample of a radicactive element has
decayed Into 4.3 after 1,000 years, what
is the element’s hulHife? Based on Table

. which radioisatope do you think

! you're dealing with?

4. 1iyoustart with 0.5¢ of potassium-10, how
long will it take for the sample to decay to

Mating and Breaking Nuclei:
Fusion and Fission

R Pt ond i dite o it dosh e ey s s ik o ot
alom to neract whik g outaide partele. Becaute the orces which hold fogsiher stomic
wclel . the energy involved joining two nuclei is
Hemenios. Hare aré the iicronces berwean faon and isdon:

4 In nature, nuclear reactions occur only in the very center of stars like our sun, where
extreme femperatures cause atoms of hydrogen, helium, and other light elements to
smash together and join Into one. This extremely energetic process, called nuclear
fusion. s ultimately what causes the sun to shine. Fusion also provides the outward
pressure required to support the sun against gravitational collapse, an event that is
even more dramatic than it sounds.
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Bkl ol e aplithg it am somic ek

doesn't occur in nature. Humans first

harnessed the tremendous power of ission during the Manhattan Project, an intense,
ush s ffor by the United States hat e 1 the development ofthe s atomc
bomb in 1945, s since been

used for more benign purposes in nuclear power
plants. Nuclear power plants use & highly regulated process of ission to produce energy
much more efficiently than is done in traditional, fassil fuel-burning power plants

Fision and fusion reactions ! ther with at
tants. I the one lage nucleus splttng into two smaller

ek them s moat sty hton, et e teaclion sHowing b ol el comin.

ingto make a single heavier nucleus is definitely fusi

What type of nuclear reaction would ission is the expected reaction.

you expect plutonium 239 to undergo Plutonium has an exceptionally large

and why? number of nucleons and is therefore
likely to undergo fission, Fusion is impos-
sible in all elements heavier than iron,
and plutonium is much much heavier
than iron

6. What type of nuclear reaction is shown In 7.
the (ol

What type of nuclear reaction is shown in

liowing equation? How do you know? the following equation? How do you know?
Where might such a reaction take place?

Where might such a reaction take place?
There is something atypical about the two

U+ in— Bat JKri3in hydrogen reactants. What is It?

[HEH = (Het 0
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Answers 0 Questions on Nuclear Chemistry

The answers to the pr in this chapter.

ER oy e e

Alpha decay results in the emission of a hellum nueleus from the parent atom, which leaves the
daughter atom with two fewer protons and a total of four fewer nucleons. In other words, the
atomic number of the daughter atom is 2 fewer than the parent atom, and the mass number is 4
fewer. Because the proton number defines the identity of an atom, the element with two fewer
protons than uranium must be thorium.

B onaie s ENesy

Electron capture s a form of beta decay that results in the atomic number decreasing by 1and
the mass number remaining the same.,

B o e tpnie io Type: Beta-minus
B2t Am % Np + {He Type:Alpha
3 BNy Type: Gamma
e ety Typé: Betaplue

o 10" years. The pmhlelrnells you that A = 0,1 and A, = (.5, Table 20-1 tells you that the
lu]Hlleol 5 % 111 years. Plugging values into et

0.1=05%(0.5)"
Divide both sides by 05 10 get

prR—.

=(05)
‘Take the natural log of both sides 10 get
fias 1sem

0= 1 &5)

“This step allows you to isolate the exponent by pulling it out in front on the right-hand side,
giving

0102)= e < n(05)
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Compute the two natural logs to get

—161=

T2 Trryears <089

Divide both sides by ~0.69 to get
g L
231w

Then multiply by 1.25 10° to get £

295 10" years.

726 years; carbon-14. The problem mu usthat o= 5054 =1,000. Use the same
process as in Question 4 to isolate the pi ki v lor Tinsiead of £ Doing 56
Eives um S726 yoars: whlch casely matohes e bl of cormmc 14 n Tale 01 (Try to keep
the numbers in your caleulator throughout each step of the process, and don't round until the
end of the problem)
8 This réactionis a t shows a ng bombarded by a

dd nto two hghler lel (barium and keypion). e the very reaction
ot tahen place in a nuclear reacto

This reaction is a fusion reaction. It shows two light nuclei combining to form one heavy
nucleus. This reaction fuels our sun. The two hydrogen reactants are atypical because they
are unusual Isotopes of hydrogen, called tritium and deuterium, respectively.
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Going Organic

The 5% Wave By Rich Tennant
T

<o P
“Tove this bime of year when the organic chemistry
students shar exploring new and excibing ways
Sor bonding cavbon atoms.”




In this part . . .

155 the darling of many chemists —organ
ormiamaion

arl
hemists in particular, The re

son
with carbon are many. Compounds bas

abundant, diverse, and capable o
mical tricks. Organic chemists like to build structures

with carbon building blocks, and then decorate thos
structures with a variety of other chemical characters
Biology has also found carbon compounds useful, because
alllife (on 5

in this part, we describe some of the methods and spler
dors of the chemistry of carbon-based compounds.




Chapter 21
Making Chains with Carbon

In This Chapter
Fueling your knowledge of hydrocarbons
Naming alkanes, alkenes, and alkynes
Saturating and unsaturating hydrocarbons

A iy sty of crganic chemistry bgins withth sty of Irocarbons Hydeocarbons
are some of the smplest anl most important organic compounds. Organic compounds
areb el be modified —

them . nitrogen. halogens, phosphorus, sill-
o, 0F sl The G128 L BAGmIE CEATAGRerS 8 oo e 5 bl scotl] SUBaet o1 the
more than 100 elements in the periodic table. It's trise: Organic compounds typically use
only a very small number of the naturally occurring elements, Yet these molecules include
the most biologically important compounds In existence. As an introductory chemistry stu-
dent, you won't be expected to know more than the basic structure of organic molecules
and how 10 name them. S0 relax and get organic.

Single File Now: Linking Carbons
into Continuous Alkanes

e

T sicples o e drocnrhonn ll i e sy of u!ham’.y  lanes e chalo o
s. Chay

cova

o vl cectom Corban mclecule_c mm four
@ four valer

Morgoediss iey < ekl Lo e slecicya 1 turm, gt oo o

other words, carbon really likes to form four bonds. In alkanes, each of these is a single bond

with a different partner.

lem bonds resnll when glnmsshure pa

s the ame Iychocasbar sugsin these pariners may be hydroganr catbon. T ssples
of the alkanes, called
carbon single bonds. 1l the remaining o Oiner
typesofslkne inchida closd clrdes nd bepnched chaku, b ve.begio with stilghtchaln
ecause they make clear the tratog for naming hydroca i
sl of amiog, the drogenstors e e e e i
e iaad i o angest oo Al Conaesuntvely boadiel Carbon 10 50,
U B o A hyKeGEAEb Yl iy st tiarmbleculls rsétare

£
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Fgure 211
Pantane’
carbon
skoloton

Figure21:2:

0ing Organic

To name a straight-chain alk nply matc I prefix with the
sulfix —ane. The prefixes relate to i b e
listed in Table 21-1
Table 21-1 The Carbon Prefixes
#of Carbons Prefix i Alkane.
1 Metl- CH Methane
2 [ CHe Ethane
3 Prop- CH, Propane
4 Bu- Gt Butane
5 Pent— Ct Pentane
6 Hex— GHa Hexane
7 Hept- G Heptane
[ 0ct- CHa Octane
9 Non- Gy Nonane
0 Dec— bz Decane

e g el in Tible 211l you o many catbongan i heciuin Becarmeyon
know that e bon has fou because you are fiendishly clever, you can
deduce the number of bydrogen atoms m the moleculsax el Gosider the aarbon st
ture of pentane, for example, shown in

H

Only four carbor-carbon bends are required to produce the five-carbon chain of pentane

This leaves many bonds open —two for each interior carbon and three for each of the termi-
nal carbons. These open bonds are satisfied by carbon-hydrogen bonds, thereby forminga
hydrocarbon, as shown in Figure 2
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you get 12, So, pentane contains 5 carbon

1t you add up the hydrogen atoms in Figure 2
atoms and 12 hydrogen atoms.

As the arganic molecules you study get more and more complicated, it will become more and
more important 10 draw the molecular structure to visualize the molecule. In the case of
straight-chain alkanes, the simplest of all organic molecules, you can remember a convenlent
formula for calculating the number of hydrogen atoms in the alkane without actually drawing

Number of hydrogen atoms « (2 number of carbon atoms) + 2

Yaucnmiler o\ ime xcecale i uber ofditlrsit ayes P epampl you i ler

tapentane by s ame (shem.. . penkin) by ts makeculacormuln, G or by the cor-
plete structure n Figure 212 5 Cleary, theas chfferent names nélude diferent loves o struc
tural e stcturalfora s another naming melhod, m\e < hat stradles the
divide between a molecular . For pentant

structural formula is CHCH.CH.CH.CH, Sl oo i it You understand
how straight-chain alkanes are put together, Here’s the lowdown:

4 Carbons on the end of a chain, for example, are only bonded to one other carbon, so
they have three additional bonds that are filied by hydrogen and are labeled as CH, In a
condensed formula

» Interior carbons are bonded to two neighboring carbons and have only two hydrogen

1" bonds, 50 they're labeled CH,

Your chemistry teacher will require you to draw structures of alkanes, given thelr names,
and will require you 1o name alkanes, given their structure. If your teacher falls to make such
requests, ask 10 see his credentials, You may be dealing with

are four. Table 21-1 helpfully points out
that four-aron chas ca he
but-- What's more, this
WM oW Slkone (s puge ¥ comiates only siate
bonds), 50 it receives the suffix ~anc
| | So, what you've got Is butane. With four
—G——h carbon atoms in a straight chain, ten

What is the name of the following struc
ture, and what Is its molecular formula?

H—C—¢C
hydrogen atoms are required to satisfy
‘ ‘ ‘ ‘ all the carbon bonds, so the molecular
H H H formula of butane is CiHyo.
A, Butane; C.Hy. First, count the number of

carbons in the continuous chain. There
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What is the namie of the following struc- 2. Draw the structure of straight-chain
ture, and what is its molecular formula?

Going Out on a Limb: Making Branched
Alkanes by Substitution

ot all llanes e stralghtch
branched alkan

in alkanes. That would be too easy. Many alkanes are so-called

om hain alk that carbon
e bRlar s o I\ydrogeu atoms along the chain. Atoms or other groups (like
carbon chains) that substitute for hydrogen in an alkane are called substituents.
Naming by d alkanes i slightly more complicated, but you need only to follow a simple
set of steps to arrive at a proper (and often lengthy) name

1. Count the longest continuous chain of carbons.
Tricky chemitry teschersoften craw branched al

ines with the longest chain sn
ont o iviausly lned yp e

rt
he two are actually the same structure, drawn differ-
er case, the Icn5es| continuous chain

this structure has eight
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Figure 213
Onecarban
stuclre
drawn o
diferant
was

2, Number the carbons in the chain starting with the end that’s closest to a branch.

< hways check to be sure you'ye rectly by numbering the
chrbonsham o ihe opposite end as wel, The B cumbértng seanence s h
b 5 extend from the lowes!

carbons, For
drawn anunuml:ere(l in Figure 213, the skl subtiint graups
its third, fourth, and it ad been -
bered hzclmmds e s b 1t st e and St Cambors 1 e
Because the first set of numbers Is lower, the chain is numbered properly. e Tongest
chain in a branched alkane is called the parent chain.
3. Count the number of carbons in each branch.
These groups

alkyl groups and are named by adding the sulfix (1o the
appropriate alkane prenx bl 214 sl your viah). The lllree mast common alkyl
groups are the methyl hyl

Goiee PRI 2L ok b L B1aie Bhe ST B, A s Lot Evoube

Be careful when you find yourself dealing with alkyl groups made up of more than just
afew carbons. A tricky drawing may cause you to misnumber the parent chain!
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N

4. Attach the number of the carbon from which each substituent branches to the front
of the alkyl group name.

Forexample, if a group of two carbons is attached 16 the third carbon in a chain, like it
i in Figure 21:3, the group is called 3-ethyl

,

Check for repeated alkyl groups.

Uil grasps whlithe e membsecof cosbome ranchyll i parent by donth
tepent theame Rether inckiiamultile urnbers msparoed by camg; belore the
il group name. Ao, peclly the mumber ol Instances ot the ik group by tsing the

refixes di-, i~ lelra-, and 50 on. For example, if one-carbon groups (in other words,

et ohina) bearkis G caf b {ur arTve of the parebt Shai th (o ety
gmups appear together as “4 5-dimethyl

6. p1 names of the substituent groups in front of the name of the parent chain in
alplmbcncal order.
Prefixes like di~ Iri- and tetra- don't figure into the alphabetizing, So, the proper name
ofthe onzanlc molecule in I'lgureZl-l! is Fethyl4.5-dimethyloctane.

Note that b 1l the naming pt for the last cor
i parent hein (.... dimethyloctane is wrong).

jame the branched alkane shown in the hyl-2,

First,
following structure: notice how some of the bonds seem to

iz This isa eature of many hydro-
£, carbon structures. The longest con
s chota of carbon atoms i this alkane
HE— He is eight carbons long. So, the parent
chain is octane, Four alkyl groups branch
b, off the parent chain: An ethyl group
f branches off the fourth carbon, two
methyl groups branch off the sixth carbon,
CH, and another methyl group branches off
the second carbon. Attaching appropri-
ate prefixes and alphabetizing yields the
name 4-ethyl 26,6 trimethyloctane.




3. Name the branched alkane shown in the
fallowing structure

4. Name the branched alkane shown in the
following structure:

5. Draw the alkane 3 4-diethyl5-propyldecane,

6. Draw the alkane 3-propy+224,4etra-
methylheptane

Chapter 21: Making Chains with Carbon 2 79
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Getting Unsaturated: Alkenes and Alkynes

S Cuons cando mo than ensgags b foirsinle bonds, Thers
b

0ing Organic

mare 0 orgple mlecules

than il the

valence. shells entirely with singie Imnds we say the oo Sl Bt Sy byt
/ her more than once, e

it say these I|ydmczrhun<are usaturated because they have fewer than

the maximum possible number of substituents. For every adk

b bt mclele s ke il et A g ave opmec

e’ share four valence electrons (o form.a double bond, the resulting

i called analkene. Akenes b interesti

double bonds, whick le carbor-carbon bonds (see Chapter 5 for

areview of slgma and pi bonding) I)cuhle bonds also chans the shape of a hydrocarbon,

because the geometry, s shown by

the caybons of ehons I Figare 214 it carl)cu is sp' hybridized and has tetrahedral
geometry (again, see Chapter 5 10 review hybridizatior

Eihene, a
two-carbon
alkene.

lightl licated than In addition t0 the number
of carbons in the main chain and any hm.mm.u,nmmuem,ya.. must also note the loca-
tion of the double bonds in an alkene and incorporate that information into the name, Never-
heless, the essential naming strategy for alkenes is quite similar 1o that for alkanes in the
previous section:

1. Locate the longest carbon chain, and number it, starting at the end closest to the
ble bond.

In other words, double bonds trump substituents when it comes to numbering the

alkanes (refer to Table 21-1), but match the prefix with the suffix ~ene. A three-carbon
chain with a double bond, for example, is called *propene.”
2. Number and name substituents that branch off the alkene in the same way that you
do for alkanes.
List the number of the substituted carbon, followed by the name of the substituent
Separate the substituent number and name with a hyph
Uity the Iowestmheredcarbon hagasilpute o e douls bond, and put
name (sand-

w

d the
Wichied by hyphensy s st ol o eabat e i
For example, il the second and third carbons of a five-carbon alkene engage in a double
bord, then the molecule is called 2-pentene, not 3-pentene. If that same molecule has a
methyl substituent at the third carbon, then the molecule is called 3-methyt2 pentene,
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% Allenmely. :mu especially when there are substituents present, the position of an
nesturstion i clieated batveen thepra and suls o he pareokchaby sace. S,

3methy mayalso be written -methylpent-2-ene.
Allynes are in which nelghb six electrons to engage in
al r alkynes is the sa that for alkenes, except
that the a]kyne purenl bt by matching the prefix with the suffix -yne.

& “The trick to drawing hydrocarbons is to start at the end of the name and work backwards
The prefix preceding the ~ane, —ene, oryne ending always tells you how many carbons are
nthe ongestchan,so begin by deawing hat parct chaln. oo theve; worktheough the

ups. acking themon s you . Analy add byclmgens atothe struchuze

nt gro
et Abare e o

s, and voilal A portrait of a hydrocarbon.

) 0. Name the following alkene and the following alkyne:

u,:\\ /DH
o

>

The alkene is 2-methyl-2by 2methylbut-2 I-butyne. The figure
on the left shows a four-carbon alkene with the double bond between the second and third
carbon atoms, Numbering the chain from either side yields the same numbers with respect
M\ ouhle bt Horievermumberty oy o K g g \owes b (e
methyl substituent, o th (or figure
on the gl shows a fourcarbon alkyne, with nm triple bond atod Do G s 1o
Ther 1 is therefore -butyr

7. Name the following unsaturated hydrocarbon:
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8. Drawth 9. ora
octyne (or Sethyl-5-methyloct-3-yne), tene (nr 1, 4dnnelhylpenl -2-ene).

Rounding ’em Up: Circular Carbon Chains

“The compounds we cover earier in this chapter are linear or branched. However, hydrocar-
b can e lecula, o yrlcal Amaong the eychialcarbons, thersace teo Importaat cate:
gories, the cyclic alig the aromatic

c into aliphatic and s 1o highlight
important differences in structure and reactivity. Without golng into more technical detail
than is useful here, aliphatic molecules .‘..a arcmatic moleculs have signilcanty diferens
electronic As aresult, the two types
o hydiacarhors yricaly ..uueq,a ferent inds of reacions. In partictiar hey tend
nds of substitut tions, ones in which ‘group substi-

tutes for hydrageu

Wrapping your head around eyclic
aliphatic hydracarbans

Cyclic aliphatic like that lain earlier in this chap-
155 ex o 1 Lon o  cloe g e naming these compounds build on the
rules we provide earlier in this chapter. For example, a eyclical six-carbon alkane includes
the name hexane, but is preceded by the prefix eyelo-, making the final name eyclohexane.
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or lic aliphati it require a
number. So, a nd
e thensas oo clﬂheme Likewise, a e e o o eyclo-
hexane yields a compound with the name cyclohesene.

Multiple substitutions or unsaturations require numbering. In these cases, the same rules
aiply o deckinig e rank ofsuhsttient TR Londs oittank dauble bond okl
hundnanlmnkalhersuhcnmems S0, number the carbons in the way that respects

and produces the lowest overall numbers, A cyclohexane maleunlewllhlua eyl
Subettionts an ..ely.bmmg carbons, for example, is called 1, 2-dimethyleyclohexay

Sniffing out aromatic hydrocarbons

Aromatic by  have special o heir
tics are both & b
triple e honeis Noncyele
beamomalics ootk molacalg have londs elocai o pl elections dictrons that move
freely through a i ital is benzene, the
e e depictedin Chapter 5 Bocauseol s eyolical. cont
bondicg, bl earons dlocaae evenly ot s above i o the poe ol the llal benzene

Numbering substituents on aromatics follows the same basic pattern as follawed for eyclic
aliphatic compounds. A single substituent requires no numbering as in bromobenzene.
Mubipe subaiivenis sre umbersd by makwith he Highest rmaled bubatibiont pliced on
carbon yanber cng, and praceeding It a way it esube i the Lowest overall b
benzene ring with chi A y i
anather for éxarple, would e caled ehioro (—melhylbemme

Name the following eycic hydrocarbon:

CH. CH.
e

HE CH,
\un /

3 The structure i b lic alkene with a
Numbering starts with the highest priority group, which is the double bond. Number so
that the carbons of the double bond receive numbers 1and 2, and the carbon to which the
methyl group s aitached gets the lowest possible number. This means numbering counter-
clockwise as shown in the figure. The name of the compound is 3-methyleyclohexene. You
don't need to specify the number of the carbon where the double bond appears; because
it's the highest-ranking feature, the double bond is assurmed to start at carbon number one.
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10. Name the following cyclic hydrocarbon: T1. Draw the compound 4-methylcyclopentene.
CH,
% £
N
Fe
AN

HC tH

HE

12. Draw the compound 4-butyl-3-ethyleyclopentyne.
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Answers to Questions on Carbon Chains

Do you feel like you're on the straight and narrow path to understanding carbor
chains, or do you feel like you've been running around in circles? Take a deep breath,
relax, and check your answers 10 the practice problems presented in this chapter.

MH  The structure is propane; its molecular formula is C;H,, The figure shows a three-carbon
chain with only single bonds. Therelore, it s propane. Its molecular formula is C.H,.
1~ prefix here tells you that this alkane is eight carbons long. Draw eight linked carbons.

i e empty bonds with hydrogen. Your structure should look like this one:

O SH, cH, oh,
s 7

/ T \cn,/ \cn,’

BB iettyhSmethyl i alkine o i pardit
e o s o e B S B S
lowest nubers. & one carbon group xtends rom th thincarbon (nethyD) & wo<arbon

nda th from the fith
tack on th and you have

HE

carbon (s.pmpyu Alphabetize
A—uhyl«flrmelhy}s'pmpthnm\e
2 Note that thisis the pr
rarmes may also be used. The common name (cr this structure s naopeiane:
B The name 3, ddiethyl tells you first and sa
oups extending fromthe thisd and

carbon alkane. The substituent names indicate two ethyl ar
fourth carbons and a propyl group extending from the fifth carbon in the chain. S0 your art-

name, and that other common

work should look like this figure:

\‘u,

HE

CH,
/




286 ranv:

W The heplane ending tells hon alkane here, 50 begin by
drminga Sevancarbon parant chaln. Nexi, sttach theShbstipts 10 the il chel by de<ed:
ing their names. 3propy tells you that a three-carbon substituent group extends from the third
carbon in the chain, and 2.2.4 Hetramethyl tells you that four single-carbon substituent groups
are attached to the chain, two on the second carbon and two on the fourth. Your drawing
should look like this

NN
N,

0ing Organic

liyl-2-methyl. 12 Note first that this struc-
ture contains a double bond. meaning its an. s and will end with the suffix ~erie. It has
seven carbons in the parent chain, 50 its base name Is heplene. In general, you begin numbering
the chain at the end closest to the double bond because it has the highest priority. However, in
this case, the double bond is between carbons three and four (50 it's -heptene) no matter
whi you begin numbering from, The substituents serve as the tiebreaker here to help
you decide whether to number from the left or the right. Choose the end that yields the lowest
substituent numbers and then name the substituents. You should get 5,5<liethyl-2-methyk3-
heptene (or 5,5diethyl-2methylhept-3-ene),
B The ending Soctyne tells you that this compound is an eightcarhon alkyne with the triple bond
between the third and fourth carbons, The substituent names S-ethyl and Smethyl tell you that
he chainincludes both & tuocirban ety and s ne-cirbon (mlhyl) branch off the fifth
e ouk creoing ks ket tollowing gare, oreve dne we

o,

He' CH,- CH,
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EH The end s h 115 a five-carbon alkene with the double bond.
Hetwoan the secand and third carbons, The Subuituent aame 4,4dimahy! 161 you tha 1w Sgle-

rbon substituent groups are present, both extending from the fourth carbon in the chain. Your art-
work should look like the following figure:

CH,
Hﬁiﬂﬂ\
T ———C————H,
CH,
m s This is. b kene with two Number

B ting sc the two catbons sharig 1he duuble bond recehe e rumbers | and 2 and the methyl
substituents receive the lowest number. Doing e two methyl groups 10 extend from the
carbon numbered 3. The name is therefore ‘l.’l—dnmelhylcyclapmp e
HII The ending cyclopentene indicates that thisis a ic alkene. Draw a five-ca
bond and dthe ring 30 the pr
. Then attach group to the carbon numbered 4.

Tand2,
Hreawha your drawing should look like:
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BE The name 4 reveals that th s a five-carbon cyclic alk
50 begin by drawing a ith one triple bon. around the ring so the two
carbons sharing the triple bond receive the numbers 1 and 2, and then attach a four-carbon
(butyl) substituent to the fourth carbon and a two-carbon (ethyl) substituent to the third carbon.
Your drawing should look like this one:

H.




Chapter 22
Seeing Isomers in Stereo

In This Chapter
Assigning cis-and trans- configurations
Reflecting on enantiomers and diastereomers

[ow about this: Two organic molecules have identical chemical formulas. Each atom in
one molecule is bonded to the same groups as in the other. They're identical molecules,
right? Wrong! (Mischievous chemistry gods point and snicker) Many organic molecules are
isomers, compounds with the same formula and types of bonds, but with different structural
‘Well, you might, Consider
thalidomide, a small organic molecule widely prescribed to pregnant women in the late 1950
and early 19605 s a treatment for morning sickness. Thalldomide exists In two [someric forms.
that rapidly switch rom one o the other n the body. One isomer s very effective at combat-
‘The other isomer Isomers matter

Isomers can be confusing. They fall into different categorles and subcategories. So, before
committing your brain to & game of isomeric Twister, peruse the following breakdown:

but differ in igement of bonds,

v Structural isomers have
1 Stereoisomers have identical connectivities — all atoms are bonded to the same types of
but differ In the arra of atoms i

. tha mreorimsges
of each other, Two Iypesa{(lmslerecmets exat, Gometric isomers (or cisd

isomers) are that differ of

double bond, or the plane of a ring, Conformers and rotamers are diastereomers
that differ because of rotations about individual bonds (we don't cover them in
this book because they're beyond the scope of general chemistry),

that are mirror images of

ok
each other.

Chapter 21 neatly handl lisomers, describing how to ize and name them
appropriately. This chapter focuses on the trickier category: stereoisomers.

Picking Sides with Geometric Isomers

Geomewic somerso cstions iomer st § good plices tat i the wark! o stersoismess

se they're the of (© understand. In t
expluln o irs ks alkencs, e i et :Imlgnc}mm, il e
Chapter 21 for an Introduction to these structures).
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Alk Keen on

Straight-chain alkanes are immune from geometric isomerism because their carbor-carbon

single bands can rotate freely. Linsaturate (or add another bond t0) one of those bonds, how-
ver and your e got  different sony: ARenes heve dauble bonls tht st rotal
Furthermore, the s° hybridization of double-bonded carbons gives them trigonal plarar
bonding secrelry (ses Chiapls 3 or lnlrcduclluu Yo hybrsdsation, The result s that
or the other of the double bond.

2 =
I

#

Convince yaundlcl s by examin gl gme.z 1

N 1
/n:<
W oH,
Figure 22-1a, h the same side ble
bond. Both methyl (CH,) groups e on the same side of lheunaalnrulmn This s calleda cis
In Figure 22.1b, vaps sides as i

bond. The methyl groups lie on up,w,ne SHies of the umsaturation This
configuration.

called a trans

a issimple. Attach eis~or trans- prefix before the
mighepTleing 10 5 Carbon f the ot bavel (e e Crsgaer 71 1y do Y ke b
to name alkenes). For example, Figure 2 is 2butene, while Figure 22-1b Is trans- 2 butene.

Alkanes that aren’t straight-chain:
Making a tingside bond

E hain alk isomerism by rotating their single
bonds, the four bonds of 5 tetrahedral geomeb
sentations like the one shown for methane in Figure 22:2 reveal this geometry. In the structure
of methane, the bonds depicted as straight lines run in the plane of the page. The bond drawn
as a filed wed from the page. The b dushed wedge projects
behind the page. These flled and dashed wedge symbols are known as sterco bonds because
they're helpful in identifying stereoisomers.

Fgez2z. M

Sweo |
bonds Qo
methane. 4 Y

When alkanes close into rings, they can no longer freely rotate about their single bonds, and
the tetrahedral geometry of sp*hybridized carbons creates cistrans isomers. Groups bonded
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Figure 223:
T isomers
o rans-1-
dmethylcy-
clohexan.
—

taring carbons are locked above or I)dau\ i s of e ng s by n g 135, The.
both versions, the

‘on opposite sides of the ring

adjacent methyl substituents are ke positions,

1 The upper set of struck of the ring as seen from ab d high-
lights the rans-—configuration of the methyl groups with stereo bonds.
1 The lower set hows the same rings rotated 90 d dand
toward yo
W, o,
o \Tn
e,
P

The trans configuration ofthe methyl groups is most clear i the lower structures, The frant-
most methyl group is with explicit b its pasition

92 6F bow The Pl of tha e (el ey may ponder, if Ko trans, why are
they different? The answer to this mystery lies in the upcoming *Staring into the Mirror with
Enantiomers and Diastereomers” section)

Alkynes: No place to create sterevisomers

Alkynes also contain carbon-carbon bonds that can't rotate freely, However, the sp hybridiza-
tion of the carbons in these bonds leads 10 linear bonding geometry, The two-carbon alkyne,
ethyne, is shown in Figure 22-4. Each carbon locks three of its valence electrons into the axis
o the triple bond. Each has only one valence electron remaining with which to bond to
hydrogen. No cistrans isomerism is possible in this scenario.

291
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Draw the structure of cis-hexene.

. The name helpfully informs you that
you're dealing with a six-carbon alkene,
‘and that the double bond occurs
between the third and fourth carbon
atoms. The cis- prefix tells you that the
carbon chain continues along the same.

side of the double bond. as drawn in the
following figure:

AN
He— o, CH,—CH,

Name the structure shown in the following
figure:

Draw the structure of frans-2-pentene

3.

Draw the cis-and frans- isomers of
heptene.

Can geometric isamerism octur across the
first and second carbons in a chain? Draw
the structure of Mbutene. Are different
geometric isomers possible across the
double bond in this molecule? Explain
why or why not.
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Staring into the Mirror with Enantiomers
and Diastereomers

Geometric isomers are really just prominent types of sterepisomers, compounds that differ

bl by the smgsurer of gous i 2 e, Gernatrc ugers beloag nthe saegoryof

a ction

introduces a devilish alled enuntioners | isomers that e on-
g Teling

diastereomers can take some pracnca Vau can practice here

Getting a grip on chirality

© Not all mirror images are superimposable on one another. This fact s o fundamental that it
may have escaped your attention. If you doubt the truth of i, just try this: Extend your fin-
gers and thumbs s0 that each hand makes an L-shape. (You've Just synthesized two L-shaped
‘molecules —well done.) Now, try to orient your L-shaped hand-molecules so both palms
face upwards and so your fingers and thumbs all point in the same directions . ._a! the same
finech st edlone withet erous iy That's because your L-shaped hand-molecules
are chiral, meaning their mirror
Images. Molecules must be chieal I Orde to be enantiomers,

g

Carbon atoms can be chiral, 100, When sp™hybridized carbons bond 1o s
those carbans have chiral geometry and can form gl centers within molecules. Compare
the two n Figure 22 to visualize the

b G aswedges (see the earlier section “Alkanes that aren't straight-chain:
Making a ringside bond” for more details). Rotate the molecules in your mind. trying to
superimpose them. Although this is potentially a safer experiment than trying 10 superim-
pose your hands, It stands no greater chance of success. Chirality Is what it is

wtesams BT cl

Co
iy or
partnrs, - Pl
bt o) \F B F

atoms ara
ot superin-
posabln

Molecules with chiral centers are often — not ahways — chiral. Chiral molecules often —not
ahwiays — possess chiral centers, Chiral centers are important enough that you should
understand what they are and seek them out.
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P an
in Fischer praiectians

Chains of tetrahedral carb ow up s lecules tha
chemists have devised shorthand mellm(ls for LIrﬂ\A ing their s1ruL s. One such method is

the Fischer projection. Fischer projections are a simple way to condense the three-dimen-
sional reality of tetrahedral carbon onto a two-dimensional page

£ i arbon atoms is depicted as a vertical
tne. Horizontallines epresent other bonds brojecting from these central carbon atoms.
Each intersection between lines atom, Vertical 5

that project away from you. Horizontal lines represent bonds that project toward you,
Examples of two moleciles drawn as Fischer projections are shown in Figure 2

ur cH, cH,
Enariiomars
of2-hromo- o o "
ehiorobu-
tane drawn Br B H
os Fischor
poipcions. | o
& Fischer projections are convenient, but you have to be careful when using them to visualize
‘/ bonds to make decisions about whether something Is chiral

+ Fist, you can only rotate these structures in the plane of the page. Don't try 1o rotate
them out of the page, or they'll ose all their meaning,

1 Second, only consider one carbon center ala time. I you try to simultaneously visualize
the three-dimensional bonding of two adjacent carbon atoms on the vertical chain,
you'll only get yoursell into trouble, and you may well burst a blood vessel

¥t caveate i ind; e achoser ookt e Smotrachwed n Figas 20.6/D0you s
10 amount of sliding or rotating them in the plane of the page can superimpose them?
T e et e B

g s AR e Sl Ly e S e
e o votitag o of e vclociis 1% deproes n the Waon ofthe past Aéows Y5
5 Supbsimbast ThE beo? THAYs bekmess tHeas b mEUREUER e SR TS

Rrez22: O oy
Diastere-

23 H o el H
dichlorobu-
tane drown

as Fischor
profections oH, CH.
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Yonprotest sl bt Bk sev e sonti ] comers Thats s b
temenber:Nat al mellcales il il ceploe e themsadvesshlal hfct upeml term

se chi hiral molecules. meso
mmpm.m, pull off v by having an internal plane of symmetry. In other i they
are their own mirrors, Narcissistic little buggers,

I mirror imag
llgnre illin the other, as shown in the following figure
The o Taclachlen BoSame SoATROTIARS. The p: guarantee

that no pesky meso symmetry lurks in

CH.GHCH, the shadows.
% g, CHGHCH, CH.CHCH,
HE H HOHC H H CH.CH,
cititi H- H H CH,
- CHCH, CHH,

A, Tomake the two molecules enantiomers,
simply fill in the missing pieces 5o the

5. Redraw the structure shown in the following figure as a Fischer projection, identify the chiral cen-
ters, and draw the corresponding enantiomer.

o0

Ho,
o
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h of the structures in the following figure are enantiomers?

L] CH.CH, [
h OH HOHE H
HEHG H H R
CH,
" CHCH, CHOH,
H OH HO- H
W0 HO—(—H

CH,CH,



Chapter 22 Seeing lsomers in Sterec. 2 7

7. Which of the structures in the following figure are meso compounds?

sl

oK 1,04
CHOH CHoH
Y 00H 00K
W —H O —H
W —OH O —H
a0k o0k
o
H, Hy
H——r Br——H
Br—|—H H——Br
H, H
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8. Identify the structures in the following figure as geometric lsomers, enantiomers, or meso com-
pounds. Name any geometric isomers (including cis- or frans- designations), identify all chiral
carbon atoms, and draw any intemal planes of symmetry.

CHEACH,
W
¥ chH, oH,
W0 OH——H
I TR —
o, o,
o,
|
s
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Answers to Questions on Stereoisomers

BB +methybirans-nonene. The structure. omtaliga e cafhon pafen dhla e dGuble
5. The

as it proceeds. The e e e B e et ot T melhyl group.

[} 2 i a five-carbon alkene with the doubl the second
and third carb “The parent chain 1 he carbon-carb
double bond, as shown in the following figure:

H, CHCH,
Syl ©
T

BEH The cis-and 5 of Hh only in he carbon chain ab
the double bond. as shown in the following figure:

-
oH,
oH, H & H
% S \
7N >
W W Ho—c,
HH Consider the structure of 1-butene, shown in the following figure:
" CHCH,
> ]
H
“The chain ite the dnnhlg bond. The fi b mbanded Ia two identical
hydrogen atoms. No unique p lies cis or trans 1o the parent chain,

Bl Thisis partially a trick question. (Hey! At least we admitted it.) Although the structure has
e cmters ropercising o the Ficher projeon (ayatiestion o steres bords, dedi
following figure, makes it clear that the compound is meso. The molecule has an internal

it
coH
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The in Figure A althaugh they don't appear to be at
first glance. To make the enantiomeric relationship more obvious, rotate one of them 180
degrees in the plane of the page. The two structures in Figure B are not enantiomers. In fact,
this is a meso compound
‘The structures shown in Figures A and B are meso compounds. The structures shown in
Care not meso. Although the structures in Figure A don't have an interal plane of sym-
ety et e upesipasable miror inage Thesimicores s Agone B fave o2 nertal
fact, mpound. The e C are non-
et et ar ison, L o6 WHapelare Soamtoraat
‘The structure in Figure A is a geomelric isomer, frans-2hexene. The pair of molecules
shown In Figure B are different orientations of a meso compound with two chiral centers
and an Internal pl shown In the following figure, The pl th
molecule in half, across the bond connecting the second and third carbon atoms, The pair of
structures in Figure C are enantiomers. The chiral center in this case isn't carbon! Rather, its
i, whigh lsight il chrbon o he prloe fable o i Honds kT elshedial
geometry, The pair of molecules shown in Figure D aren't isomers at all, but are simply differ-
Bt oremations f the amin ack! giycime. The contral carban of the prejoctin bonds ta o
identical hydrogen atoms, $0 1o isomerisi is possible.

e
/




Chapter 23

Moving through the Functional Groups

In This Chapter
Beyond hydrocarhons: Recognizing the key organic hunctional groups
Connecting monomers to make polymers.
‘The wide world of biochemistry: proteins, and nucleic acids

two of the most iciant begpehes ot
istry and biochemistry. We have chosen to do this not because we're malevolent e
beinge who want tayb b thatyou st bave anawiuly loag way ta 0 n your st of
\ but rather because we want to point out that the skills and information that you
Have gained rom this book open the door t0.a whale néw workd of selence

What do organic chemistry and bmcl\emmr_y Bave i commoa Much of biotheiney
v making and breaking any cos
pounds imvolved in el kmsexl on but et

b arbon elements organic com-
pmm(ls adizzying array of different pmperlles 1 hischagter ve explam the basics of how
functional

little about organic ch v from Chapters 21 and 22, and surel
you've noticed that thase cha ds mad ly of hydrogen and carbon.
Rest assured that we g0 beyond hydrocarbons in this chapter! Because hydrocarbons are old
news, we sometimes refer (o them in this chapter simply by using the letter R, representing
any hydrocarbon group: branched or unbranched, saturated or unsaturated.

Meeting the Cast of Chemical Players

o Chapte 24 and 81 yon i oty o hydmcarton: s Gk v brcessso

information about th the previous

K i perte e caing mofe o 00 olher o Atfough iy
lements, you need to be familiar with

) S Ao i, 4t i eSS s o v har i Finogia uni

carbon. All of these exotic new compounds contain plain vanilla carbon chains, but each has

a ther, i
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B8 Table imarizes the compounds in the following sections, their distinguishing fea-
PR tures, and thelr endings, Some telecules, inclucing saume ofthe Wiologieal monomers that
) ar ek it eraechn S i Chemistey at Work n Bilogsy” contain ore than
features, Locations wh

these groups or a multip
Soeae S0 poion ea for rmiions ko et Thess Stes a0 hesctors Ealoh Rtbnal
groups. Carefully study the functional group column in Table 231 50 you can recognize them
quickly. These are the structures you should keep an eye out for later in this chapter.

Table 23-1 Functional Emup?
Acohol R-OH ol
Ether R0-R _ [ eter

| |
Cerboxylic acid R-COOH ’ﬂ' —olc acid

b—n

Ester R-COOR —oate
Aldehyde RCHO ’“' -l
Ketone RCOR
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Halocarbon RX fluoro-, chloro-,
- brome-, or lodo—
-
Amine. R-NH; ~aming
A1, A 2 [ A i A,
Hosting a hy.

Alcaliols are hydrocarbons with a hydroxyl group attached to them. Their general form is
R-OH, To name an alcohol, you simply count the longest number of consecutive carbon
atoms I the chain. i 15 prell i the table of hydegcarbon prees n Chapter 21, and
hen attach the anding —o! 1 that preti For exampl, a ane.carbon chale with an OH group
attached is methanol, two is ethanol, three is propanol, and so on.

Substituents (groups branching off the main chain) must,
you muskapeclly the number of the carbon atom in the ch

always, be accounted for, and
1110 which the hydroxyl (OH)

o ached. Begin your uumhenug a theend of thechainclosst 1o the
Hach menumberhelurem ix + ~ol. For example, the compound shown in Figure 23-1
llh a hvdmxyl frip, s base name s thersore hexanol i hag
nd wroup

hexanol

Figure 231
Anexampls
ofan
aleahol,

Ethers: Invaded by oxygen

Perhaps most commonly known for their use as early anesthetics, ethers are carbon chains

et have boes nflivatc by an cxyeelator. These oxygen atoms e conspicroualy i the
mp, They have the genera]
ormula ROR. Eihers are et by naming the zlkyl ‘groups on either side of the lone oxygen




Figure 23:2;
An exsmple
of an ather

4,

boxylicacid.

0ing Organic

as substituent groups i d then attach-
ingthe ward ether o the end. For example Ihe compmm(l ahown Figure 232 is an ether
wihp meihy o ethyl

other. Placing i d pmpernamem

eyt u\elhylemer

e by lkyl groups, in which case the
prefs i must b attachee 10 the mame of hat substituent. For cxarople, h osygon sur
rounded by two propyl groups (with three carbons each) is called dipropyl ether.

Carboxylic acids: —COOH brings up the rear

Carboxylic acids appear 10 be ordinary hydrocarbons until you reach the very last carbon in
their chain, whose three ordinary hydrogens have been usurped by a double-bonded oxygen
and a hydroxyl group (an OH group), This gives a carboxylic acid the general form R-COOH.
‘These compounds are named by attaching the sufix ~oic acid 10 the end of the prefis. For
cxample, the compound dhown 0 e 233 has Lo carbans, e i the chiln atachiad
hydraxyl gro
Dol s The hydrogen P ‘Poup can op ol s H:, which s why these cor-
pounds are called acids.

0

H.. C.
i

Esters: Creating two carbon chains

What if the same double-bonded
desper into the hydrocarbon chain and is not on an e oot o g W o
toaccamplih s the COOH group myst lose the hydogen o s ycrassbgroup (whichias
an acidic hydrogen up abond to whick

e, A camponnt il neral lormula RCOOR o Pk

Because the carbon chain in an ester is also broken by an oxygen, you need to choose one
carbon chain as a lowly substituent group and the other to bear the proud sulfix o ~oate.
This high-priority group is always the carbon chain that includes the carbon double bonded
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toone ooen: aml angl bondedta i othe Tha g an e thir e of i fuge-
bonded o a5 an ordinary substituent, For example, the compound shown in
Fiors 29412 phomy] Chancate, LptAnss tho Mghuoriorss & oup has e Garbon and the
low-priority group is a benzene rin

hY

He o,
Figure 234 /7

An example L
ot e T
<,
That's right! The low-priority group on the other side of the oxygen doesn't have to be a hydro-
carbon chain! It can be a ring or a metal as well, In Figure 234, this group is a benzene ring.
Aldehydes: Holding tight to one oxygen
Ve much ids that they lack the the
mon ‘group. Their final carbon. iy single bond with its nexghhcrmg carbon, a double
bond with an oxygen, and a single bond with hydrogen. Aldshydes are named with the suffix
—al (ot 1o be confused with the o of alcohols) and have the geneml formula RCHO. For
‘example, the compound in Figure 235 is pentanal, a five-carbon chain with a double-bonded
‘oxygen taking the place of two of the hydrogen bonds on the final carbon.
Figard 235 OH, CH, 0
Anexampl d R
ofan g - \mg o
aldohyde.

Ketones: Lone oxygen sneaks up the chain

Much like est arbaxylic acid the x
hydes, t that their be found hiding out in the midst e
carbon chain, giving them the general form R-COR. Ketones are named by adding the sultix
el he prfix generate| by countig up he longest cachon chain Unlks estes, hovwever,
the carbon chain of a ketone isn't broken by the double-bonded oxygen group, which makes
naming them much simpler. The compound shown in Figure 23, for example, is called
simply 2-hutanone: the number before the name specifies the number of the carbon to which
the axygen s attached
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Figure236: £ 0
Anexample / \
sl L

Halocarbons: Hello, halogens!

Halocarbons are simply hydrocarbons with one or more halogens tacked on in place of a
bydiogen atomy (A halogens aroup VIA sement ) Halogens In  halocaehon arealways.
stituent groups — fluoro-, chioro- bromo-, or iodo-, one for each of the fou
Imlcpns hat lorm halocarbons (F.C B or D The shesthan for  helocarban s R, where
is the halogen. The compound shown in Figure 237 has two bromo groups attached, one
Stemming from the second carbon and one from the third In a ive-carbon alkane. ts offcial
name is, therefore, 2 3-dibromopentane. (See Chapter 21 for more details on naming alkanes.)

\ / OH,——CH,
Figure 237 CH——CH
Anxample

of e helo-

caor. o G

Amines: Hobnobbing with nitrogen

Amines are as conspicuous as Waldo on the very first page of a Where's Waldo book. No trick-
sters wearing recsiriped shirs are wallng 0 001 you among these organic molecules. Aines
ndl 1 i

hat conlain sitrogen o, Amines have the ik form Ky and Hhey e nimed hy i
i and The
et bon ethyl

Figure 238:
An example
ofanamine.
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). Draw the structure and write the condensed formula for 3 4-dimethyl heptanoie ackd.

A.  The condensed formula is CH,CH,CH.CH,CHCH,CHCH.COOH. The ending ~oic acid tells
youthat you're dealing with a carboxylic acid, and the prefx hepi- tells you that the carbon
‘chain on the end of the carboxylic acid functional group is bons long, Finally, the
i)l i Viat The aelaculé N twol siogle carhon aubatudet @ ohe;
the third carbon in the chain and one on the fourth. Remember to number the chain starting
from the carbon that is bonded to the oxygens, Add all of these bits of information together
and you get the structure shown in the following figure, which has the condensed formula

H,CH.CH.CH,CHCH,CHCH.COOH.

oH, CH, CH, o
HB/ \cn/ \u/ S

CH, 0

Name the two structures shown in the following figure.

i

P
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2. Draw 44,5riethyl Sheptanal and 3,45-triethyl octanal,

3. Name the two structures shown in the following figure.

al b)

4. Draw ethanoic acid and butyl ethyl ther.
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5. Name the structure shown in the following 6. Draw Z-methyl butylamine.
figure.

B

\CH
/

_/
\

CH,

Reacting by Substitution and Addition

he carbanased organic molecules i the previous secton canmorph o cng another

hrough chemical reactions. Such reactions are rather common. Alcohols, for example, are
rone 10 chemica process calle sumftuan i which thee Ol grovp s replaced by o di-
ferent atom. For example, the OH group on 2-pentanol can be replaced by the halogen fluo-
tine tursing the alcahal o o blorban Caled 3Thord peniane (ree Fgure 280)

o
CH,— CH,— CH,— CH —CH,+F, —»
Figure 23
The
i i
substiution CH,— CH,— CH,— CH — CH,

The double bonds of alkenes also make them particularly likely to react with other com-
pounds theongh s process called i 5 dahls bon between o car bon,molicules
rolen, alows snch ofthosetra crbon stomsofocm  bond whth ancther atom or

moleie. The igure 2310, for example, S|
e dobie bond af Lhextne. The sty e eci s S5 a8 i st
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hydrogen and a hydroxide — and each of them is added to one of the two carbons that used
toshare a double bond, forming either Lhexanol or 2-hexanol. (if you're curious, the product
in Figure 23-10 Is 2hexanol )

Fguezo:  H—OH oH
Theprocess | |
ofaddtion. H,C==CH — CH—CH,— CH,

CH, —> H,C—CH —CH, —CH,— CH,—CH,

the second carbon in the chain. This Is

it okt e esing renctant D T e

LRI uct i attached to the second carbon in
+ Br, — CH.CHBICH.CH, it chain. One atom or functional group
takes the place of another in a substitu-
A, The mhnln¢ reactant is tion reaction, and halogens often take on
CH,CHOHCH,CH.CH, (0 o). the role of the replacement atom. A likely.
Rt ol o ot e product reactant, therefore, Is one in which the
in this reaction can help you identlfy the bromo group on the second carbon in
missing reactan the product is replaced by a hydroxyl

He o, o group, The following figure shows this
2 : reactant, 2-pentanal.
* bl e e, o
CH, TH
Br

Examine the preceding figure and you oK
see that the substitution occurred on

7. Predict the reactants that combined to 8. Predict the product of a reaction combin-
make the product 3chlorooctane. ing I-pentene with water.
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Seeing Chemistry at Work in Biology

e

All the compounds that we discuss earlier in this chagter are relatively small molecules. We
havent even given you a prelix for  carbon chain with more than fen carbon atoms Yet
‘many b hons tens and
sands long, with lots of hydy nitrogens, and oxys

These giant molecules, oin 38 poymers, s bull v Iuklngsmaller o calld
‘manomers and joining them together like join s to make a longer train. Just as
Heak can TiutF ottt WA 3 Vi3 Kl scfiencey holy i o be donatrted
with a series of identical monomers or with a mixture of two or more different monomers.

Each time another monomer unit is added to a polymer chain, it changes the compound’s

physical properties, such as stiffness and boiling point, Although they may seem fairly com-

plicated and difficult to make, polymers aren't rare. Your milk jug, shampoo bottle, rubber

ke, 2 e etardant ult re i mace of palymiers.Ja ac. all o the compovins it
lastics

{Sachiev dabtrb pronertes s ths pAdick gy 4as Reaeon WhIH Ik s reta

make a polymer are called polymerization redctions.

Plastics and rubber aren't the end-all, be-all of polymers however, The human body contains
a¥iilelemncl apiialy Sceuring i WHICH you et s ok i
nutrition facts on the back of your hox of morning cereal. Carbohydrates, proteins, and many
pids o polymers. 50100 ra e DNA nd RNA it store an tanumit o genciic cade
In the following sections, we focus on several important biological polymers: carbohydrates,
proteins, and nucleic acids,

Note that in all the reactions in the following sections, the two monomers being linked
together lose an oxygen and two hydrogens o create the polymer. Because this essentially
amounts 16 the 1oss of a water molecule between the two monomers, the process s called
dehydration or condensation reaction

Carbohydrates: Carbon meets water

Carbohy a up of aldehyde and ketons the earlier
sections on these two types of compounds). As such, they may contain only the elements
‘carbon, hydrogen. and oxygen. Categories of carbohydrates include starches and sugars, and
h all into and polysaccha:
rides. Because saccharide is simply a lancy name for sugar, it follows that these compounds
axemadoolans, tvosand moee than two suger cnomers sespectvely The geneml formula
for C(H.0),. whether dealing with olysac-
charide that is hundreds of sugars long.

Ghica the prodi ofphitosyishists ko plants (see igure 2511, s acublythe s

niortant kgl monciece it Cliedss monciels b e o0 s arY.
provide the primary

pmln ‘and potatoes) and cellulose (which uukes up cell walls in plant cels). an iz shos

31
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—_— il
s ‘/ \‘
an axample o H ‘
‘

W\H/
saccharide.

CH,0H CHOH
Figure 23-12: - .
T 0 .

saccharides

SRR o 1y
oot ‘\ /L J /\
sacchrn,
— H N BH

Proteins: Built from amino acids

The make u i cids (see one in Figure 23-13), Th
arvin acels Mentty b deterimined by the tructuro of the ide chain &, e can bo any.of
avariety of organic structures. Individual amino acids are linked together into polymers.
through the formation of peptide bonds. A polymer made of two amino ackds is therefore
called a dipeptide (see Figure 23-14), while more than two amino acids form a polypeplide.
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Figure 23
T amino
acils con-

ko ups
dipeptide.

the human body (or those inan octopus or a biterium) are made up of 20
Every protein ty) unique

acids, and your DA el your body how to manufacture the proteins it needs I)y specifying

this sequence

The proteins

Nucleic acids: The backb of life

DNA ad RNA st eteandlyImportant olojien poyimes. They e constructed ol siller
subunks caled s (soe e £315), whieh make up the pelymers called nuc
acids (see Figure 23-16). Each s of three parts: a Hoekiscid a sugar
‘and a nitrogen-containing base. DNA nucleotides use the sugar deo\ ribose

fypes of base. RNA nacleotides use the suga ribose and employ a nearly Klsntical set o
bases. Bases are broken up into two categories:

4 Pyrimidines are characterized by a single ring of carbon and nitrogen atoms.

1~ Furines contain a double ri

0
Phosphoric Il
0—P—

acid unit cH, 0

| [,

NIy
NI

H e R
Figure 23-15: o H

Aot

[ —
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nuclociides.

‘The human genome is made up of a sequence of

do everythi

Base

billion nucleotides that tell bodies how to
g from manulacturing proteins to sneez




Chapter 23: Moving through the Functional Growps 3 ] §'

). What types of functional groups are
attached 10 the central ring of the nitro-
gen-containing base cytosine, shown in
the following figure?

N,

!
¥
C. H
N
0% r‘v/
H

A, The axygen double bonded to a carbon
in the ring indicates a ketone, while the
NH. group attached to a separate carbon
In the ring indicates an amine

9. 1s cytosine a purine or a pyrimidine? How
can you tell?

10. What types of functional groups are pres-
ent in an amino acid? A carbohydrate?
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Answers to Questions on Functional Groups

“The following are the answers ta the practice problems in this chapter:

ing Organic

M o 33-dimeihyl2b Thelo i i s five
he lone double-bonded osygen in mulmcmmm
is a ketone. Its me. e both off the.
number three carbon. The proper naime for , therefore, 3 hyk2b
b. The axygen; however, t appears
on the end of. bon ch .Campmmd" he carboxylic acid called

B The name 4.4 S-riethyl 3-hept you that you're dealing with bon alcohol

whose hydroxyl group stems from the third carbon in the chain, and that it has three ethyl
sibaent s Qo offh lourt carbom anone oft e 1), Theliuld e souo
structure a in the following figure. The name 34 5-triethyl octanal, on the other han

eight-carbon akdehyde, also with three ethyl substituent groups (this time with ane ol hehird
carbon, one o the fourth, and one off the fifth). Check it out in structure b n the following figure

) H o GHCH, CHOH,
CH,——CH,——CH —c‘—én ——CH,—OH,
CHCH,
b CHOH, CHOH, CHOH, 0
CH,—— CH, ——CH ——| PR P T %
B o I-phenyl1- propanol. The | hain in thi bons long. The
Sualcarbon i that chaia es both.an pliceryer phenyl group memlmgxmm it. The alco-

hol group gives the compound the basic name propanal, and adding the phenyl substituent,

you should arrive at the name 11)||en_yH—prapm nol.
b. Diphenyl ether. Structure b 5 an ether with two identical phenyl aroups surrounding the
oxygen, making It diphenyl ether,

W Ethanoic ackd is a simple two-carbon carboxylic acid, as shown in structure a of the following
figure. Butyl ethyl ether is an ether with a butyl group on one side of the oxygen and an ethyl
‘group on the other, as shown in structure b of the following figure:

) 0 bl

o, o, cH,
wp T R g
AN

HE oK
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3hromo-2-chloro-Ibutene. This steucture Is a halocarbon, The longest carbon chain is four
carbons long, and it an alkene, making the base name butere (see Chapter 21 for details on
naming alkenes). Numbering from the side closest to the double bond yields the lowest overall
numbers; therefore, the compound is 3-bromo-2chioro-1-butene.

2methyl butylamine is a four-carbon amine with a methyl substituent offits second carbon. It
has the structure shown in the following figure.

oH, o,
ch/ S u/ -

CH;
Sorianal au diet il ehlorine. & halocubaysiffoa hologome extemlmg from the third carban

oo dunug e S cetama oo o i chrma 1 ‘roduce Sehloraoe-
tane, This s true because a substituent hydroxyl group is quile likely to be replaced in a
substitution reaction.

When I-pentene is combined with water, an addition reaction is likely to occur in which the
double bond of pentene is broken, and  hydrogen and a hydroxide are added to the newly
freed carbons, forming either -pentanol or 2-pentanol.

Cytosine is a pyrimidine. You can tell because it contains a single ring of carbon and nitrogen
atoms, instead of a double ring.

‘The amino acid has an group, while
has several alcohol groups and an ether group. Examining the structure of an amino acid

o o figure 2313 eveals thet f contau hoth pn aine goup () aad cambomile
acid group (-COOH), As. inAgure 2311

has several alcohol (-om functional groups and an oxygen infiltrating the carbon ring (an ether
group),
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The Part of Tens




In this part . . .

his part Is a lean, hard-edged, white-knuckled distila-
tion of the rest of the book. You'll find twa ter-poin
summaries of key information and idess. The first summary
is particularly useful with its list of many key formulas and
ciations thal you use throughout the beok. Thessecoid
gathers together several
voidably annoying exceptions to bose chert
cal principles. If something doesn't seem 1o m:
frst tharE's good chance youTl ind § explained here,

cepts and




Chapter 24
Ten Formulas to Tattoo on Your Brain

In This Chapter
Gathering important lormulas for your memorizing pleasure
Using handy shorteuts to make your calculations easier

Fr some, the mere presence of an equation is scary. Take consolation in this thought
Understanding an equation saves you brain space because equations pack a whole lot
of explanation into one compact little sentence

For example, say you nieed to remember what decreasing temperature does o the volume of

agas when pressure is held constant. Maybe you'l just remember. If not, you could try to

reason it out based on kinetic theory. That approach may not work for you either. But if you
ply semomber the Com e G Ly, yo can e ot iy 1y lpactingthe S

tion. Notcaly tha,but ol e

sure, and vol stantly Wi your D Lquatlm\s Sty s, v 5 once

g athared fooes ‘you in this chagter. Hang out for a whil

The Combined Gas Law

Using the folloutng equation o the Combined Gas Laws which v lotzodsee i Ciapte 11,
.8 responds when anefaclo changes Changng any one porameler
P, or volume, V) affects another parameter when the third parare-
16r 18 held cansant Ta work the equallan st cancel ot the constant porameter. Then plag
in the values for your known parameters, Finally, solve for the unknown.

Values with a subseripted 1 refer to initial states, and values with a subscripted 2 refer to
final states
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Dalton’s Law of Partial Pressures

“The following law, which we introduce in Chapter 11, is useful with mixtures of gases at con-
stant volume and temperature. Dalton's Law of Partial Pressures states that the total pres-
sure of the mixture is simply the sum of the partial pressures of each of the Incividual gases.
You can solve for the total pressure (P or any individual partial pressure (P, 75, and so
on) as long as you know all the other pressures.

Pai= Pis Prv By 0Py

The Dilution Equation

The following relation works because the number of moles of a solute doesn't change when
‘you dilute the solution. You can use the Dilution Equation to calculate an initial concentra-
tion or volume (M, V;) or a final concentration or volume (1%, 12, as long as you know the
other three values. See Chapter 12 for more information on dilutions.

MyxV, « Mex Vs

Rate Law's

Rate laws, which we cover in Chapter 14, relate reaction rates to the concentrations of reac-
tants. Which rate law Is appropriate depends on the kind of reaction involved. Zero-order
reactions have rates that don't depend on reactant concentrations; first-order reactions
Baveates tha depend on the consentraion o ane resctan; and second o reactions
have rates that depend on reac-
tion equations for e s e e

Zeroorder: A8 (eate is independent of [A])

Firstorder: A-B (rate depends on [A])

Second-order: AvAsC (rate depends on [A]), or
AvB=C (rate depends on [A] and [B])

The rate laws for cribe the rate at which i

<ALt Note that &X s smxp]ylhe rate at which X changes at any given moment in

time, £ Rate o terms of k. the

Zeroorder rate law: rate « A} /il =k

First-order rate law: rate = ~d[A] / dt= k{A]

Second-order rate law: rate = ~d[A] / di = AT or

rate = d[A] / dt = HAIB)
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The Equilibrium Constant

You can calculate the equilibrium constant for a reaction, K.., from the concentrations of
reactants and products at equillbrium. In the following reaction, for example, A and B are
reactants, C and D are products, and a. b, ¢. and d are stoichiometric coefficients (numbers
showing mole multiples in a balanced equation);

QA+ B 5 C o dD

for the reaction Is calculated as:

Note that [X] refers to the molar concentration of X: [0.7] = 0.7 mol L

5 ions have K., values than1. 2 have K.,
values between ( and 1. The inverse of a K., value is the K., for the reverse reaction.

Check out Chapter 14 for more details about the equilibrium constant,

Free Energy Change

The free energy, G, is the amount of energy in a system available to do work Usually, the
reactants and products of a chemical reaction possess dilferent amounts of free energy.
53, theteaion pracees il Chags sy betwoen e and productsses
nergy arises from an interplay between the change

AG = Gyt = Gy The change
I e A e i Chane 1 Shago

AG « Al TAS (where T's temperature)

Spontaneous reactions release energy, and occur with a negative AG. Nonspontanieous reac-
tions require an input of energy 1o proceed and occur with a positive AG.

Thechange n es enerey sasacited wiha reaction s selated 10 he squilbrium constant
for that reaction (see for more abou stant), $0 you
can interconvert between AG and K..;

AG = -R1InK., (Ris the gas constant, T's temperature)

Note that “In” stands for natural log (that is, log base &), You'll find @ button for In on any
respectable scientific calculator.

Flip to Chapter 14 for more information about free energy.
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Constant-Pressure Calorimetry

Cal of heat changes that \yareaction (see Chapter 15
foe delal): The mportant alie o know are hes (3 hase (), specilic hes capachy (.
and the change in temperature (A7), I you know any three of these values, you can calculate
the fourth:

4= mGAT

Be sure that your nits of heat, mass, and temperature match those used in your specific
heat capacity before attempting any calculations.

Hess’s Law

The heat taken up or released by a chemical process is the same whether the process oceurs
in one or several steps. S0, for a multistep reaction (at constant pressure), such as

A=B-C—D
the heats of the individual steps add up to equal the total heat for the reaction:
Aty q= Ay ¢ Aty + Aoy

™ Joul i ch
lon,

the in heat, or the heat for any given step, as
as you know all the other values. This formula is known as Hess's Law

Moreover, the reverse of any reaction occurs with the opposite change in heat:

My

Aty

“This means you can use known heat changes for reverse reactions simply by changing
their signs,

Flip to Chapter 15 for the full scoop on Hess's Law,

pH, pOH, and Ky

A e sl Chier 16, p ol e et o the sy o ity of
aque

PpH = ~log[H']
POH = -log[OH ]
Pure water spontaneously seltonizes to a small degree

HOM «>H(aq) + O (ag)  (note: H exists in water as H,0")
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leading to equal concentrations of hydrogen and hydroxide fons (107 mol L), The product
of these two concentrations Is the ion-product constant for water, K,:

Kew [H] % [OH] = (107 (107 = 1

the pH and the pOH of pure water both equal 7, Acidic solutions have pH values
st fo POH values gye«lenhuu 7 Bask (alkalne) setutans have pH vales reater
than 7 and pOH values less than

Wh sa dor solution, the
hydroxide ions shift in prupanmn 50 that Ihelnllwh\gb always true:

pH ¢ pOH = 14

K, and K,

As we explain in Chapter 16, the K. and K, are equilibrium constants that measure the tend-
ency of weak acids and bases, respectively, to undergo ionization reactions In water.

For the dissociation reaction of a weak acid, HA

HA G H A (also written: HA + HO > A" +

the acid dissociation constant, K., is

Note that H,0 may be used in place of H
For the dissociation reaction of a weak base, A°
A HO & HA + OH

the base dissociation constant, K, 1

o Imon ]
Erea

Note that i and BOH (base molecule, without o with OH) may be sed in place of HA and
A (acid molecule, with or without H).
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Moreover, because K. = [H'] x [OH. it follows that

K= g

‘The stronger the acid or base, the larger the value of K, or Ky, respectively.

It's often useful ta consider pK, or pK., the negative log of K. or Ki:

The pK, or pK, is equivalent to the pH at which hall the acid or base has undergone the dis-
sociation reaction. This equivalence Is reflected in the Henderson-Hasselbach equation,
which can be used 10 relate pH 1o the relative concentrations of a weak acid (HA) and its cor-
jugate base (A):

pH:pK.+lcg[ [x]

]

Flip to Chapter 17 for more information about the Henderson-Hasselbach equation.



Chapter 25

Ten Annoying Exceptions
to Chemistry Rules

In This Chapter
Putting all the annoying exceptions into ane corral
Handling exceptions more easily with tips and tricks

sceptions seem like nature’s way of hedging s bets. As such, they are annoying — why
een st goshend and commi B amtin Kackos noIHIARl Gur 1AGS, ST des.
A seingout of ey anay o Nor 1k gang i f s vy to e things
it way, seeing as you have to deal with exceptions, we thought we'd
oral ok o} hemsIat ths CRABIGH 307 6an Ghfronh o, cane comveniently

_a

Hydrogen Isn’t an Alkali Metal

dnthe il o paychaloey, Maslow's ieaichy of needsdechis that people need asenae of
. I's a good thing hydrogen ksn't a person because it belongs nowhere on the perk-

belonging.
e able (uhich e deseribe I Chapter ), Alhough hydrogen s e sl lieiedatop Graup
1A along with the alkali metals, it doesn't really fit, Sure, hydrogen can lase an elects

forma +Lcation,just ke he alkal meals, bu hydrogen canais gai an elecron o torm
‘metals, Furthermore, hydrogen doesn't have metallic

praeric, bl typeatly s s 1he daticic e Ho

These differences arise lasgely from the fact that hydrogen has only a single s orbital andt
lacks other, more interior orbitals that could shield the valence electrons from the positive
charge of the nucleus. (See Chapter 4 for an introduction to s and other types of orbitals.)

The Octet Rule Isn’t Always an Option

An ociet, as we explain in Chapter 4, is a full shell of eight valence electrons. The octet rule
ﬂ states that atoms bond with one another to acquire completely filled valence shelis that con-

tain eight electrons. I’s a pretty good rule. Like most pretty good rules, it has exceptions.

4 Atoms containing only s electrons simply don't have eight slots to fill So, hydragen
and helium obey the “duet” rle.
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» Certain molecl i aund(l number of valence el In these cases, full
octets aren't an opt seople born with an odd number of toes, these molecules
may not be euure]y I\Appy i the ituation, but hey deal with it

» 10 il their valence shells by covlent Chapter), Each
covalent bond adds a shared electron ta the shell. But covalent bonding usually require:
anatom to donate an electzon of its own for sharlng within the bond. Some aloms run
out of and 't bonds to fll
Ilvelnlmllcc tets. Boron trifluoride, BF, s a typical exampl. o centel aoe o

this molecule can only engage in three B-F bonds, and ends up with only six valence
aectrons. Tis boron s sad 1 be electron defcient. You might speculate that he fluo-

Id pitch ina bit 42 boron. But lccine
is highly electronegative and gxeedlly holds fast tots own octets, C'est la

- toms take on more than a These atoms are said to
b The phosphorus. PCL,

is an example. These kinds of situations require an atom from period (row) 3 or higher
within the periodic table. The exact reasons for this restriction are still debated. Certainly,
the langer tomic size of period § and higheratoms allows more room 10 accommodte

I the bulk of all the p that distrib

Some Electron Configurations
Ignore the Orbital Rules

1

Electrons fill orbitals from lowest energy to highest energy, This s true.

e progs lowest (0 highest
“This sn't always true. Some atoms possess electron conligurations o devlale e
Standard ol or Mling orbitl fedon the geound up. For Anfbon's Sob6, why?

T i o 1 ek

| # First, successive orbital energies must lie close together, as is the case with 3 and 4s
orbitals, for example.

v | between these energ similar oritals must result i a
| hallflled or full of i happy f affai

Want a couple of examples? S ] have the
tron configuration:

[Arjad'ss

Because shiting a single efectron from 4s to the energetically similar 3d level hall
sot.the actual confguration of chromium ks

[Arj3das'
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For similar reasons, the configuration of copper is not the expected [Ar]4s* but instead is
[Ar]3d®4s'. Shifting a single electron from 4s to 3 ills the 3d set of orbitals.

Flip to Chapter 4 for ful details on ele 1 Aufb

One Partner in Coordinate Covalent Bonds
Giveth Electrons; the Other Taketh

“To form a covalent bond (as we explain in Chapter 5), each bonding partner contributes one
electron to a two-electron bond, right” Not always. Coordinate covalent bonds are particularly
‘common between transition metals (which are mostly listed as group B elements on the peri-
odic table) and partners that possess lone pairs of electrons.

e Lane pair e ples of

aring mol-

1 Lewis acndhqse s (e Lhapler 1r) The Iune—pdr containing
ase), gi

Here's the basi lea: Transition mefals have empty valence orb

ecules can engage

lecule acts as abond with the
Tlal Which att s c1eti6 acEaitor (o vrs Sl Whes 1 Gerurs, s Pesiting
ecule s called a coonfination complex.

he partners that bind to A are call
lnlenselv eore s o e properties. i qulle ieren han those f the fee metal.

All Hybridized Orbitals Are Created Equal

S5 Dilerentartita ypes bave grssly dilerentshapes Spheris) sorbtals lock nothng ke
lobed p orhitals, for example. So, f the valence shell of an atom contains both s-and porbital
electrons, you might expect those electrons to behave differently when it comes to Il\h\gs
like bonding, right? Wrong. If you attempt to assume such a thing, valence bond theos
politely taps you on the shoulder to remind you that valence shelldectrans accupy
amixture
of the properties pr e arbial that make them up, and anch s orl:nm is equivalent to
the others in the valence shel

A 508 PN e RN I YRt
than other exceptions because
aeomatries of caual sloms stk actue] alcues VaEbR Iheory prm..nyclem it throat
topoint out that the negative charge of

tal e g A result, the
u,ecunelry o P ~||yhr[dued ihane (CHO.for or cxaple, s beauilay tetrahedral

Check out Chapter 5 for the details on VSEPR theory and hybridization.
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Use Caution When Naming Compounds
with Transition Metals

P “The thing about transition metals s that the same transition m n form cations with
different charges, Diferently charged metal cations need dilerent names, o chemists don'
getany. 1 th These days, yo
using Roman s vl parenlhe:e»& 10 denote the positive charge of e e, A
older method adds the suffixes —ous or ~ic to indicate the cation with the smaller or large:
charge, respectively. For example:

opper (1) ion or cuprous ion

= copper (Il ion or cupeic ion

m up with What's more, the
rati of caions tossians withia o ¢ depends o e charge axsumed Ly e
fickle transition metal. The formula unit as a whole must be electrically neutral, The ry

you follow to name an e compound must accommodate the whims of transition metals
The system of Roman numerals or suffixes applies in such situations:

CuCl - copper (1) chloride or cuprous chloride

cuct

-opper (1) chloride or cupric chloride

Chapter 6 has the full scoop on naming ionic and other types of compounds.

Vou Must Memorize Polyatomic lons

@ Sorey, ' true. Not only are polyatomic jons annoying because you hiave to memorize them,
but they pop up everywhere. If you don't memorize the puNulmm(l ns, you'll waste time
trying to figure out weird (and incorrect) covalent bond zements, when what you're
really dealing with 1. straightlorward fonk compound. Hare they are in Table 251 (s0e
Chapter 6 for more information)

Table 25-1 Common Polyatomic lons
1 Charge -2 Charge
Dihydrogen phosphate (HPO, ) Hydrogen Phosphate (HPO7 |
Acetate (CH0,) Oxalate (C.07)
Hydrogen Sulfte (HSO, ) Sulite (50
Hydrogen Sulate (HS0,) Sulete (S0.")
: ;
Nitite (NO ) Chromete (Cr0,')

Nirats (NO; ) Dichromate (Cr,0 )
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~1 Charge -2 Charge
Cyanide (CN') Sillcate (SI0
Hydroxide (OH | 3 Charge
Permanganiate (Mn0 ) Phosphitz (P0;})
Hypochlorite (C10) Phosphate PO}
Chioite (C10;) +1 Charge
Chiorate (€10, ) Armmonium (NH{)

Perchlorate (€10, )

Liquid Water Is Denser than Ice

Kinetic molecular theory, which we cover in Chapter 10, predicts that adding heat o a collec-
tion of particles increasés the volume occupied by those particles. Heat-induced changes in
volume are partculmy evidont o phase changes, o i led ta b lesa e than thle
into the works. Because of

H o sl hydogen-bonding geometry \he atice ‘geometry of solid water (ice) s very

open impty spaces at the denter ol a heaganai ing of ater melecules, These
eampty spaces land 10 lower depsity of sold water elative 10 lid water. o, e Hoats i
o Although annoying, this watery exception is quite important for biology.

No Gas Is Truly ldeal

No matter what your misty-eyed grandparents tell you, there were never haleyon Days of
Old when all the gases were ideal. To be perfectly frank, not a single gas is really, truly ideal.
Some gases just approach the ideal more closely than others. At very high pressures, even
gases that normally behave close to the ideal cease 1o follow the ldeal Gas Laws that we talk
about in Chapter 11

& When gases destatsfrom the Wil we call them el gases R gases have propertes that
are significantly shaped by the volumes of the gas particles and/or by interparticle forces. To
accatintloe thie nankded actor: cherase dse he vader Wasly sqution Compared to
the Ideal Gas PV =R, van der Waals ludes two extra
variables, a and b, The variable a corrects for effects dus to particle volume, The variable b
corrects for interparticle orces. The van der Waals equation is appropriate for gases at very
high pressure, low temperature conditions, and when gas particles have strong mutual
attraction or repulsion.

(e te )v=nb)= nrr
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Common Names for Organic Compounds
Hearken Back to the Old Days

<& Sertousfudy of chemistry predales modem sstematic methads lormuulngcmnpoun(h As
sult, chemists persistently address a large number of common tampoumh especiall
rgaplc componnls, by O, TrviY: mmes, Ths pracioe iant chan

e 500

Chapter 20 for det rganic compounds.

Table 252 Common Names for Organic Compounds
Formula Systematic Name.

CH.COH Ethanoic acid Acetic acid
CH.COCH, Propanone Acetone

CH, Ethyne Acetylene
CHCI;. Chloroform
CH, Ethene Ethylene
HCo Methanal Formaldehyde
CHO, Methanole acid Formic acid

CHO Propen-2o sopropanal




Index

o Ae

absolute zero, 42, M, 155

accuracy.

acid dissociation constant (), 222, 2
325-326

ac»dny measurements, 219-221

acids. See also bases

3,243,

Arrhenius theory, 215-216
Bimsiecony meihod, 216-217
common, 91,21
conjugate, 217, m
defined, 91
defining, 215-219
equivalents, 227, 228-230
Lewis theory, 217-218
number of moles, 228
in ratio of products and reactants, 234
strong, 227
substance identity as, 219

actinides,

activation energy, 191

sctalyild; 183

it

delme(l 309
with exponential notation, 12-13
process illustration, 310

significant figures and, 17
alcohols, 302, 303

aldehydes, 302, 305
alkali metals, 50, 32
all,allnemrlhmeml. 50
alkane:

branched, 276-279
continuous, 273276
defined, 273

27

double bonds, 290
naming, 20-281
trans isomer, 200

alkyl groups, 277

alkynes, 281, 291

alpha decay, 263
altitude, pressure refationship, 152
amines, 303, 306

amino acids, 312, 313

ammonia, as excess reageit, 131
amorphous solids, 14

atoms gaining electrons, 55
cation combinations, 86
defined, 66, 85
electrostatic attraction, 66, 85
in fonic compound names, 85
positive cathode migration, 256

anodes, 21

antkbonding orbital, 72

. derived units expression, 23

aromatic hydrocarbons, 262, 283

Arthenius, Svate, 215-216

atoms. See also lons
atomie number, 37, 38

bonding, 65-84

bslding rom s o patickés, 3397
cental, 69. 7

defined, 33

electron affinity, 52

solar system comparison, 36
stability, 52
valence shells, 52-53



33 4 Chemistry Workbook For Dummies

audience assumptions, this book, 2
Aufbau filing diagram, 57
Avogadra’s Law, 156-157
Avogadro’s number, 97

e e
balanced equations
coefficients in, 228
creating, 113-115
molemole conversions from, 125
balancing the charge,
base dissociation constant (K., 2
426

223,

base units. See also St system
building derived units from, 23-24
defined, 21

list of, 22
bases, See also
Ariheni theors, 315-21
Biamletiowey melhcd 216-217
common,

mn;..me,m.u.«

defining, 215-219

equivalents, 227, 228-230

Lewis theory, 217-218

number of moles, 228

firsioof prodsels and reactin 24

g, 22

substance identity as, 219
basicity measurement, 218,221
batteries

EME, 2

ble, 251
redox reactions in, 250
1

beta decay, 264

beta-minus, 264

beta-plus, 264

Bohr, Niels, 36

boiling, 146

bailing points
calculating, 178-180

in molecular mass determination, 182-183
bomb calorimetry, 20
bonding

covalent, (872,328

defined, 65

carbon-carbon, 27

covalent, 68-72

double, 69, 283

fonic, 66-68

nonpolar, 75
73

polar, 75
ringside, 290-291

branched qlk:nves.See also alkanes
defined, 276

naming, 276-278

parent chain, 277, 278
Bronsted-Lowry nmlmd 216217
buifer solutions,
buffers, 233-235

oCe
calories, 204
calorimetr)
bamb, 20+
constant-pressure, 204, 324
canstant-volume,
defined, 204, 324
carbohydrates, 311, 312

carbon
as building block, 40-41
electron configuration, 79
isotopes,
orbitals, 57
alence clectzons, 80

cydl
atend cl clmm 25
275

linking into continuous alkanes, 273-276
pentane’s skeleton, 274

cathode ray tube, 35
cathodes, 249, 256



cations.
anion combinations, §6
55

electrostatic attraction, 66, 85

fonic compound names, §5
negative anode migration, 256
ell

Charles, Jacques, 155
chemical equations
balancing 113-115
basic form, 111
coefficients, 113
compound naming with transition metals, 330
defined, 111

polyatomic ions, 330
skelston, 113,114
subactipte 113
symbols

Iranslalmgla 1-113
yields, 11

chemical intuition, 116
chemistry rule exceptions
coordinate covalent bonds, 329
hybridized orbitals, 329
27

28
8-329
organic compounds common names, 332
pister deiahy;
chirality,
chiorine
anions, 67, 256
isatopes, 41

colligative properties
bailing poits, 178-180, 182-183
defined, 175
freezing points, 180-183
‘molality and mole fractions, 175-178
combination reactions, 116
Combined Gas Law, 156-158, 321
comlyeionsesciipns, 11§

components, 163-164
ds

unified namlngscheme 91-93
emncntions
dilutions, 170-171

caulraam rela'lunshlp, 197

measuring, 168

units and, 169
condensation

defined, 146, 152

reactions, 311
condensed structural formula, 275
conmere; 28

-onjuy

onjus 2
Comevationst umme principle, 242
Conservation of Mass principle, 242
constant pressure calorimetry, 204,
constant volume calorimelry, 201
continuous alkares, 2
conventions, this book 1

conversion factors. See also Sl system

building,

circular carbon chains, 262-284 defined, 21
cistrans Isomers, See also isomers litoh 220
alkynes and, 291 mole
defined, 289 molemole, il 127,128
illustrated, 290 mole particle, 128
naming, 200 molevolume, 128
coefficients wihnon Sl uais, 28
in balanced equations, 228 using, 28-29
in balancing ons, 114 bonds, 70, 320

defined, 113
sm.cnmmemc 194,323

coordination complexes, 329
Coulombs, 257

mntex 335
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covalent bonds. See also bonds.
coordinate, 70, 329

defined, 65

dibydrogen, 68, 69

double,

electron sharing, 68

molecular orbital shapes and, 73
shared electrons, 326

triple, 69
covulem selidy 145

a.llmesalxls 15
crvatals,
cyelic aliphatic hydrocarbons, 282-283

ee

Dalton's Law of Partial Pressures, 15§-159, 322

ive
rates, measuring, 266-267
deci (d) prefis, 22
docimal places, sighticani ek aid, 15,17
deco (D) pref
zlecumpasman reactions, 116-117
defined quantities, significant figures and, 16
dehydration, 311
delocalized pi electrons, 283
denumilon 1
densi
zlerived umits expreision. 23
S

..31
detved unis, 2921
desublimation, 146
diasterepmers. See also somers
conformers,
defined, 2
depicting, in Fischer gt 208
geometric isomers, 250
rotamers, 2
diffusion, 159
dihydrogen
covalent bond, 68, 69
molecular orbital diagram, 72
Dilution Equation, 322

dilutions, 170-171
dipeptides, 312
dipoles, 75
disaccharides, 311
dissociation
constant (K,), 222
base constant (K,
defined, 215
dissolved solutes, 164
divid
it adeicnouton, 1232
sigaificant figures
DNA nucleotiden 813
double bonds, 69, 283
double replacement reactions, 118
dynamic equilibrium, 152

oF e

effusion. 159

256, 257

temperature dependence, 255
electron capture, 264
electron dot structures, 65
electronegativity

defined, 66

difference in, 75

Iane pairs, 329
ss. 31

orbiain 56

mddulmu numbers, 230-241

on within bonds, 74-77

ehence. 52,55, 54-55, 65

electrostatic attraction, 66

elements, See also periodic table of elements;
specific elements

atomic radius, 53

balancing, 114

electron affinity, 52




electronegativities, 75, 76
properties, 51, 52-54

reactivity, 52
EME See electromotive force
empirical formulas

calculating, 103104

defined, 103

molecular formulas and, 105

nantiomers

defined, 2689

depicting in Fischer projections, 294-208
endothermic reactions, 206

difference between reactants and products,
195

formulas, 202
free, 194-1
frequency relationship, 5

ideal gas particle exchange, 151
internal, 201

joules, 59

kinetic, 143, 201

01,252,253

changes, ms zuz 207, 208
defined, 202

temperature relationship, 165
equilibrivmn
concentration relationship, 197
constant, 194

constants, 323
defined, 187,193
factors disrupting, 197-198
free energy relationship, 194-195
measuring, 193-196
perturbed, 197
pressure relationship, 19
temperature relationship, 197

equivalents, 227, 228

error measurement, 14

defined, 304
example, 305
formula, 302, 304

ethers. See also functional groups.
defned. 3

exampl
formula, wz 03

evaporation, 146, 152

excess reagents, 131

excited states, 59

exothermic reactions, 206-207

exponential notation, 9, 12-13

oFe

depressions, 150
in molecular mass determination, 182183
functional grouy

hers 3
hmmhmu,m 306
ketones, 302, 305-306
list of, 302 ‘xux

fusion, nuclear, 37, 267

oGe

samma decay, 264

mmarays 264

Heembined, 156-
Combined Gas Law 156-158, 321

ntex 337
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gas laws (continued)
Dalton’s Law of Partial Pressures, 158-159, 322
defined, 151

s orbitals, 320

Graham's Law, 159-160 hy(lralk:u 163
Ideal Gas Law, 157 hydrocarbons.

obeying, 151-162 alkanes, 273

polime end femperatcerdidfionahip 5106 allones; 280-281
gase: alkynes, 281
c'nhandlcmde 202 aromatic, 282 283
designation, 4 eyclic aliphatic, 262-283
desublimatio ,ms defined, 273

diffusion rates, 159 pentane’s structure, 274
effusion, 1 unsaturated, 280, 281
ideal, 143-1414 hydrogen

matter changes, 33 atomic mass, 10

noble, 51 as not an alkali metal, 327
on periodic table, 43 in periodic table, 9
phase sampling, 44 hypervalent atoms, 328

geometric somers See also isomers
alkanes relationship, 290-291 .l °
alkenes immunity, 290
1 icons, this book, 4

efined, 289 Ideal Gas Law, 157
glucose, 311,312 ideal gases. See also gases
gold foil experiment, 35 characteristics, 151
Graham's Law, 159-160 as fiction, B
s s mase, 99 model of, 143-144
gram formula mass, 99, 105
fram molecular mase, 9, 105 immiscible liquids, 164
ground state, 59 instantaneous rate, 188
groups, 49- intermolecular forces, 163
internal energy,
° H ° International System of units, See Sl system
ion product constant for water (K.), 220, 325
halt-lives, 266-267 ionic compounds
halt-reactions defined, 66
defined, 242 formula, 85
reduction, 253-254 melteddissolved, 67
ImlnLarbuns 303, 306 naming, §5-87

mddnncm numbers in,

<I:<arhmg 206-207
defined, 203 kmlc s, 65, 145
molar capacity, 203

releasing, 206-207 clmrge illesiss

reverse processes and, 207 defined, 3

specific capacity, 20-204 electron. mnngumua.u.sx
summing, with Hess's Law, 208-210 flow in salt bridge
Henderson-Hasselbach equation, 233 formation, 54-55

Henry's Constant, 166 identifying with compound name, 86
Henry's Law, 166 polyatomic, 66, §7-89, 330-331

Hess's Law, 208-210, 324 spectator, 120



isomers
defined, 269
diastereomers, 289-208
enantiomers, 289, 293-295

stereoisomers, 289
structural, 289

isotopes, 40-41

. ] .
joules, 59, 204

e Ke

Ka (acid dusgitation constant), 222, 223, 233,

Ko (hase. el constant), 2
325-426.
Kelvin (K) Sl unit, 22
Kelvin scale
absolute zero, 42, 44, 155

gas particles, m 144
kinetic theory, 14
K. (ion product W ‘water), 220, 325

ol e
lanthanides, 51
Law of Conservation of Mass, 113
Le Chatelier's Principle, 197
Lewis acids/bases theory, 217-218
Lewis, Gilbert, 217
Lewis structures

anchor, 69

defined, 68

suidelines, 69-70

illustrated, 70

In molecular shape estimation, 80

ligands, 70,329

Ut propert
agents, 131

Im

codling rate, 148
designation, 44
gas solubility in,

5

166

immiscible, 164

surlace molecules, 146
liter atmosphere, 2

lone pairs, 70, 329
Lowry, Thomas, 216-217

oMe

mass
abbreviation, 176
atomic, 34, 40-42, 102
conversions, 100
molar, 99
molecular, determining 182-183
mass numbers, 3
ss-mass percent solutions, 168

basicity, 219-221
concentration, 168

decay rates, 266-267

energy, 59-60

equilibrium, 193-196

error, 14

exponential notation for, 9-10, 12-13

reagents, 12
scientific notation for, 9-12
significant figures in, 15-16, 17

melting, 146

crystalline solids, 148
defined, 146
fonic solids, 148
molecular solids, 148
meso compounds, 295
metalloids, 51
metals
activity series, 117-118
0, 427
alkaline earth, 50
properties, 51
transition, 51, 330

mtex 339
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metathesis reaction, 118
meter (m) Sl unit, 22

il () e 22
miscibility, 164
miscible liquids, 164
mols
in boiling point elevations, 178
caleulating, 175
defined, 17
molarity versus, 175-176.
problem wording, 176
Aol et capacky, 203
mlarias
molari
ahbrewatkm, 176
caleulating, 168, 17
in concentration expression, 170
defined, 168, 175
molality versus, 175-176
titration in caleulating, 230-232
units, 168, 187
mole fractions, 176
mole ratio, 176
molecular compounds
defined, 89
formulas, writing, 90
naming, 89-91

molecular formulas, 105-106
molecular masses, 1
molecular orbitals, 72, 73
molecular solids, 148
molecules
chiral, 293
odd number of valence electrons, 328
shaping, 77-81
mole-mass conversion factor, 12§
mole-mole conversion factor:
fcen bl utions, 125421
define
in pmhlem salving flowchart, 128
mole-particle conversion factor, 126
moles
abbreviation, 176

in counting particles, 97-9

defined, 2,9

97
mass assignment to, 99-101
ratios, 103

in stoichiometry, 128

ng
with scientific notation, 11-12
sigaificant figures and, 17

oM e

nano (n) prefix, 22

Nenst equnllm\

net lonic equations, 120, 121

neutral sol 19

neutralization reactions, 227-228
2]

electronegative, 66
properties, 51

smliplied by volioe, 229
nuclear chemistry, 26
clear fssion. 37, 265

ucleatides, 313, 314
numerator, 11

e()e
octet rule, 327-328
orbitals, See also electrons
antibonding, 72
honding, 72
carbon, 57
cmnbmmmu». 80
defin
fbrid, 78
hybridized, 3
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molecular, 72-74 phases. See also gases liguids; solids
rules, 328329 defined, 42, 146
types of, 56 designations, 44
organic compounds, 273, 332 low-temperature change, 146
arganization, this book, 2-3 moving between, 42-45
xidation plasma, 145
electrode, 249 sample of, 44
numbers, 239-241 supercritical fluids, 146
zin, 250 pi bonds, 73
axidationreduction reactions. See redox reactions  plasma, 14
oxidizing agents, 240 |)Ium pudding model, 35
oxygen
atomic mass, 102 (Ielmed 219
combustion, 118 logarithms, 220, 324
combustion reactions, 115 pure water, 25
as limiting reagent, 131 polar solvents, 67
polarity, 75, 164
epPe polyatomic fons, See alsalons
it
parent chain, 277,278 charge, 88
parteper billion (ppb). 168 commor, 9390531
ts per million (ppm), 168 defined, 66, 8
pentane, 274275 s b
percent decomposition, 102 memorizing, 330
percent error, multiple occurrences, 88
percent solutions, 168 pobymssaaton rastia: 313
percent yield, 133 polyme
periodic table of elements mrhuhydrule‘, 3312
actinides, 51 defined
atomic numbers, 37 nucleic -clds siaats
defined, 49
element properties, 51
gases, 13
groups, 49-
illustrated, 50
lanthanides, 51 poiemialenergy. 201,252,2
precision. 14, 15-16
pressure

alitude relationship, 152
derlved units expression, 23
equilibrium relationship, 197
in phase diagrams, 146, 147

perlada 952 states and, 144

vapor, 152-153
calcnlmm& 20 volume relationship, 153-151
equation, 424 pressure-volume work, 202
mumlalumg with buffers, 233-235 products
pure water, 325 energy difference, 195
Leste, 219 reactant equation, 111
phase diagrams, 146, 147 reactants ratio, 234

phase transitions, 146 solubility constant, 236
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pre 2313
|)m|m\ acceptors, 217
protan donors, 217

purines, 31
pyrimidines, 313

e Qe
quantization of anguIAr momentum, 36
quantum mechanics,

oRe

sloacive datog, 40166

ive decay, 263

“adionciviy 0

radiolsotopes

amount formla, 266
63-2

determining i 160
factors affecting, 191-192

o e i 189
instantaneous, 188
measuring, 187-190
for second-order reactions, 189
for zero-order reactions, 188

combination, 116
decomposition, 116-117

endathermic, 206

enthalpy changes, 206-207, 208-209
equilibrium constant, 323
equilibrium position of, 193
exothermic, 206-207
favorable, 194, 195
first-order, 189

half, 242

impurities and, 133
instantaneous rate, 188
metathesis, 118
neutralization, 227, 228

excess,
limiting, m s
measurement,
rechargeable pateics 251
redox reactions
balancing under acidic condit

Im]andng tinder Basic conditions, 244-245

in bat
Comermatein o Charge principle, 242
Conservation of Mass principle, 242
defined, 239
In sestraybe il 256
examples, 23

reducing Agems, 240

relative abundance, 41

resanance, 70, 71

RNA nucleotides, 313

rotamers, 25

Rutherford, Emest, 35

eSe

sl b 250

ddmed 235
dissaciation in water, 235

solubilty, 2
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saturated solutions, 164 mole ratio, 176
scientific notation solvated, 163
coefficients, 10 solutions
converting numbers 10, 9 bufler, 227
defined, 9 componerts, 163
dividingin, 11-12 concentrated, 168
metric system prefises versus, 22 defined, 163
. 11-12 neutral, 219
‘onverting to decimal form, 10 particles in, 176
second (s St unit, 2 percent, 168
second-order rate law, 322 saturated, 164
second-order reactions, 189 stock, 170

supersaturated, 163
unsaturated, 161

sclmlian, 163

unit conversion, pri® solvent:
units as guide, 26-30 fn bolling point elevations, 176
sigma bonds, T3 defined, 163
significant figures species, 188, 240

specific heat capacity, 203-204

spectator lons, 120

standard cell potentials, 253

standard reduction potentials, 253

stndand lemperaing and pressire (TH
100, 253

single replacement reaction, 117-118
skeleton equations, 113, 114 s!ale hmuluns 02
il g cheriat, 48

Yineric energy and, 143-145

-marphuns 148 matter movement between, 143
covalent, 148 solid, 148-149

crystalline, 148 temperatures/pressures and, 144
designation, 44 transition, 191

fonic, 66, 148 stereo bonds, 290

matter changes, 33 Stereolsomers. See alsoisomers
molecular, 148 defined, 28

on perlodic table, 43 diastereomers, 289-205

phase sampling, 44 enantiomers, 203-208
sublimation, 146 stock solutions, 170
solubility stoichiometric coefficients, 194, 323
it with et 105407 sm.cnmmeuy_ 125,128

forces, 163-165 strong force, 3

polarity in, 1ot Shructara lomers, 260

product constant, 236 sebatouic parites, 4

salt, 235-236 sublimation, 146

solutes Subscripte, 13

in boiling point elevations, 179 substituents

concentration, 164 defined, 276

defined, 163 aroups, 278

dissolved, 161 numbering on aromatics, 253

gaseous, temperature and, 166 substitution, 309
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subtraction, 1213, 17
supercritical fluids, 14
supersaturated solutions, 164
symbols, chemical equation, 112

eTe
temperatures
cell pmennalvmhllm 253
EMF depende
entrony and, 165
equilibrium relationship, 197
in phase diagrams, 146, 147
reaction rates increasing, 191
solubility alteration with, 165-167
states and, 144
vapor pressure dependence, 152
e
theoretical yield, 1
thermachemistry, 201
S, 201

e
Uansition metals, 5, 330
transition states, 191
trigonal planar geometry, 80
triple bonds, 69, 263

triple point, 146

ol e
unit cells, 148
units

base, 21-22

converting between, 24-28
density, 20

, 23-24
unsaturated hydrocarbons, 280,
unsaturated solutions, 164

/e

valence electrons.

stability with, 54-56

valence shell electron pair repulsion. See

5
vapor pressure, 146, 152
voltage, 251
voltaic cells
defined, 249

illustrated, 251
with metal and gas, 254

. 100
derived units expression, 23
ideal gas volume, 151
mole assignment, 99-100
pressure relatic 53-154
ter mpemlure relationship, 155

VSEPR theo
detined 7
hybridization with, 78
methane shape, 0
moleculr shapes Widratcn 79
principle,
shape |)red|c||an, ®

o/ e

ater
density, liquid versus ice, 331
fon rodu const o 220
molecules,

pHand pOH, 325

salt dissociation in, 235

el/e
yields, 111,133
oo

zer0
absolute, 42, 44, 155

zero-order reactions, 188
zine, 250, 251
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