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CHAPTER 1

CHEMICAL FOUNDATIONS

Questions

17.

18.

19.

20.

21.

A law summarizes what happens, e.g., law of conservation of mass in a chemical reaction or
the ideal gas law, PV = nRT. A theory (model) is an attempt to explain why something
happens. Dalton’s atomic theory explains why mass is conserved in a chemical reaction. The
kinetic molecular theory explains why pressure and volume are inversely related at constant
temperature and moles of gas present, as well as explaining the other mathematical
relationships summarized in PV = nRT.

A dynamic process is one that is active as opposed to static. In terms of the scientific
method, scientists are always performing experiments to prove or disprove a hypothesis or a
law or a theory. Scientists do not stop asking questions just because a given theory seems to
account satisfactorily for some aspect of natural behavior. The key to the scientific method is
to continually ask questions and perform experiments. Science is an active process, not a
static one.

The fundamental steps are

(1) making observations;
(2) formulating hypotheses;
(3) performing experiments to test the hypotheses.

The key to the scientific method is performing experiments to test hypotheses. If after the test
of time the hypotheses seem to account satisfactorily for some aspect of natural behavior,
then the set of tested hypotheses turns into a theory (model). However, scientists continue to
perform experiments to refine or replace existing theories.

A random error has equal probability of being too high or too low. This type of error occurs
when estimating the value of the last digit of a measurement. A systematic error is one that
always occurs in the same direction, either too high or too low. For example, this type of
error would occur if the balance you were using weighed all objects 0.20 g too high, that is, if
the balance wasn’t calibrated correctly. A random error is an indeterminate error, whereas a
systematic error is a determinate error.

A qualitative observation expresses what makes something what it is; it does not involve a
number; e.g., the air we breathe is a mixture of gases, ice is less dense than water, rotten milk
stinks.

The Sl units are mass in kilograms, length in meters, and volume in the derived units of m°.
The assumed uncertainty in a number is +1 in the last significant figure of the number. The
precision of an instrument is related to the number of significant figures associated with an
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22.

23.

24.

25.

experimental reading on that instrument. Different instruments for measuring mass, length, or
volume have varying degrees of precision. Some instruments only give a few significant
figures for a measurement, whereas others will give more significant figures.

Precision: reproducibility; accuracy: the agreement of a measurement with the true value.
a. Imprecise and inaccurate data: 12.32 cm, 9.63 cm, 11.98 cm, 13.34 cm

b. Precise but inaccurate data: 8.76 cm, 8.79 cm, 8.72 cm, 8.75 cm

c. Precise and accurate data: 10.60 cm, 10.65 cm, 10.63 cm, 10.64 cm

Data can be imprecise if the measuring device is imprecise as well as if the user of the
measuring device has poor skills. Data can be inaccurate due to a systematic error in the
measuring device or with the user. For example, a balance may read all masses as weighing
0.2500 g too high or the user of a graduated cylinder may read all measurements 0.05 mL too
low.

A set of measurements that are imprecise implies that all the numbers are not close to each
other. If the numbers aren’t reproducible, then all the numbers can’t be very close to the true
value. Some say that if the average of imprecise data gives the true value, then the data are
accurate; a better description is that the data takers are extremely lucky.

Significant figures are the digits we associate with a number. They contain all of the certain
digits and the first uncertain digit (the first estimated digit). What follows is one thousand
indicated to varying numbers of significant figures: 1000 or 1 x 10° (1 S.F.); 1.0 x 10% (2
S.F.); 1.00 x 10° (3 S.F.); 1000. or 1.000 x 10° (4 S.F.).

To perform the calculation, the addition/subtraction significant figure rule is applied to 1.5 —
1.0. The result of this is the one-significant-figure answer of 0.5. Next, the multi-
plication/division rule is applied to 0.5/0.50. A one-significant-figure number divided by a
two-significant-figure number yields an answer with one significant figure (answer = 1).

From Figure 1.9 of the text, a change in temperature of 180°F is equal to a change in
temperature of 100°C and 100 K. A degree unit on the Fahrenheit scale is not a large as a
degree unit on the Celsius or Kelvin scales. Therefore, a 20° change in the Celsius or Kelvin
temperature would correspond to a larger temperature change than a 20° change in the
Fahrenheit scale. The 20° temperature change on the Celsius and Kelvin scales are equal to
each other.

Straight line equation: y = mx + b, where m is the slope of the line and b is the y-intercept. For
the Te vs. T¢ plot:

Te=(9/5)Tc + 32
y=m x+b

The slope of the plot is 1.8 (= 9/5) and the y-intercept is 32°F.
For the T¢ vs. Tk plot:

TC: TK - 273
y=mx +Db

The slope of the plot is 1, and the y-intercept is —273°C.
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26. a. coffee; saltwater; the air we breathe (N, + O, + others); brass (Cu + Zn)
b. book; human being; tree; desk
c. sodium chloride (NaCl); water (H,O); glucose (CsH1,0¢); carbon dioxide (CO,)
d. nitrogen (Ny); oxygen (O,); copper (Cu); zinc (Zn)
boiling water; freezing water; melting a popsicle; dry ice subliming
f. Elecrolysis of molten sodium chloride to produce sodium and chlorine gas; the explosive
reaction between oxygen and hydrogen to produce water; photosynthesis, which converts
H,O and CO, into C¢H;,06 and O,; the combustion of gasoline in our car to produce CO,
and H,O
Exercises

Significant Figures and Unit Conversions

27.

28.

29.

30.

31.

32.
33.

a. exact b. inexact
c. exact d. inexact (7 has an infinite number of decimal places.)

a. one significant figure (S.F.). The implied uncertainty is £1000 pages. More significant
figures should be added if a more precise number is known.

b. twoS.F. c. four S.F.

d. twoS.F. e. infinite number of S.F. (exact number) f. oneS.F.
a. 6.07x10%;3SF. b. 0.003840; 4 S.F. c. 17.00;4S.F.

d. 8x10% 1SF. e. 463.8052; 7 S.F. f. 300; 1S.F.

g. 301;3S.F. h. 300.; 3S.F.

a. 100; 1S.F. b. 1.0x10%2SF. c. 1.00x10%3SF.

d. 100.;3S.F. e. 0.0048;2S.F. f.  0.00480; 3S.F.

g. 4.80x10%;3SF.  h. 4.800x 1073;4S.F.

When rounding, the last significant figure stays the same if the number after this significant
figure is less than 5 and increases by one if the number is greater than or equal to 5.

a. 3.42x10* b. 1.034 x 10* c. 1.7992 x 10! d. 3.37x10°
a. 4x10° b. 3.9x10° c. 3.86x10° d. 3.8550 x 10°

Volume measurements are estimated to one place past the markings on the glassware. The
first graduated cylinder is labeled to 0.2 mL volume increments, so we estimate volumes to
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34.

35.

the hundredths place. Realistically, the uncertainty in this graduated cylinder is +0.05 mL.

The second cylinder, with 0.02 mL volume increments, will have an uncertainty of +0.005
mL. The approximate volume in the first graduated cylinder is 2.85 mL, and the volume in
the other graduated cylinder is approximately 0.280 mL. The total volume would be:

2.85 mL
+0.280 mL
3.13 mL

We should report the total volume to the hundredths place because the volume from the first
graduated cylinder is only read to the hundredths (read to two decimal places). The first
graduated cylinder is the least precise volume measurement because the uncertainty of this
instrument is in the hundredths place, while the uncertainty of the second graduated cylinder
is to the thousandths place. It is always the lease precise measurement that limits the
precision of a calculation.

a. Volumes are always estimated to one position past the marked volume increments. The
estimated volume of the first beaker is 32.7 mL, the estimated volume of the middle
beaker is 33 mL, and the estimated volume in the last beaker is 32.73 mL.

b. Yes, all volumes could be identical to each other because the more precise volume
readings can be rounded to the other volume readings. But because the volumes are in
three different measuring devices, each with its own unique uncertainty, we cannot say
with certainty that all three beakers contain the same amount of water.

c. 32.7mL
33 mL
32.73 mL
98.43 mL =98 mL

The volume in the middle beaker can only be estimated to the ones place, which dictates that
the sum of the volume should be reported to the ones place. As is always the case, the least
precise measurement determines the precision of a calculation.

For addition and/or subtraction, the result has the same number of decimal places as the
number in the calculation with the fewest decimal places. When the result is rounded to the
correct number of significant figures, the last significant figure stays the same if the number
after this significant figure is less than 5 and increases by one if the number is greater than or
equal to 5. The underline shows the last significant figure in the intermediate answers.

a. 212.2+26.7 +402.09 = 640.99 = 641.0

b. 1.0028 + 0.221 + 0.10337 = 1.32717 = 1.327

c. 52.331+26.01-0.9981 =77.3429=77.34

d. 2.01x10%+3.014 x 10° = 2.01 x 10> + 30.14 x 10° = 32.15 x 10° = 3215

When the exponents are different, it is easiest to apply the addition/subtraction rule when
all numbers are based on the same power of 10.

e. 7.255-6.8350 = 0.42 = 0.420 (first uncertain digit is in the third decimal place).
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36.

37.

38.

For multiplication and/or division, the result has the same number of significant figures as the
number in the calculation with the fewest significant figures.

0.102 x 0.0821 x 273
1.01

= 2.2635 = 2.26

0.14 x 6.022 x 10 = 8.431 x 10% = 8.4 x 10°%, since 0.14 only has two significant
figures, the result should only have two significant figures.

4.0 x 10°x 5.021 x 107° x 7.34993 x 10> = 1.476 x 10° = 1.5 x 10°

2.00 x 10°

T00 107 6.6667 x 10* =6.67 x 10%?
. X

Here, apply the multiplication/division rule first; then apply the addition/subtraction rule
to arrive at the one-decimal-place answer. We will generally round off at intermediate
steps in order to show the correct number of significant figures. However, you should
round off at the end of all the mathematical operations in order to avoid round-off error.
The best way to do calculations is to keep track of the correct nhumber of significant
figures during intermediate steps, but round off at the end. For this problem, we
underlined the last significant figure in the intermediate steps.

2.526 N 0.470 N 80.705
3.1 0.623  0.4326

=0.8148 + 0.7544 + 186.558 = 188.1

Here, the mathematical operation requires that we apply the addition/subtraction rule
first, then apply the multiplication/division rule.

6.404 x 291 6.404 x 2.91 _
18.7-17.1 16

12

6.071x 10° -8.2x10° - 0521 x 10 =60.71 x 10°-8.2x 10° —52.1 x 10°°
=041%x10° =4%x 10"

38x10™+40x10"  38x10°+40x10"  42x107"°
4 x 10" + 6.3 x 10" 4 x 10" + 63 x 10* 67 x 10

=63x10%

95+4.1+28+3.175 19575
4
Uncertainty appears in the first decimal place. The average of several numbers can only

be as precise as the least precise number. Averages can be exceptions to the significant
figure rules.

=489=49

Mxloo _ 0020 x 100 =0.22
8.925 8.925

6.022 x 10% x 1.05 x 10> = 6.32 x 10%
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-34 8
b. 6.6262 x 107" x 2.298 x 10 _782 x 10°Y7
2.54 x 10”
c. 1.285x 1072 +1.24x 10 +1.879 x 10
=0.1285 x 107! + 0.0124 x 107*+ 1.879 x 107! =2.020 x 10
When the exponents are different, it is easiest to apply the addition/subtraction rule when
all numbers are based on the same power of 10.
4 (100866 —1.0072238) _ 0.00138  =229x107
6.02205 x 10 6.02205 x 10
2 2 2
o 9875x10 9.7925 x10° 5o - 0080 x 102 100 = 8.1 x 101
9.875 x 10 9.875 x 10
;942 x10% +8.234 x 10 +1.625 x 10° _ 0.942 x 10° +0.824 x 10° +1.625 x 10°
' 3 3
=1.130 x 10°
39. a 843cmx M, 1000MM _ o) omm b 241x102cm x =241m
100 cm m 100cm
c. 2045mm x ——m 2006 _5 5 4 10® cm
1x 107 nm m
d 1.445x 10°mx —<— 14 45 km e. 2353 mx 2000MM _ 5 355 % 105 mm
1000 m m
6
f. 903.3nm x 1”; 1 107HM _ 4 9033 um
1x10° nm m
12
20, a 1Tgx 221970 1K 4 100k
Tg 1000 g
12 9
b. 6.50x 107 Tm x 2107 M  1x10°0M _ oo o 10%nm
Tm m
c. 25fg x 1915 « K9 _ o5 101BKkg = 255 x 10 kg
1x107fg 1000g
3 1L 3 3
d. 80dm’x —- =80L (1L=1dm®=1000cm’= 1000 mL)
dm
6
e. 1mL x 1L x1X10 ML:1><103],lL
1000 mL L
12
f. 1pugx 19 ><1X10 pg:lxlOGpg

1 x 108 1g g
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41. a. Appropriate conversion factors are found in Appendix 6. In general, the number of
significant figures we use in the conversion factors will be one more than the number of
significant figures from the numbers given in the problem. This is usually sufficient to
avoid round-off error.

391kgx — P _g621b; 0.621bx 0%
0.4536 kg

=990z

Baby’s weight = 8 Ib and 9.9 oz or, to the nearest ounce, 8 Ib and 10. oz.

51.4 cm x Lin
2.54cm

=20.2 in~ 20 1/4 in = baby’s height

1.61km

mi

1000 m

b. 25,000 mi x =4.0 x 10* km; 4.0 x 10* km x =4.0x10'm

c. V=1xwxh=10m x (S.GCm X Jx(Z.ldm X 13? J:1.2><1O2 m’

00cm m

=12L

3
12x102m® x (100'”‘} « 1"3

m dm

3 N 3
12 L x 1000cm” f_ 1in = 730 in® 7300 x | 21U | = 0.42 ¢
L 254 cm 121in

1lb 04536k

42. a. 908 oz x =25.7 kg
16 0z Ib
b 128Lx 9t 108l _5ag )
0.9463L  4qt
¢ 125mLx —2b 18 g3
1000mL ~ 0.9463 L
d 289galx 29t L 2000mL 595 g0 mL
lgal 1.057qt 1L
e. 4481bx 22309 _ 034 10%g
fossomLx b 100G 5
1000mL L
43. a. 1.25mix M =10.0 furlongs; 10.0 furlongs x 40 rods =4.00 x 10° rods
mi furlon

55vyd 8 36in g 2.54cm y 1m
rod yd in 100cm

4.00 x 10% rods x =2.01x10°m




CHAPTER1 CHEMICAL FOUNDATIONS

44,

45,

=2.01 km

2.01x 10°m x KM
1000 m

Let's assume we know this distance to £1 yard. First, convert 26 miles to yards.

5280 ft y m
mi 3ft

26 mi x =45,760. yd

26 mi + 385 yd = 45,760. yd + 385 yd = 46,145 yards

1r0d _ 5390.0 rods; 8390.0 rods x ~run1ong

46,145 yard x
55yd 40 rods

= 209.75 furlongs

36in y 2.5_4cm g Im = 42,195 m: 42,195 m 1km
yd in 100cm 1000 m

=42.195 km

46,145 yard x

2 2
1ha x 10.000m~ o Tkm ) _ 102 km?
ha 1000 m

5.5 acre x

160rod?> ( 55yd 36in  2.54cm 1m
X X X - X
acre rod yd in 100cm

2
J =22 x 10* m?

1km
1000 m

lha

2.2 x 10* m? x —
1 x10"m

2
=22ha; 2.2x10*m?x ( ] =0.022 km?

Area of lot = 120 ft x 75 ft = 9.0 x 10° ft

X
160 rod? 0.21acre acre

2
9.0 x 10° ft? x [ ]?-’i/td y 515"0(?:i ] lacre = 0.21 acre; $6,500 _ $31,000
oY

We can use our result from (b) to get the conversion factor between acres and hectares
(5.5acre=2.2ha.). Thus 1 ha=2.5 acre.

=0.084 ha; the price is: $6,500 = $77,000
2.5acre 0.084 ha ha

0.21 acre x

12 troy oz y 20 pw . 24 grains y 0.0648¢ " 1kg

1troy Ib x -
troy Ib troy oz pw grain 1000¢g

=0.373 kg

2.2051b

1 troy Ib = 0.373 kg x =0.8221b

20 pw y 24 grains y 0.0648 g

1troy oz % -
troy oz pw grain

= 3119

1carat

ltroyoz=31.1gx = 156 carats
0.200
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10009 1cm®
kg 19.3¢

c. 1troylb=0.373 kg; 0.373 kg x =19.3cm®

1scruple y ldramap N 3.888¢

46. a. lgrainap x -
20grainap  3scruples  dramap

= 0.06480 g

From the previous question, we are given that 1 grain troy = 0.0648 g = 1 grain ap. So the
two are the same.

8dramap y 3.888¢ g loz troy*

b. 1ozapx
ozap dram ap 31.1¢g

=1.00 oz troy; *see Exercise 45b.

1g g ldramap y 3scruples

c. 5.00x10°mg x
1000 mg 3.888¢ dram ap

= 0.386 scruple

20 grains ap

0.386 scruple x
scruple

=7.72 grains ap

ldramap g 3.888¢

d. 1scruple x
3scruples  dramap

=129 g

1capsule
x —capsule

47. 156 ¢ = 24 capsules

80. mg acet

48. 1.5 teaspoons X ——
0.50 teaspoon

= 240 mg acetaminophen

240 mg acet y 1lb
241b 0.454 kg

= 22 mg acetaminophen/kg

240 mg acet y 1lb

= 15 mg acetaminophen/kg
351b 0.454 kg

The range is from 15 to 22 mg acetaminophen per kg of body weight.

8 .
49, warpL7l= (5_00 L 300x10 mJ ,1094yd 60s  6Omin _1lknot

S m min h * 2030 yd/h
=2.91 x 10° knots

8 . .
5.00 x 3.00 x 10°m 8 1km 8 Imi 8 695 8 60 min —3.36 x 10° mi/h
S 1000 m 1.609 km min h
50, 100.m = 10.4 ms: 100.m 1km 60s y 60 min — 376 km/h

x X
9.58s 9.58s 1000m  min
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100.m N 1.0936 yd 5 3ft = 34.2 ftfs: 34.2 ft y Imi y 60.5 g 60 min — 233 mi/h
9.58s m yd S 5280ft  min h
1.00x 10%yd x — M 9988 g6
1.0936yd 100.m
51, Ookm  OB2L4MI _ 4,4~ 40, mim
h km
To the correct number of significant figures (2), 65 km/h does not violate a 40 mi/h speed
limit.
52.  112kmx OB214M 1N g b= 1 hand 6 min
km 65 mi
112 km x 0.6214 mi X 1gal. X 3.785L _ 9.4 L of gasoline
28 mi gal
53 2.45 euros y 1kg y $1.32 _ $1.47/1b
kg 2.20461b euro
One pound of peaches costs $1.47.
54. For the gasoline car:
500. mi x 94 350 _ g5
28.0 mi gal
For the E85 car:
500. mi x 93, $285 _ ¢g33
22.5mi gal
The E85 vehicle would cost slightly more to drive 500. miles as compared to the gasoline
vehicle ($63.3 versus $62.5).
5280 ft )’
55.  Volume of lake = 100 mi® x [ : j x 20 ft = 6 x 10" ft’
mi
. 3
6 x 101 f x (12|n y 2.5'4ch y 1m|3_ L O4ug _ 7% 10 pg mercury
in cm mL
7x 10" ug x 196 x 1kg3 =7 x 10° kg of mercury
1x10°png 1x10°g
56. Volume of room = 18 ft x 12 ft x 8 ft = 1700 ft* (carrying one extra significant figure)
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. 3 3 3
1700 f x 12in « 2.5_4cm « Im _ a8 m?
ft in 100 cm

48m° x 400’0003“9 o 196CO =19g=20g CO (to 1 sig. fig.)
m 1x10° pg CO
Temperature
57, a Tc= g (Te—32) = g (—459°F — 32) = —273°C; Ty = Tc + 273 = —273°C + 273 = 0K
b, Te= g (-40.°F — 32) = —40.°C; Ty = —40.°C + 273 = 233 K
¢ Te= g (68°F — 32) = 20.°C; Ty = 20.°C + 273 = 293 K

d Tc= §(7><1O7°F—32):4><107°C; Tk=4x10"°C +273=4x 10" K

58. 96.1°F +0.2°F; first, convert 96.1°F to °C. T¢ = g(TF -32)= 8(96.1 —-32) =35.6°C

A change in temperature of 9°F is equal to a change in temperature of 5°C. So the
uncertainty is:

5°C

90

+0.2°F x =+0.1°C. Thus 96.1 +0.2°F = 35.6 +0.1°C.

59. a. Teg= % xTc+32= % x 39.2°C + 32=102.6°F (Note: 32 is exact.)

Tk= Tc+273.2=39.2+273.2=3124K

b. Te= % x (-25) +32=-13°F; Tx=-25+273=248K
c. Tg= % x (=273) + 32 = —459°F; Tx=-273+273=0K
d Te= % x 801 + 32 = 1470°F; Tx=801+273=1074K

60. a. Tc=Tk—-273=233-273=-40.°C

T, = %xTC+ 32= % x (~40.) + 32 = ~40.°F

b. Tc=4-273=-269°C; Tg= % X (—269) + 32 = —452°F
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61.

62.

63.

C.

d.

Tc=298-273=25°C; Te= % x25+32=T7°F

Tc=3680—-273=3410°C; Tg= % x 3410 + 32 = 6170°F

Te = %x Tc + 32; from the problem, we want the temperature where Tg = 2T,

Substituting:

2Tc = %X Tc+32, (02)Tc=32, Tc= % =160°C

Tr = 2T when the temperature in Fahrenheit is 2(160) = 320°F. Because all numbers when
solving the equation are exact numbers, the calculated temperatures are also exact numbers.

Tec= g(TF -32) = 3(72 -32)=22°C

Tc=Tk—-273=313-273=40.°C

The difference in temperature between Jupiter at 313 K and Earth at 72°F is 40.°C — 22 °C =
18°C.

a.

b.

C.

0
A change in temperature of 140°C is equal to 50°X. Therefore, % is the unit con-

. 50" X
version between a degree on the X scale to a degree on the Celsius scale. To account for
the different zero points, —10° must be subtracted from the temperature on the X scale to
get to the Celsius scale. The conversion between °X to °C is:

o o
Te=Tx x S0 _100C, Te=Tx x 2=
50°X 5° X

—-10°C

The conversion between °C to °X would be:

5°X
Tx = (Tc +10°C
x= (e ) leec
. 5°X .
Assuming 10°C and are exact numbers:
14°C
5°X

Tx = (22.0°C + 10°C) = 11.4°X

14°C
Assuming exact numbers in the temperature conversion formulas:

14°C

Tc =58.0°X x —10°C = 152°C
5°X
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Tk =152°C +273 =425 K

90F [e] o o
Te= 5o X 152°C +32°F = 306°F

64. a. —— 100°A 115°C A change in temperature of 160°C equals a
A A change in temperature of 100°A.

100°A 160°C 160°C

So
100°A
degree change in temperature.

is our unit conversion for a

Y 0°A Y _ -45°C
At the freezing point: 0°A =-45°C

Combining these two pieces of information:

100°A S5°A 8°C

= (Tc + 45°C) x or Te=Tax — 45°C
(C ) C A 5A

Ta=(Tc+45°C) x

160°C 8°C
b, Te=(Tr-32) x 2; Te=Tax & _45=(Te—32)x 2
9 5 9
9 8 72 72°F
Teo32=2 x [Tax S 45| =Ty x 12 81, Te=Tax _49°F
" SX(Axs J A% 55 FT AT o5en

c. Te=Tax % — 45and Te=Ta s0Tc=Tcx % — 45, %:45,% = 75°C = 75°A

d. Tc=86°Ax SO _45°C =093°C; Tr=86°Ax ~2F _ 49°F = 199°F = 2.0 x 10°°F
5°A 25°
6. Ta=(45°C +45°C) x 22 = 56°A
8°C
Density
3
65. Mass = 3501b x 22509 _16x10°g; V=12x10"in® x (2'5_4 ij = 2.0 x 10° cm?®
In
5
Density = — 12> _ 11079 _ (g0 g/lem®

volume 2.0 x 10° cm?®

Because the material has a density less than water, it will float in water.

66. V= %m3 = % x 3.14 x (0.50cm)®* =0.52cm?®; d= _200 _454 glem®

0.52cm?®
The ball will sink.
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3
67.  V=2rr3= 20314 [7.0x10% km x 1000M  200Em 1T, 4 10% em?
3 3 km m
o 2x10%kgx 710209
e — g _ 6 3_ 6 3
Density = = =1.4x10°g/lcm’® =1 x 10° g/cm
Y~ Volume 1.4 x 10¥ cm? ] ]
68. V=Ixwxh=29cmx35cmx10.0cm=1.0x10°cm’
. 615.0g 6.29
d = density = =
1.0 x10%2cm®  cm?®
3
69. a 5.0carat x 22009 1M _ o8 cm?
carat 3.51¢g
3
b. 2.8mL x Lem X 3519 X Loarat _ 49 carats
mL cm®  0.2009
70.  Forethanol: 100. mL x 27999 — 789
m
For benzene: 1.00 L x 1000 mL. X 0.880¢ =880. ¢
mL
Total mass =78.9g +880.g=959 ¢
71. V=21.6 mL —-12.7 mL = 8.9 mL; density = 33429 _ 3.8 g/mL = 3.8 g/cm®
8.9mL
3
72, 5259 x ~M ~ 0,500 cm® = 0.500 mL
1059
The volume in the cylinder will rise to 11.7 mL (11.2 mL + 0.500 mL = 11.7 mL).
73. a. Both have the same mass of 1.0 kg.

b. 1.0 mL of mercury; mercury is more dense than water. Note: 1 mL = 1 cm®,

LomL  1369_ 0.998¢

14 g of mercury; 1.0 mL x = 1.0 g of water

c. Same; both represent 19.3 g of substance.

0.9982¢g
mL

19.3 mL x =19.3 g of water; 1.00 mL x

19329 _ 19.3 g of gold
mL
d. 1.0 L of benzene (880 g versus 670 g)

8.96g _

1000 mL y 0.880¢g
mL

75 mL x 670 g of copper; 1.0L x = 880 g of benzene
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74.

75.

76.

77.

78.

1L 1000mL  0.789g
X X

a. 150qt x = 1120 g ethanol
1.0567 qt L mL

3

b. 3.5in° x (2'5_4 ij x 13'639 = 780 g mercury
In cm
a. 1.0 kg feather; feathers are less dense than lead.
b. 100 g water; water is less dense than gold. c. Same; both volumes are 1.0 L.
a. Hi(g): V=25.0gx _lem® 3.0 x 10° cm® [Ha(g) = hydrogen gas.]
0.000084 g
b. H,O(l): V=250 x Lem® e g em? [H,0(1) = water.]
0.9982 g
1cm?®

c. Fe(s): V=250¢gx

=3.18 cm® [Fe(s) = iron.
7879 [Fe(s) ]

Notice the huge volume of the gaseous H, sample as compared to the liquid and solid
samples. The same mass of gas occupies a volume that is over 10,000 times larger than the
liquid sample. Gases are indeed mostly empty space.

3
Lem” _ 443cm

V=100x10°g x

443cm*=1xwxh=4.00cmx4.00cmxh, h=277cm

3
V=22gx lcm
8.96

=2.5cm’ V=mnr? x|, where | = length of the wire

2.50m3=n><(

0.25 mm Zx lcm
2 10 mm

2
J x 1, 1=5.1x10%cm=170 ft

Classification and Separation of Matter

79.

A gas has molecules that are very far apart from each other, whereas a solid or liquid has
molecules that are very close together. An element has the same type of atom, whereas a
compound contains two or more different elements. Picture i represents an element that
exists as two atoms bonded together (like H, or O, or N). Picture iv represents a compound
(like CO, NO, or HF). Pictures iii and iv contain representations of elements that exist as
individual atoms (like Ar, Ne, or He).

a. Picture iv represents a gaseous compound. Note that pictures ii and iii also contain a
gaseous compound, but they also both have a gaseous element present.

b. Picture vi represents a mixture of two gaseous elements.
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80.

81.

82.

c. Picture v represents a solid element.
d. Pictures ii and iii both represent a mixture of a gaseous element and a gaseous compound.
Solid: rigid; has a fixed volume and shape; slightly compressible

Liquid: definite volume but no specific shape; assumes shape of the container; slightly
Compressible

Gas: no fixed volume or shape; easily compressible

Pure substance: has constant composition; can be composed of either compounds or ele-
ments

Element: substances that cannot be decomposed into simpler substances by chemical or
physical means.

Compound: a substance that can be broken down into simpler substances (elements) by
chemical processes.

Homogeneous mixture: a mixture of pure substances that has visibly indistinguishable parts.
Heterogeneous mixture: a mixture of pure substances that has visibly distinguishable parts.
Solution: a homogeneous mixture; can be a solid, liquid or gas

Chemical change: a given substance becomes a new substance or substances with different
properties and different composition.

Physical change: changes the form (g, I, or s) of a substance but does no change the chemical
composition of the substance.

Homogeneous: Having visibly indistinguishable parts (the same throughout).
Heterogeneous: Having visibly distinguishable parts (not uniform throughout).
a. heterogeneous (due to hinges, handles, locks, etc.)

b. homogeneous (hopefully; if you live in a heavily polluted area, air may be
heterogeneous.)

c. homogeneous d. homogeneous (hopefully, if not polluted)

e. heterogeneous f. heterogeneous

a. heterogeneous b. homogeneous

c. heterogeneous d. homogeneous (assuming no imperfections in the glass)

e. heterogeneous (has visibly distinguishable parts)
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83.

84.

85.

86.

87.

88.

a. pure b. mixture c¢. mixture d. pure e mixture (copper and zinc)
f. pure g. mixture h. mixture i. mixture

Iron and uranium are elements. Water (H,0O) is a compound because it is made up of two or
more different elements. Table salt is usually a homogeneous mixture composed mostly of
sodium chloride (NaCl), but will usually contain other substances that help absorb water
vapor (an anticaking agent).

Initially, a mixture is present. The magnesium and sulfur have only been placed together in
the same container at this point, but no reaction has occurred. When heated, a reaction occurs.
Assuming the magnesium and sulfur had been measured out in exactly the correct ratio for
complete reaction, the remains after heating would be a pure compound composed of
magnesium and sulfur. However, if there were an excess of either magnesium or sulfur, the
remains after reaction would be a mixture of the compound produced and the excess reactant.

Chalk is a compound because it loses mass when heated and appears to change into another
substance with different physical properties (the hard chalk turns into a crumbly substance).

Because vaporized water is still the same substance as solid water (H,O), no chemical
reaction has occurred. Sublimation is a physical change.

A physical change is a change in the state of a substance (solid, liquid, and gas are the three
states of matter); a physical change does not change the chemical composition of the
substance. A chemical change is a change in which a given substance is converted into
another substance having a different formula (composition).

a. Vaporization refers to a liquid converting to a gas, so this is a physical change. The
formula (composition) of the moth ball does not change.

b. This is a chemical change since hydrofluoric acid (HF) is reacting with glass (SiO,) to
form new compounds that wash away.

c. This is a physical change because all that is happening during the boiling process is the
conversion of liquid alcohol to gaseous alcohol. The alcohol formula (C,HsOH) does not
change.

d. This is a chemical change since the acid is reacting with cotton to form new compounds.

a. Distillation separates components of a mixture, so the orange liquid is a mixture (has an
average color of the yellow liquid and the red solid). Distillation utilizes boiling point
differences to separate out the components of a mixture. Distillation is a physical change
because the components of the mixture do not become different compounds or elements.

b. Decomposition is a type of chemical reaction. The crystalline solid is a compound, and
decomposition is a chemical change where new substances are formed.

c. Teais a mixture of tea compounds dissolved in water. The process of mixing sugar into
tea is a physical change. Sugar doesn’t react with the tea compounds, it just makes the
solution sweeter.
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Additional Exercises

89.

90.

91.

92.

93.

94.

95.

Because each pill is 4.0% Lipitor by mass, for every 100.0 g of pills, there are 4.0 g of Lipitor
present. Note that 100 pills is assumed to be an exact number.

25¢g y 4.0 g Lipitor y 1kg

100 pills x — - = 0.010 kg Lipitor
pill 100.0g pills 10009
1269a|xﬂ>< L 77L
gal  1.057qt

Total volume = [200. m x 100 ij X (300. m x 100 ij x 4.0cm=2.4x 10° cm®
m m

Volume of topsoil covered by 1 bag =

. 2 2
{10.1%2 « (uﬂ'”j x (2'54 ij }x [1.0in i 204 ij = 2.4 x 10" cm®

in in
1bag

2.4 x10° cm® x —
24 x 10" cm

= 1.0 x 10° bags topsoil

a. No; if the volumes were the same, then the gold idol would have a much greater mass
because gold is much more dense than sand.

b. Mass=10L x

1000 cm?® 19329 1kg
L

=19.32 kg (=42.59 Ib
cm?3 1000g 9 )

It wouldn't be easy to play catch with the idol because it would have a mass of over 40
pounds.

365 day y 24 h y 60 min N 60s 5 186,000 mi

1 light year =1 yr x :
yr day h min S

5.87 x 10% miles

3.26light yr  5.87 x 102 mi  1.609km  1000m
parsec light yr mi km

9.6 parsecs x 3.0x 10" m

min ~_1h - 6omi  5280f _ g5 3¢ =100

1s x X — X
60s 60 min h mi

If you take your eyes off the road for one second traveling at 65 mph, your car travels
approximately 100 feet.

453.6¢ y 1.0 g trytophan
Ib 100.0 g turkey

a. 0.251b x

= 1.1 g tryptophan
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96.

97.

98.

99.

100.

0.9463 L N 1.04 kg y 1000 kg 5 2.0 g tryptophan

b. 0.25qt x -
qt L kg 100.0 g milk

= 4.9 g tryptophan

A chemical change involves the change of one or more substances into other substances
through a reorganization of the atoms. A physical change involves the change in the form of
a substance, but not its chemical composition.

a. physical change (Just smaller pieces of the same substance.)

b. chemical change (Chemical reactions occur.)

c. chemical change (Bonds are broken.)

d. chemical change (Bonds are broken.)

e. physical change (Water is changed from a liquid to a gas.)

f. physical change (Chemical composition does not change.)

10.0°F
25cm

18.5 cm x

= 35.2°F increase; Trina = 98.6 + 35.2 = 133.8°F

T.=5/9 (133.8 - 32) = 56.56°C

1cm?

Massbenzene = 58.80 g - 25.00 g = 33.80 g; Vbenzene = 33.80 g X = 38.4 Cm3
0.880 ¢
Vioiig = 50.0 cm® — 38.4 cm® = 11.6 cm®,  density = % =2.16 g/cm®
cm

a. Volume x density = mass; the orange block is more dense. Because mass (orange) >
mass (blue) and because volume (orange) < volume (blue), the density of the orange
block must be greater to account for the larger mass of the orange block.

b. Which block is more dense cannot be determined. Because mass (orange) > mass (blue)
and because volume (orange) > volume (blue), the density of the orange block may or
may not be larger than the blue block. If the blue block is more dense, its density cannot
be so large that its mass is larger than the orange block’s mass.

c. The blue block is more dense. Because mass (blue) = mass (orange) and because volume
(blue) < volume (orange), the density of the blue block must be larger in order to equate
the masses.

d. The blue block is more dense. Because mass (blue) > mass (orange) and because the
volumes are equal, the density of the blue block must be larger in order to give the blue
block the larger mass.

3 3
Circumference = c=2ar; V = 4zt _Arfc ) _ ¢
3 3 2z 67°
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5250z _ 5250z _ 04270z

Largest density =

(9.00in)° ~ 123in® in®
6n’
Smallest density = 5'00_023 = 5'00_023 = 0'7.3302
m 13.4in in
6>

(0'373__03'427) %2 or 0.40 +0.03 oz/in’ (Uncertainty is in 2nd decimal

In place.)

Maximum range is:

28.90¢g _ 28909 _

101. V= Viina — Vinitiar; d = 8.5 glem®

" 98cmP-64cm®  34cm’
mass

Omax = ——2% = we get Vinin from 9.7 cm® — 6.5 cm® = 3.2 cm?’.
Vmin
28939  90g ., _ mass, _ 28.87g 8.0g
dmax - 3 = 3 dmin - - 3 3 = 3
3.2cm cm Vinax 9.9cm® -6.3cm cm

The density is 8.5 0.5 g/cm’.

102.  We need to calculate the maximum and minimum values of the density, given the uncertainty
in each measurement. The maximum value is:

19.625g + 0.002 19.627
max = 93 g T = 93 = 0.7860 g/cm®
25.00cm*® - 0.083cm 24.97 cm
The minimum value of the density is:
- 19.6259-0.002g _ 19.623g _ 0.7840 glcm’

25.00cm® +0.03cm®  25.03cm®

The density of the liquid is between 0.7840 and 0.7860 g/cm®. These measurements are
sufficiently precise to distinguish between ethanol (d = 0.789 g/cm®) and isopropyl alcohol
(d = 0.785 g/cm®).

ChemWork Problems

The answers to the problems 103-108 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

109. Ina subtraction, the result gets smaller, but the uncertainties add. If the two numbers are very
close together, the uncertainty may be larger than the result. For example, let’s assume we
want to take the difference of the following two measured quantities, 999,999 +2 and 999,996
+2. The difference is 3 +4. Because of the uncertainty, subtracting two similar numbers is
poor practice.
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110.

111.

112.

113.

In general, glassware is estimated to one place past the markings.

a. 128.7 mL glassware b. 18 mL glassware c. 23.45 mL glassware
NANANNNNY AN AN
— - |24
130 —30 —
—129 _—
—20 _
—128 _
— |23
—127 —10
NV V VW VoV, AAAAAAN NNANNNS
read to tenth’s place read to one’s place read to two decimal places

Total volume = 128.7 + 18 + 23.45 = 170.15 = 170. (Due to 18, the sum would be
known only to the ones place.)

L 270-264 oo p, |1612-1648] 055 o0
2.70 16.12

¢, HOOO-0998L 50 0002 450 009
1.000 0

a. At some point in 1982, the composition of the metal used in minting pennies was
changed because the mass changed during this year (assuming the volume of the pennies
were constant).

b. It should be expressed as 3.08 £0.05 g. The uncertainty in the second decimal place will
swamp any effect of the next decimal places.

Heavy pennies (old): mean mass = 3.08 £0.05 g

(2.467 + 2.545 + 2.518)
3
Because we are assuming that volume is additive, let’s calculate the volume of 100.0 g of

each type of penny, then calculate the density of the alloy. For 100.0 g of the old pennies, 95
g will be Cu (copper) and 5 g will be Zn (zinc).

Light pennies (new): mean mass = =2.51+0.04¢g

1cm?® 1cm® 2 . .
V=959 Cu x +507Zn =11.3 cm® (carrying one extra sig. fig.
g 596 gZnx_— (carrying g. fig.)
. . 100.g 3
Density of old pennies = ———~=— =8.8 g/cm
Y P 11.3cm? J

For 100.0 g of new pennies, 97.6 g will be Zn and 2.4 g will be Cu.

3 3
V=24gcy x 1M Lem
8.96¢

+ 97.69Znx
7.149

=13.94 cm® (carrying one extra sig. fig.)

100.g

m =7.17 g/0m3

Density of new pennies =
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114,

115.

116.

mass
volume

d=

; because the volume of both types of pennies are assumed equal, then:

Opew _ Massp, _ 7.17 g/em® - 0.81
doig masSy|q 8.89 /cm?®

massye, _ 2.51g
Massq 3.08¢9

The calculated average mass ratio is: = 0.815

To the first two decimal places, the ratios are the same. If the assumptions are correct, then
we can reasonably conclude that the difference in mass is accounted for by the difference in
alloy used.

a. At 8a.m., approximately 57 cars pass through the intersection per hour.
b. At 12 a.m. (midnight), only 1 or 2 cars pass through the intersection per hour.

c. Traffic at the intersection is limited to less than 10 cars per hour from 8 p.m. to 5 a.m.
Starting at 6 a.m., there is a steady increase in traffic through the intersection, peaking at
8 a.m. when approximately 57 cars pass per hour. Past 8 a.m. traffic moderates to about
40 cars through the intersection per hour until noon, and then decreases to 21 cars per
hour by 3 p.m. Past 3 p.m. traffic steadily increases to a peak of 52 cars per hour at 5
p.m., and then steadily decreases to the overnight level of less than 10 cars through the
intersection per hour.

d. The traffic pattern through the intersection is directly related to the work schedules of the
general population as well as to the store hours of the businesses in downtown.

e. Run the same experiment on a Sunday, when most of the general population doesn’t
work and when a significant number of downtown stores are closed in the morning.

Let x = mass of copper and y = mass of silver.

1050g=x+yand 10.12 mL = —— + —_: solving:
896 105

X N 105.0 - x
8.96 105

[10.12 = j x 8.96 x 10.5, 952.1 = (10.5)x + 940.8 — (8.96)x

(carrying 1 extra sig. fig.)

7.39

11.3 = (1.54)x, x=7.3¢; mass % Cu = x 100 = 7.0% Cu
105.0g

e OO o0 o &
s & % | % e 8

2 compounds compound and element (diatomic)
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b.

00800000
ssEsssses

gas element (monoatomic) liquid element solid element
atoms/molecules far apart; atoms/molecules close atoms/molecu!es
random order; takes volume together; somewhat close together; _
of container ordered arrangement; ordered arrangement;

takes volume of container has its own volume

117. a. One possibility is that rope B is not attached to anything and rope A and rope C are
connected via a pair of pulleys and/or gears.

b. Try to pull rope B out of the box. Measure the distance moved by C for a given
movement of A. Hold either A or C firmly while pulling on the other rope.

118.  The bubbles of gas is air in the sand that is escaping; methanol and sand are not reacting. We
will assume that the mass of trapped air is insignificant.

Mass of dry sand = 37.3488 g — 22.8317 g = 14,5171 g
Mass of methanol = 45.2613 g — 37.3488 g = 7.9125 ¢
Volume of sand particles (air absent) = volume of sand and methanol — volume of methanol

Volume of sand particles (air absent) = 17.6 mL — 10.00 mL = 7.6 mL

Density of dry sand (air present) = 1451719 =1.45g/mL
10.0 mL
Density of methanol = &25?_ =0.7913 g/mL
Density of sand particles (air absent) = ﬂ =1.99/mL
m

Integrative Problems

119.  2.97 x 10° persons x 0.0100 = 2.97 x 10° persons contributing

8 .
$4.75 x 10 - $160./person: $160. N 20 nickels

- = 3.20 x 10° nickels/person
2.97 x 10° persons person $1
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120.

121.

$160. y 1£
person  $1.869

= 85.6 £/person

22610kg 10009 im3

=22.61 g/lcm®
m?3 kg 1 x10%cm®

Volume of block = 10.0 cm x 8.0 cm x 9.0 cm = 720 cm?, 225&9
cm

x 720 cm® = 1.6 x 10* g
At 200.0°F: Tc = g (200.0°F — 32°F) = 93.33°C; Tk =93.33 + 273.15 = 366.48 K

At -100.0°F: T¢= g (-100.0°F — 32°F) = -73.33°C; Tx = —73.33°C + 273.15=199.82 K

AT(°C) = [93.33°C — (~73.33°C)] = 166.66°C; AT(K) = (366.48 K —199.82 K) = 166.66 K

The “300 Club” name only works for the Fahrenheit scale; it does not hold true for the
Celsius and Kelvin scales.
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ATOMS, MOLECULES, AND IONS

Questions

16.

17.

18.

19.

20.

Some elements exist as molecular substances. That is, hydrogen normally exists as H,
molecules, not single hydrogen atoms. The same is true for N,, O,, F,, Cl,, etc.

A compound will always contain the same numbers (and types) of atoms. A given amount of
hydrogen will react only with a specific amount of oxygen. Any excess oxygen will remain
unreacted.

The halogens have a high affinity for electrons, and one important way they react is to form
anions of the type X". The alkali metals tend to give up electrons easily and in most of their
compounds exist as M" cations. Note: These two very reactive groups are only one electron
away (in the periodic table) from the least reactive family of elements, the noble gases.

Law of conservation of mass: Mass is neither created nor destroyed. The total mass before a
chemical reaction always equals the total mass after a chemical reaction.

Law of definite proportion: A given compound always contains exactly the same proportion
of elements by mass. For example, water is always 1 g H for every 8 g oxygen.

Law of multiple proportions: When two elements form a series of compounds, the ratios of
the mass of the second element that combine with 1 g of the first element always can be
reduced to small whole numbers: For CO, and CO discussed in Section 2.2, the mass ratios of
oxygen that react with 1 g carbon in each compound are ina 2 : 1 ratio.

a. The smaller parts are electrons and the nucleus. The nucleus is broken down into protons
and neutrons, which can be broken down into quarks. For our purpose, electrons,
neutrons, and protons are the key smaller parts of an atom.

b. All atoms of hydrogen have 1 proton in the nucleus. Different isotopes of hydrogen have
0, 1, or 2 neutrons in the nucleus. Because we are talking about atoms, this implies a
neutral charge, which dictates 1 electron present for all hydrogen atoms. If charged ions
were included, then different ions/atoms of H could have different numbers of electrons.

c. Hydrogen atoms always have 1 proton in the nucleus, and helium atoms always have 2
protons in the nucleus. The number of neutrons can be the same for a hydrogen atom and
a helium atom. Tritium (°*H) and “He both have 2 neutrons. Assuming neutral atoms, then
the number of electrons will be 1 for hydrogen and 2 for helium.

d. Water (H,O) is always 1 g hydrogen for every 8 g of O present, whereas H,0O is always 1

g hydrogen for every 16 g of O present. These are distinctly different compounds, each
with its own unique relative number and types of atoms present.

25
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21.

22.

23.

24.

25.

26.

e. A chemical equation involves a reorganization of the atoms. Bonds are broken between
atoms in the reactants, and new bonds are formed in the products. The number and types
of atoms between reactants and products do not change. Because atoms are conserved in
a chemical reaction, mass is also conserved.

J. J. Thomson’s study of cathode-ray tubes led him to postulate the existence of negatively
charged particles that we now call electrons. Thomson also postulated that atoms must
contain positive charge in order for the atom to be electrically neutral. Ernest Rutherford and
his alpha bombardment of metal foil experiments led him to postulate the nuclear atom-an
atom with a tiny dense center of positive charge (the nucleus) with electrons moving about
the nucleus at relatively large distances away; the distance is so large that an atom is mostly
empty space.

The atom is composed of a tiny dense nucleus containing most of the mass of the atom. The
nucleus itself is composed of neutrons and protons. Neutrons have a mass slightly larger than
that of a proton and have no charge. Protons, on the other hand, have a 1+ relative charge as
compared to the 1- charged electrons; the electrons move about the nucleus at relatively large
distances. The volume of space that the electrons move about is so large, as compared to the
nucleus, that we say an atom is mostly empty space.

The number and arrangement of electrons in an atom determine how the atom will react with
other atoms, i.e., the electrons determine the chemical properties of an atom. The number of
neutrons present determines the isotope identity and the mass number.

Density = mass/volume; if the volumes are assumed equal, then the much more massive
proton would have a much larger density than the relatively light electron.

For lighter, stable isotopes, the number of protons in the nucleus is about equal to the number
of neutrons. When the number of protons and neutrons is equal to each other, the mass
number (protons + neutrons) will be twice the atomic number (protons). Therefore, for
lighter isotopes, the ratio of the mass number to the atomic number is close to 2. For
example, consider ?®Si, which has 14 protons and (28 — 14 =) 14 neutrons. Here, the mass
number to atomic number ratio is 28/14 = 2.0. For heavier isotopes, there are more neutrons
than protons in the nucleus. Therefore, the ratio of the mass number to the atomic number
increases steadily upward from 2 as the isotopes get heavier and heavier. For example, *U
has 92 protons and (238 — 92 =) 146 neutrons. The ratio of the mass number to the atomic
number for **U is 238/92 = 2.6.

Some properties of metals are

(1) conduct heat and electricity;

(2) malleable (can be hammered into sheets);

(3) ductile (can be pulled into wires);

(4) lustrous appearance;

(5) form cations when they form ionic compounds.

Nonmetals generally do not have these properties, and when they form ionic compounds,
nonmetals always form anions.
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27.

28.

29.

30.

31.

32.

Carbon is a nonmetal. Silicon and germanium are called metalloids because they exhibit both
metallic and nonmetallic properties. Tin and lead are metals. Thus metallic character
increases as one goes down a family in the periodic table. The metallic character decreases
from left to right across the periodic table.

a. A molecule has no overall charge (an equal number of electrons and protons are present).
lons, on the other hand, have extra electrons added or removed to form anions (negatively
charged ions) or cations (positively charged ions).

b. The sharing of electrons between atoms is a covalent bond. An ionic bond is the force of
attraction between two oppositely charged ions.

c. A molecule is a collection of atoms held together by covalent bonds. A compound is
composed of two or more different elements having constant composition. Covalent
and/or ionic bonds can hold the atoms together in a compound. Another difference is that
molecules do not necessarily have to be compounds. H, is two hydrogen atoms held
together by a covalent bond. H, is a molecule, but it is not a compound; H, is a diatomic
element.

d. Ananion is a negatively charged ion; e.g., CI, 0%, and SO,* are all anions. A cation is a
positively charged ion, e.g., Na*, Fe*", and NH," are all cations.

a. This represents ionic bonding. lonic bonding is the electrostatic attraction between
anions and cations.

b. This represents covalent bonding where electrons are shared between two atoms. This
could be the space-filling model for H,O or SF, or NO,, etc.

Natural niacin and commercially produced niacin have the exact same formula of CsHsNO.,.
Therefore, both sources produce niacin having an identical nutritional value. There may be
other compounds present in natural niacin that would increase the nutritional value, but the
nutritional value due to just niacin is identical to the commercially produced niacin.

Statements a and b are true. Counting over in the periodic table, element 118 will be the next
noble gas (a nonmetal). For statement ¢, hydrogen has mostly nonmetallic properties. For
statement d, a family of elements is also known as a group of elements. For statement e, two
items are incorrect. When a metal reacts with a nonmetal, an ionic compound is produced,
and the formula of the compound would be AX; (alkaline earth metals form 2+ ions and halo-
gens form 1- ions in ionic compounds). The correct statement would be: When an alkaline
earth metal, A, reacts with a halogen, X, the formula of the ionic compound formed should be
AX,.

a. Dinitrogen monoxide is correct. N and O are both nonmetals, resulting in a covalent
compound. We need to use the covalent rules of nomenclature. The other two names are
for ionic compounds.

b. Copper(l) oxide is correct. With a metal in a compound, we have an ionic compound.
Because copper, like most transition metals, forms at least a couple of different stable
charged ions in compounds, we must indicate the charge on copper in the name. Copper
oxide could be CuO or Cu,O, hence why we must give the charge of most transition
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metal compounds. Dicopper monoxide is the name if this were a covalent compound,
which it is not.

c. Lithium oxide is correct. Lithium forms 1+ charged ions in stable ionic compounds.
Because lithium is assumed to form 1+ ions in compounds, we do not need to indicate the
charge of the metal ion in the compound. Dilithium monoxide would be the name if Li,O
were a covalent compound (a compound composed of only nonmetals).

Exercises

Development of the Atomic Theory

33.

34.

35.

36.

a. The composition of a substance depends on the numbers of atoms of each element
making up the compound (depends on the formula of the compound) and not on the
composition of the mixture from which it was formed.

b. Avogadro’s hypothesis (law) implies that volume ratios are proportional to molecule
ratios at constant temperature and pressure. Hy(g) + Clx(g) — 2 HCI(g). From the
balanced equation, the volume of HCI produced will be twice the volume of H, (or Cl,)
reacted.

Avogadro’s hypothesis (law) implies that volume ratios are equal to molecule ratios at
constant temperature and pressure. Here, 1 volume of N, reacts with 3 volumes of H, to
produce 2 volumes of the gaseous product or in terms of molecule ratios:

1N,+3H, —» 2product

In order for the equation to be balanced, the product must be NHs.

From the law of definite proportions, a given compound always contains exactly the same
proportion of elements by mass. The first sample of chloroform has a total mass of 12.0g C
+106.4 g Cl + 1.01 g H = 119.41 g (carrying extra significant figures). The mass percent of
carbon in this sample of chloroform is:

12.09C

————=—— x 100 = 10.05% C by mass
119.41g total

From the law of definite proportions, the second sample of chloroform must also contain
10.05% C by mass. Let x = mass of chloroform in the second sample:

30.0gC
X

x 100 = 10.05, x =299 g chloroform

A compound will always have a constant composition by mass. From the initial data given,
the mass ratio of H : S : O in sulfuric acid (H,SO,) is:

2.02 32.07 64.00
202 202 202

If we have 7.27 g H, then we will have 7.27 x 15.9 =116 g Sand 7.27 x 31.7=230.g O in
the second sample of H,SO,.

=1:159:317




CHAPTER2 ATOMS, MOLECULES, AND IONS 29

37.

38.

39.

40.

Hydrazine: 1.44 x 10" g H/g N; ammonia: 2.16 x 107*g H/g N; hydrogen azide:
2.40 x 102g H/g N. Let's try all of the ratios:

0.144 — 6.00- 0.216 _ 00; 0.0240:1.00; 0.216 —150= 3
0.0240 0.0240 0.0240 0.144 2

All the masses of hydrogen in these three compounds can be expressed as simple whole-
number ratios. The g H/g N in hydrazine, ammonia, and hydrogen azide are in the ratios
6:9:1.
The law of multiple proportions does not involve looking at the ratio of the mass of one
element with the total mass of the compounds. To illustrate the law of multiple proportions,
we compare the mass of carbon that combines with 1.0 g of oxygen in each compound:
compound1: 27.2gCand72.8g0O (100.0—27.2 = mass O)
compound 2: 42.9gCand57.1g0O (100.0 —42.9 = mass O)

The mass of carbon that combines with 1.0 g of oxygen is:

compound 1: 21.29C _ 0.374gClg O
72890
compound 2: 4299C _ 0.7519Clg 0O
57.190
0751 2 . . . . o
0374 = 1 ; this supports the law of multiple proportions because this carbon ratio is a whole
nLimber.

For CO and CO,, it is easiest to concentrate on the mass of oxygen that combines with 1 g of
carbon. From the formulas (two oxygen atoms per carbon atom in CO, versus one oxygen
atom per carbon atom in CO), CO, will have twice the mass of oxygen that combines per
gram of carbon as compared to CO. For CO; and C30,, it is easiest to concentrate on the
mass of carbon that combines with 1 g of oxygen. From the formulas (three carbon atoms per
two oxygen atoms in C;0, versus one carbon atom per two oxygen atoms in CO,), C;0, will
have three times the mass of carbon that combines per gram of oxygen as compared to CO,.
As expected, the mass ratios are whole numbers as predicted by the law of multiple
proportions.

140gR _ 467gR
3.009Q 1.009Q

7.00gR _ 156gR
450gQ 1.00gQ

Compound I: ; compound II:

The ratio of the masses of R that combine with 1.00 g Q is: % =299~3

As expected from the law of multiple proportions, this ratio is a small whole number.

Because compound I contains three times the mass of R per gram of Q as compared with
compound Il (RQ), the formula of compound I should be R;Q.
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41.

42.

43.

44,

Mass is conserved in a chemical reaction because atoms are conserved. Chemical reactions
involve the reorganization of atoms, so formulas change in a chemical reaction, but the
number and types of atoms do not change. Because the atoms do not change in a chemical
reaction, mass must not change. In this equation we have two oxygen atoms and four
hydrogen atoms both before and after the reaction occurs.

Mass is conserved in a chemical reaction.

ethanol + oxygen — water + carbon dioxide
Mass: 46.0¢ 9.0 g 5409 ?

Mass of reactants = 46.0 + 96.0 = 142.0 g = mass of products
142.0g=54.0g + mass of CO,, mass of CO,= 142.0-54.0=88.0¢

To get the atomic mass of H to be 1.00, we divide the mass of hydrogen that reacts with 1.00
g of oxygen by 0.126; that is, % =1.00. Toget Na, Mg, and O on the same scale, we do

the same division.

2.875
a: -

1.500 _ 1.00
" 0.126

228, Mg: —— =119, O: —— =794
0.126 0.126

H 0] Na Mg
Relative value 1.00 7.94 22.8 11.9
Accepted value 1.008 16.00 22.99 2431

For your information, the atomic masses of O and Mg are incorrect. The atomic masses of H
and Na are close to the values given in the periodic table. Something must be wrong about
the assumed formulas of the compounds. It turns out the correct formulas are H,O, Na;O,
and MgO. The smaller discrepancies result from the error in the assumed atomic mass of H.

If the formula is InO, then one atomic mass of In would combine with one atomic mass of O,
or:
A 4784gIn

= , A =atomic mass of In = 76.54
16.00 1.000gO

If the formula is In,05, then two times the atomic mass of In will combine with three times
the atomic mass of O, or:

2A 4784 In
(3)16.00  1.000g O

The latter number is the atomic mass of In used in the modern periodic table.

, A =atomic mass of In=114.8

The Nature of the Atom

45,

From section 2.5, the nucleus has “a diameter of about 10 ¢cm” and the electrons “move
about the nucleus at an average distance of about 10° cm from it.” We will use these
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statements to help determine the densities. Density of hydrogen nucleus (contains one proton
only):

Viucteus = %ﬂ'rs = %(314) (5 x 107 Cm)3 =5x10"cm?

24
1.67 x 10 g _ 3 x 1015 g/cm3

d=density= ———M= =
Y 5 x 1074 ¢cm?®

Density of H atom (contains one proton and one electron):
Vatom = %(3.14) Ax108cm)® =4 x 10 cm®

167 x10% g +9x10%g
4 x 107 cm?®

d = 0.4g/lcm®

46. Because electrons move about the nucleus at an average distance of about 1 x 10~8cm, the
diameter of an atom will be about 2 x 10°® cm. Let's set up a ratio:

diameter of nucleus _ 1mm _1x10%cm
diameter of atom diameter of model 2 %108 cm

; solving:

diameter of model = 2 x 10° mm = 200 m

N lelectron charge

47.  593x107°C =
1.602 x 107° C

= 37 negative (electron) charges on the oil drop

48.  First, divide all charges by the smallest quantity, 6.40 x 1072,

12
2.56 x 10 = 4.00; 768 _ 12.0: 38 6.00

640 x 1072 T 0.640 0.640
Because all charges are whole-number multiples of 6.40 x 10*3zirkombs, the charge on one
electron could be 6.40 x 107 zirkombs. However, 6.40 x 10 *zirkombs could be the

charge of two electrons (or three electrons, etc.). All one can conclude is that the charge of
an electron is 6.40 x 10*3zirkombs or an integer fraction of 6.40 x 10*3zirkombs.

49, sodium—Na; radium-Ra; iron—Fe; gold—Au; manganese—Mn; lead—Pb

50. fluorine—F; chlorine—Cl; bromine—Br; sulfur-S; oxygen—O; phosphorus—P
51. Sn—tin; Pt—platinum; Hg—mercury; Mg—magnesium; K—potassium; Ag-silver
52. As—arsenic; |-iodine; Xe—xenon; He—helium; C—carbon; Si-silicon

53. a. Metals: Mg, Ti, Au, Bi, Ge, Eu, and Am. Nonmetals: Si, B, At, Rn, and Br.
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b. Si, Ge, B, and At. The elements at the boundary between the metals and the nonmetals
are B, Si, Ge, As, Sb, Te, Po, and At. Aluminum has mostly properties of metals, so it is

generally not classified as a metalloid.

54, a. The noble gases are He, Ne, Ar, Kr, Xe, and Rn (helium, neon, argon, krypton, xenon,
and radon). Radon has only radioactive isotopes. In the periodic table, the whole number
enclosed in parentheses is the mass number of the longest-lived isotope of the element.

b. Promethium (Pm) has only radioactive isotopes.
55. a. transition metals b. alkaline earth metals c. alkali metals
d. noble gases e. halogens
56. Use the periodic table to identify the elements.
a. CI; halogen b. Be; alkaline earth metal
c. Eu; lanthanide metal d. Hf; transition metal
e. He; noble gas f. U; actinide metal
g. Cs; alkali metal
57. a. Element 8 is oxygen. A = mass humber =9+ 8 =17, 1;0
b. Chlorine is element 17. f; Cl c. Caobalt is element 27. ‘33 Co
57 o 131
d Z=26;A=26+31=57; xFe e. lodine is element 53. 531
f.  Lithium is element 3. ; Li
58. a. Cobalt is element 27. A = mass number = 27 + 31 = 58; 3? Co
b. o8B c. SMg  d ol e. Ca f. Scu
59. Z is the atomic number and is equal to the number of protons in the nucleus. A is the mass
number and is equal to the number of protons plus neutrons in the nucleus. X is the symbol
of the element. See the front cover of the text which has a listing of the symbols for the
various elements and corresponding atomic number or see the periodic table on the cover to
determine the identity of the various atoms. Because all of the atoms have equal numbers of
protons and electrons, each atom is neutral in charge.
23 19 16
a. 71Na b. “9F c. g0
60. The atomic number for carbon is 6. *C has 6 protons, 14 — 6 = 8 neutrons, and 6 electrons in

the neutral atom. *°C has 6 protons, 12 — 6 = 6 neutrons, and 6 electrons in the neutral atom.
The only difference between an atom of **C and an atom of *°C is that *“C has two additional
neutrons.
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61. a. 22 Br: 35 protons, 79 — 35 = 44 neutrons. Because the charge of the atom is neutral,
the number of protons = the number of electrons = 35.

b. 3851 Br: 35 protons, 46 neutrons, 35 electrons
C. 232 Pu: 94 protons, 145 neutrons, 94 electrons
d. 122 Cs: 55 protons, 78 neutrons, 55 electrons
e. iH: 1 proton, 2 neutrons, 1 electron

f. 32 Fe: 26 protons, 30 neutrons, 26 electrons

62. a ‘9U:92p 143n,92e b 4Al13p 14n13e ¢ 4 Fe:26p 3ln, 26¢

d. ‘5Pb:82p, 126n,82e e oRb:37p 49n37e  f Ca:20p,21n, 20 e

63. a. Baiselement 56. Ba®* has 56 protons, so Ba?* must have 54 electrons in order to have a
net charge of 2+.

Zn is element 30. Zn** has 30 protons and 28 electrons.

N is element 7. N°~ has 7 protons and 10 electrons.

Rb is element 37, Rb* has 37 protons and 36 electrons.

Co is element 27. Co® has 27 protons and 24 electrons.

Te is element 52. Te’ has 52 protons and 54 electrons.

Br is element 35. Br has 35 protons and 36 electrons.

@ +o o0 o

64. a. i‘z" Mg: 12 protons, 12 neutrons, 12 electrons

b. 2Mg”™: 12p,12n,10e c. 2)Co™: 27p,32n,25¢
d. 39co™: 27p,32n,24e e 2Co: 27p,32n,27e

f. [9Se 34p45n,34e g [iSe’: 34p,45n36e
h. ggNi: 28p,35n, 28 ¢ i. ggNi“: 28p,31n,26¢

65. Atomic number = 63 (Eu); net charge = +63 — 60 = 3+, mass number = 63 + 88 = 151;

151
symbol: ‘g Eu®

Atomic number = 50 (Sn); mass number = 50 + 68 = 118; net charge = +50 — 48 = 2+;

118
symbol: "5, Sn**
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66. Atomic number = 16 (S); net charge = +16 — 18 = 2—; mass number = 16 + 18 = 34;

symbol: ig s

Atomic number = 16 (S); net charge = +16 — 18 = 2—; mass number = 16 + 16 = 32;

symbol: fé s

67.

Svmbol Number of protons in | Number of neutrons in Number of Net
y nucleus nucleus electrons charge
238 U 92 146 92 0

92
0, 20 20 18 2+
20Ca
51, a3 23 28 20 3+
23V
89 39 50 39 0
39Y
gg Br- 35 44 36 1-
i:l,Psf 15 16 18 3—
68.
svmbol Number of protons in Number of neutrons in Number of Net
ymbo nucleus nucleus electrons charge
3o 26 27 24 ot
%9 oot 26 33 23 3+
2810 At 85 125 86 1—
5
27 A 13 14 10 3+
1%53 Te 52 76 54 o
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69. In ionic compounds, metals lose electrons to form cations, and nonmetals gain electrons to
form anions. Group 1A, 2A, and 3A metals form stable 1+, 2+, and 3+ charged cations,
respectively. Group 5A, 6A, and 7A nonmetals form 3-, 2— and 1- charged anions,
respectively.

a. Lose2 e toformRa*. b. Lose3 e toformIn®. ¢ Gain3 e  toform P* .
d. Gain2e toform Te*. e Gainle toformBr. f. Losel e toformRb"
70. See Exercise 69 for a discussion of charges various elements form when in ionic compounds.

a. Element 13 is Al. Al forms 3+ charged ions in ionic compounds. AI**

b. Se* c. Ba* d N* e Fr f. Br

Nomenclature

71. a. sodium bromide b. rubidium oxide
c. calcium sulfide d. aluminum iodide
e. SrF, f. Algseg
0. KsN h. Mgspz
72. a. mercury(l) oxide b. iron(l1l) bromide
c. cobalt(ll) sulfide d. titanium(lIV) chloride
e. SnsN, f. Col;
g. HgO h. CrS;
73. a. cesium fluoride b. lithium nitride
c. silver sulfide (Silver only forms stable 1+ ions in compounds, so no Roman numerals are
needed.)
d. manganese(lV) oxide e. titanium(IV) oxide f. strontium phosphide
74. a. ZnCl,(Zn only forms stable +2 ions in compounds, so no Roman numerals are needed.)
b. SnF, c. CasN, d. A|283
e. Hg.Se f. Agl (Ag only forms stable +1 ions in compounds.)
75. a. barium sulfite b. sodium nitrite
C. potassium permanganate d. potassium dichromate
76. a. Cr(OH)s b. Mg(CN),
c. Pb(COs), d. NH,C;H;0,
77. a. dinitrogen tetroxide b. iodine trichloride

c. sulfur dioxide d. diphosphorus pentasulfide
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78. a. B,0s3 b. AsFs
c. N,O d. SCIG
79. a. copper(l) iodide b. copper(ll) iodide c. cobalt(ll) iodide
d. sodium carbonate e. sodium hydrogen carbonate or sodium bicarbonate
f. tetrasulfur tetranitride g. selenium tetrachloride h. sodium hypochlorite
i.  barium chromate j. ammonium nitrate
80. a. acetic acid b. ammonium nitrite c. cobalt(l) sulfide
d. iodine monochloride e. lead(ll) phosphate f. potassium chlorate
g. sulfuric acid h. strontium nitride i. aluminum sulfite
j- tin(IV) oxide k. sodium chromate I. hypochlorous acid
Note: For the compounds named as acids, we assume these are dissolved in water.
81. In the case of sulfur, SO,* is sulfate, and SOs> is sulfite. By analogy:
Se0,*: selenate; SeOs”: selenite; TeO,%: tellurate; TeOs>: tellurite
82. From the anion names of hypochlorite (CIO"), chlorite (CIO,), chlorate (CIO;), and
perchlorate (ClO, ), the oxyanion names for similar iodine ions would be hypoiodite (10°),
iodite (10,), iodate (105 ), and periodate (10,). The corresponding acids would be
hypoiodous acid (HIO), iodous acid (HI10,), iodic acid (HIOs), and periodic acid (HIO,).
83. a. SF, b. SFs c. NaH,PO,
d. L|3N €. Crz(C03)3 f. SnF,
0. NH.,C,H50, h. NH,HSO, i CO(N03)3
j. Hg.Cly; mercury(l) exists as Hg,>" ions. k. KCIO; . NaH
84. a. CrO; b. SZCIZ C. Nle
d. K;HPO, e. AIN
f.  NH; (Nitrogen trihydride is the systematic name.) g. MnS,
h. Na,Cr,0; i (NH4)2803 J Cly
85. a. Na,O b. Nay,O, c. KCN
d. CU(NOg)z e. SeBr, f. HIO,
g. PbS, h. CuCl

GaAs (We would predict the stable ions to be Ga** and As®".)

J- CdSe (Cadmium only forms 2+ charged ions in compounds.)
k. ZnS (Zinc only forms 2+ charged ions in compounds.)
. HNO; m. P,0s
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86.

87.

88.

— e o

(NH4)2HPO4 b. ngs C. S|02

Na,SO; e. AI(HSO4)3 f. NC|3

HBr h. HBro, i. HBro,

KHS k. Cal, . CsClO,

nitric acid, HNOs b. perchloric acid, HCIO, c. acetic acid, HC,H;0,

sulfuric acid, H,SO,  e. phosphoric acid, H;PO,

Iron forms 2+ and 3+ charged ions; we need to include a Roman numeral for iron.
Iron(111) chloride is correct.

This is a covalent compound, so use the covalent rules. Nitrogen dioxide is correct.

This is an ionic compound, so use the ionic rules. Calcium oxide is correct. Calcium only
forms stable 2+ ions when in ionic compounds, so no Roman numeral is needed.

This is an ionic compound, so use the ionic rules. Aluminum sulfide is correct.

This is an ionic compound, so use the ionic rules. Mg is magnesium. Magnesium acetate
is correct.

Phosphide is P*", while phosphate is PO,>". Because phosphate has a 3— charge, the
charge on iron is 3+. Iron(l11) phosphate is correct.

This is a covalent compound, so use the covalent rules. Diphosphorus pentasulfide is
correct.

Because each sodium is 1+ charged, we have the O,* (peroxide) ion present. Sodium
peroxide is correct. Note that sodium oxide would be Na,O.

HNOs is nitric acid, not nitrate acid. Nitrate acid does not exist.

H,S is hydrosulfuric acid or dihydrogen sulfide or just hydrogen sulfide (common name).
H,S0O, is sulfuric acid.

Additional Exercises

89.

90.

Yes, 1.0 g H would react with 37.0 g *'Cl, and 1.0 g H would react with 35.0 g *Cl.

No, the mass ratio of H/CI would always be 1 g H/37 g Cl for *Cl and 1 g H/35 g Cl for *CI.

As long as we had pure *’Cl or pure *Cl, the ratios will always hold. If we have a mixture

(such as the natural abundance of chlorine), the ratio will also be constant as long as the
composition of the mixture of the two isotopes does not change.

Carbon (C); hydrogen (H); oxygen (O); nitrogen (N); phosphorus (P); sulfur (S)
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91.

92.

93.

94.

For lighter elements, stable isotopes usually have equal numbers of protons and neutrons in
the nucleus; these stable isotopes are usually the most abundant isotope for each element.
Therefore, a predicted stable isotope for each element is **C, ?H, **0, N, *P, and **S. These
are stable isotopes except for *°P, which is radioactive. The most stable (and most abundant)
isotope of phosphorus is *P. There are exceptions. Also, the most abundant isotope for
hydrogen is 'H; this has just a proton in the nucleus. °H (deuterium) is stable (not
radioactive), but 'H is also stable as well as most abundant.

gg Fe?* has 26 protons, 53 — 26 = 27 neutrons, and two fewer electrons than protons (24
electrons) in order to have a net charge of 2+.

a. False. Neutrons have no charge; therefore, all particles in a nucleus are not charged.

b. False. The atom is best described as having a tiny dense nucleus containing most of the
mass of the atom with the electrons moving about the nucleus at relatively large distances
away; so much so that an atom is mostly empty space.

c. False. The mass of the nucleus makes up most of the mass of the entire atom.

d. True.

e. False. The number of protons in a neutral atom must equal the number of electrons.

From the NayX formula, X has a 2— charge. Because 36 electrons are present, X has 34
protons and 79 — 34 = 45 neutrons, and is selenium.

a. True. Nonmetals bond together using covalent bonds and are called covalent compounds.
b. False. The isotope has 34 protons.

c. False. The isotope has 45 neutrons.

d. False. The identity is selenium, Se.

a. Fe™: 26 protons (Fe is element 26.); protons — electrons = net charge, 26 — 2 = 24
electrons; FeO is the formula since the oxide ion has a 2— charge, and the name is

iron(I1) oxide.
b. Fe**:26 protons; 23 electrons; Fe,Os; iron(l11) oxide
c. Ba*:56 protons; 54 electrons; BaO; barium oxide
d. Cs": 55 protons; 54 electrons; Cs,0O; cesium oxide

S*: 16 protons; 18 electrons; Al,S3; aluminum sulfide
f. P*:15 protons; 18 electrons; AIP; aluminum phosphide
g. Br: 35 protons; 36 electrons; AlBr3; aluminum bromide
h. N*:7 protons; 10 electrons; AIN; aluminum nitride
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95.

96.

97.

98.

99.

100.

101.

a. Pb(C,H30,),: lead(ll) acetate b. CuSO,: copper(ll) sulfate
c. CaO: calcium oxide d. MgSO,: magnesium sulfate
e. Mg(OH),: magnesium hydroxide f. CaSOy: calcium sulfate

g. NO: dinitrogen monoxide or nitrous oxide (common name)

a. This is element 52, tellurium. Te forms stable 2! charged ions in ionic compounds (like
other oxygen family members).

b. Rubidium. Rb, element 37, forms stable 1+ charged ions.
c. Argon. Ariselement 18. d. Astatine. At is element 85.

From the XBr, formula, the charge on element X is 2+. Therefore, the element has 88
protons, which identifies it as radium, Ra. 230 — 88 = 142 neutrons.

Because this is a relatively small number of neutrons, the number of protons will be very
close to the number of neutrons present. The heavier elements have significantly more
neutrons than protons in their nuclei. Because this element forms anions, it is a nonmetal and
will be a halogen because halogens form stable 1- charged ions in ionic compounds. From
the halogens listed, chlorine, with an average atomic mass of 35.45, fits the data. The two
isotopes are *Cl and ®'Cl, and the number of electrons in the 1— ion is 18. Note that because
the atomic mass of chlorine listed in the periodic table is closer to 35 than 37, we can assume
that *Cl is the more abundant isotope. This is discussed in Chapter 3.

a. Ca? and N*: CasN,, calcium nitride b. K"and O*: K0, potassium oxide

c. Rb*and F: RbF, rubidium fluoride d. Mg® and S*": MgS, magnesium sulfide
e. Ba?* and I": Bal,, barium iodide

f. AP and Se*: Al,Ses, aluminum selenide

g. Cs"and P*: CssP, cesium phosphide

h. In* and Br: InBr;, indium(111) bromide. In also forms In" ions, but one would predict
In** ions from its position in the periodic table.

These compounds are similar to phosphate (PO,>~ ) compounds. NasAsO, contains Na* ions
and AsO,> ions. The name would be sodium arsenate. HzAsOy is analogous to phosphoric
acid, HsPO,4, H3zAsO, would be arsenic acid. Mgs;(ShO,), contains Mg2+ ions and ShO,*
ions, and the name would be magnesium antimonate.

a. Element 15 is phosphorus, P. This atom has 15 protons and 31 — 15 = 16 neutrons.

b. Element 53 is iodine, I. 53 protons; 74 neutrons
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c. Element 19 is potassium, K. 19 protons; 20 neutrons
d. Element 70 is ytterbium, Yb. 70 protons; 103 neutrons

102. Mass is conserved in a chemical reaction.

chromium(lll) oxide + aluminum — chromium + aluminum oxide
Mass: 34049 12.1g 23.3¢ ?

Mass aluminum oxide produced = (34.0 + 12.1) —23.3=22.8 ¢

ChemWork Problems

The answers to the problems 103-108 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems
109.  Copper (Cu), silver (Ag), and gold (Au) make up the coinage metals.

110. Because the gases are at the same temperature and pressure, the volumes are directly
proportional to the number of molecules present. Let’s assume hydrogen and oxygen to be
monatomic gases and that water has the simplest possible formula (HO). We have the
equation:

H+O — HO
But the volume ratios are also equal to the molecule ratios, which correspond to the
coefficients in the equation:

2H+0 —>2HO
Because atoms cannot be created nor destroyed in a chemical reaction, this is not possible. To
correct this, we can make oxygen a diatomic molecule:

2H+0,—> 2HO
This does not require hydrogen to be diatomic. Of course, if we know water has the formula
H,0, we get:

2H+0;, > 2H,0
The only way to balance this is to make hydrogen diatomic:

2H,+ 0, > 2H,0

111.  Avogadro proposed that equal volumes of gases (at constant temperature and pressure)
contain equal numbers of molecules. In terms of balanced equations, Avogadro’s hypothesis
(law) implies that volume ratios will be identical to molecule ratios. Assuming one molecule
of octane reacting, then 1 molecule of C,H, produces 8 molecules of CO, and 9 molecules of
H,O0. CH, +n O, » 8 CO, + 9 H,O. Because all the carbon in octane ends up as carbon in
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112.

113.

114,

115.

116.

CO,, octane must contain 8 atoms of C. Similarly, all hydrogen in octane ends up as
hydrogen in H,O, so one molecule of octane must contain 9 x 2 = 18 atoms of H. Octane
formula = CgH1s, and theratioof C: H=8:18 or 4:09.

From Section 2.5 of the text, the average diameter of the nucleus is about 1072 c¢m, and the
electrons move about the nucleus at an average distance of about 1078 cm. From this, the
diameter of an atom is about 2 x 1078 cm.

2x10%em _, s 1mi _ 5280ft _ 63360in
1x10 cm ' 1lgrape lgrape  lgrape

Because the grape needs to be 2 x 10° times smaller than a mile, the diameter of the grape
would need to be 63,360/(2 x 10%) = 0.3 in. This is a reasonable size for a small grape.

The alchemists were incorrect. The solid residue must have come from the flask.

The equation for the reaction would be 2 Na(s) + Cl,(g) — 2 NaClI(s). The sodium reactant
exists as singular sodium atoms packed together very tightly and in a very organized fashion.
This type of packing of atoms represents the solid phase. The chlorine reactant exists as Cl,
molecules. In the picture of chlorine, there is a lot of empty space present. This only occurs
in the gaseous phase. When sodium and chlorine react, the ionic compound NaCl forms.
NaCl exists as separate Na* and CI” ions. Because the ions are packed very closely together
and are packed in a very organized fashion, NaCl is depicted in the solid phase.

a. Both compounds have C,HgO as the formula. Because they have the same formula, their
mass percent composition will be identical. However, these are different compounds
with different properties because the atoms are bonded together differently. These
compounds are called isomers of each other.

b. When wood burns, most of the solid material in wood is converted to gases, which
escape. The gases produced are most likely CO, and H,0.

c. The atom is not an indivisible particle but is instead composed of other smaller particles,
called electrons, neutrons, and protons.

d. The two hydride samples contain different isotopes of either hydrogen and/or lithium.
Although the compounds are composed of different isotopes, their properties are similar
because different isotopes of the same element have similar properties (except, of course,
their mass).

Let X, be the formula for the atom/molecule X, Y, be the formula for the atom/molecule Y,
X.Yq be the formula of compound | between X and Y, and X.Y; be the formula of compound
Il between X and Y. Using the volume data, the following would be the balanced equations
for the production of the two compounds.

Xat+t2Y, =2 X Yg, 2 X+ Yy > 2 X Ys

From the balanced equations, a=2c =eand b = d = 2f.

Substituting into the balanced equations:
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Koc+2 Yo =2 X Yor; 2 X + Yo =2 Xy Ys
For simplest formulas, assume that ¢ = f = 1. Thus:

Xo+2Y;, - 2 XY, and 2X+Y, > 2XY

Compound | = XY,: If X has relative mass of 1.00, & =0.3043, y=1.14.
1.00+ 2y
. 2.00
Compound Il = X,Y: If X has relative mass of 1.00, W =0.6364, y=1.14.
.00+y

The relative mass of Y is 1.14 times that of X. Thus, if X has an atomic mass of 100, then Y
will have an atomic mass of 114.

117.  Most of the mass of the atom is due to the protons and the neutrons in the nucleus, and
protons and neutrons have about the same mass (1.67 x 107 g). The ratio of the mass of the
molecule to the mass of a nuclear particle will give a good approximation of the number of
nuclear particles (protons and neutrons) present.

731x 102 g

= 43.8 ~ 44 nuclear particles
167 x 10" g

Thus there are 44 protons and neutrons present. If the number of protons equals the number
of neutrons, we have 22 protons in the molecule. One possibility would be the molecule CO,
[6 + 2(8) = 22 protons].

118.  For each experiment, divide the larger number by the smaller. In doing so, we get:

experiment 1 X=10 Y =105
experiment 2 Y=14 Z=10
experiment 3 X=10 Y=35

Our assumption about formulas dictates the rest of the solution. For example, if we assume
that the formula of the compound in experiment 1 is XY and that of experiment 2 is YZ, we
get relative masses of:

X=20; Y=21; Z=15(=21/1.4)

and a formula of X3Y for experiment 3 [three times as much X must be present in experiment
3 as compared to experiment 1 (10.5/3.5 = 3)].

However, if we assume the formula for experiment 2 is YZ and that of experiment 3 is XZ,
then we get:

X=20; Y=7.0;, Z=5.0(=7.0/1.4)

and a formula of XY; for experiment 1. Any answer that is consistent with your initial
assumptions is correct.
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The answer to part d depends on which (if any) of experiments 1 and 3 have a formula of XY
in the compound. If the compound in experiment 1 has a formula of XY, then:

21 gxYx —229Y  _ 1954y (and1.8gX)
(4.2+0.4)gXY
If the compound in experiment 3 has the XY formula, then:
21gXY H—"99Y  _ 1634y (@and4.7gX)

(7.0+2.0)g XY

Note that it could be that neither experiment 1 nor experiment 3 has XY as the formula.
Therefore, there is no way of knowing an absolute answer here.

Integrated Problems

119.  The systematic name of Ta,Os is tantalum(V) oxide. Tantalum is a transition metal and
requires a Roman numeral. Sulfur is in the same group as oxygen, and its most common ion
is S, There-fore, the formula of the sulfur analogue would be Ta,Ss.

Total number of protons in Ta,Os:
Ta, Z =173, so 73 protons x 2 = 146 protons; O, Z = 8, so 8 protons x 5 = 40 protons
Total protons = 186 protons
Total number of protons in Ta,Ss:
Ta, Z =73, so 73 protons x 2 = 146 protons; S, Z = 16, so 16 protons x 5 = 80 protons
Total protons = 226 protons
Proton difference between Ta,Ss and Ta,0s: 226 protons — 186 protons = 40 protons
120.  The cation has 51 protons and 48 electrons. The number of protons corresponds to the atomic
number. Thus this is element 51, antimony. There are 3 fewer electrons than protons.
Therefore, the charge on the cation is 3+. The anion has one-third the number of protons of
the cation, which corresponds to 17 protons; this is element 17, chlorine. The number of
electrons in this anion of chlorine is 17 + 1 = 18 electrons. The anion must have a charge of
1-.
The formula of the compound formed between Sb** and CI” is SbCls. The name of the
compound is antimony(111) chloride. The Roman numeral is used to indicate the charge on Sb

because the predicted charge is not obvious from the periodic table.

121. Number of electrons in the unknown ion:

1kg y lelectron

1 = 28 electrons
1000g 9.11x10™" kg

2.55x 107 g x

Number of protons in the unknown ion:
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1kg y 1proton

5.34x 1077 g x 5
1000g 1.67x10°" kg

= 32 protons

Therefore, this ion has 32 protons and 28 electrons. This is element number 32, germanium
(Ge). The net charge is 4+ because four electrons have been lost from a neutral germanium
atom.

The number of electrons in the unknown atom:

1kg 5 lelectron

3.92x 107 g x =
1000g 9.11x0 kg

= 43 electrons

In a neutral atom, the number of protons and electrons is the same. Therefore, this is element
43, technetium (Tc).

The number of neutrons in the technetium atom:
1kg y 1proton

—7 = 56 neutrons
1000g 1.67x10°" kg

9.35x 107% g x

The mass number is the sum of the protons and neutrons. In this atom, the mass number is 43
protons + 56 neutrons = 99. Thus this atom and its mass number is *Tc.
Marathon Problem

122. a. For each set of data, divide the larger number by the smaller number to determine
relative masses.

0002 _ 504, A=2.04when B=1.00
0.295
0.401 _ 2.33; C=2.33when B=1.00
0.172
0374 _ 417 ¢ =117 when A=1.00
0.320

To have whole numbers, multiply the results by 3.
Dataset1: A=6.1and B=3.0
Dataset2: C=7.0and B=3.0
Dataset3: C=35and A=3.0orC=7.0and A=6.0

Assuming 6.0 for the relative mass of A, the relative masses would be A =6.0, B =3.0,
and C = 7.0 (if simplest formulas are assumed).
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b. Gas volumes are proportional to the number of molecules present. There are many
possible correct answers for the balanced equations. One such solution that fits the gas
volume data is:

6A, + B — 4AB
Bs, +4C; > 4BC;
3A; +2C; > 6AC

In any correct set of reactions, the calculated mass data must match the mass data given
initially in the problem. Here, the new table of relative masses would be:

6 (mass A,) _ 0.602 ; mass A, = 0.340(mass By)
mass B, 0.295

4 (mass C;) _ 0.401 ; mass C; = 0.583(mass B,)
mass B, 0.172

2(massC;) _ 0.374 ; mass A, = 0.570(mass Cs)
3(massA,)  0.320

Assume some relative mass number for any of the masses. We will assume that mass B =
3.0, so mass B, = 4(3.0) = 12.

Mass C; = 0.583(12) = 7.0, mass C = 7.0/3
Mass A, = 0.570(7.0) = 4.0, mass A=4.0/2=2.0

When we assume a relative mass for B = 3.0, then A =2.0 and C = 7.0/3. The relative
masses having all whole numbers would be A =6.0,B=19.0,and C =7.0.

Note that any set of balanced reactions that confirms the initial mass data is correct. This
is just one possibility.
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Questions

23. Isotope Mass Abundance
2c 12.0000u 98.89%
B¢ 13.034 u 1.11%

24,

Average mass = 0.9889 (12.0006) +0.0111(13.034) =12.01 u

Note: u is an abbreviation for amu (atomic mass units).
From the relative abundances, there would be 9889 atoms of **C and 111 atoms of *C in the

10,000 atom sample. The average mass of carbon is independent of the sample size; it will
always be 12.01 u.

=1.201 x 10°u

Total mass = 10,000 atoms x 12.01u
atom

For 1 mole of carbon (6.0221 x 10% atoms C), the average mass would still be 12.01 u.

The number of *?C atoms would be 0.9889(6.0221 x 10%°) = 5.955 x 10* atoms *°C, and the
number of **C atoms would be 0.0111(6.0221 x 10%°) = 6.68 x 10* atoms **C.

Total mass = 6.0221 x 10% atoms x 22024 = 7233 x 10% y
atom
Total mass in g = 6.0221 x 10* atoms x 12.01u 19 =12.01 g/mol

atom 6.0221 x 10% u

By using the carbon-12 standard to define the relative masses of all of the isotopes, as well as
to define the number of things in a mole, then each element’s average atomic mass in units of
grams is the mass of a mole of that element as it is found in nature.

Consider a sample of glucose, CsH1,0s. The molar mass of glucose is 180.16 g/mol. The
chemical formula allows one to convert from molecules of glucose to atoms of carbon,
hydrogen, or oxygen present and vice versa. The chemical formula also gives the mole
relationship in the formula. One mole of glucose contains 6 mol C, 12 mol H, and 6 mol O.
Thus mole conversions between molecules and atoms are possible using the chemical for-
mula. The molar mass allows one to convert between mass and moles of compound, and
Avogadro’s number (6.022 x 10%) allows one to convert between moles of compound and
number of molecules.

46
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25.

26.

27.

28.

29.

30.

Avogadro’s number of dollars = 6.022 x 10* dollars/mol dollars

6.022 x 10% dollars
mol dollars
7 x 10° people

1 mol dollars x

= 8.6 x 10" = 9 x 10" dollars/person

1 trillion = 1,000,000,000,000 = 1 x 10%; each person would have 90 trillion dollars.
Molar mass of CO,= 12.01 + 2(16.00) = 44.01 g/mol

One mol of CO, contains 6.022 x 10 molecules of CO,, 6.022 x 10% atoms of C, and 1.204
x 10* atoms of O. We could also break down 1 mol of CO, into the number of protons and
the number of electrons present (1.325 x 10% protons and 1.325 x 10” electrons). In order to
determine the number of neutrons present, we would need to know the isotope abundances
for carbon and oxygen.

The mass of 1 mol of CO, would be 44.01 g. From the molar mass, one mol of CO, would
contain 12.01 g C and 32.00 g O. We could also break down 1 mol of CO; into the mass of
protons and mass of electrons present (22.16 g protons and 1.207 x 1072 g electrons). This
assumes no mass loss when the individual particles come together to form the atom. This is
not a great assumption as will be discussed in Chapter 19 on Nuclear Chemistry.

Only in b are the empirical formulas the same for both compounds illustrated. In b, general
formulas of X,Y, and XY, are illustrated, and both have XY, for an empirical formula.

For a, general formulas of X,Y and X,Y; are illustrated. The empirical formulas for these
two compounds are the same as the molecular formulas. For c, general formulas of XY and
XY, are illustrated; these general formulas are also the empirical formulas. For d, general
formulas of XY, and X,Yg are illustrated. XY, is also the molecular formula, but X,Ys has
the empirical formula of XY.

The molar mass is the mass of 1 mole of the compound. The empirical mass is the mass of 1
mole of the empirical formula. The molar mass is a whole-number multiple of the empirical
mass. The masses are the same when the molecular formula = empirical formula, and the
masses are different when the two formulas are different. When different, the empirical mass
must be multiplied by the same whole number used to convert the empirical formula to the
molecular formula. For example, C¢H1,05¢ is the molecular formula for glucose, and CH,0 is
the empirical formula. The whole-number multiplier is 6. This same factor of 6 is the mul-
tiplier used to equate the empirical mass (30 g/mol) of glucose to the molar mass (180 g/mol).

The mass percent of a compound is a constant no matter what amount of substance is present.
Compounds always have constant composition.

A balanced equation starts with the correct formulas of the reactants and products. The co-
efficients necessary to balance the equation give molecule relationships as well as mole
relationships between reactants and products. The state (phase) of the reactants and products
is also given. Finally, special reaction conditions are sometimes listed above or below the
arrow. These can include special catalysts used and/or special temperatures required for a
reaction to occur.
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31.

32.

33.

34.

35.

Only one product is formed in this representation. This product has two Y atoms bonded to
an X. The other substance present in the product mixture is just the excess of one of the
reactants (Y). The best equation has smallest whole numbers. Here, answer ¢ would be this
smallest whole number equation (X + 2 Y — XY,). Answers a and b have incorrect
products listed, and for answer d, an equation only includes the reactants that go to produce
the product; excess reactants are not shown in an equation.

A balanced equation must have the same number and types of atoms on both sides of the
equation, but it also needs to have correct formulas. The illustration has the equation as:

H+0 — H,0

Under normal conditions, hydrogen gas and oxygen gas exist as diatomic molecules. So the
first change to make is to change H + O to H, + O,. To balance this equation, we need one
more oxygen atom on the product side. Trial and error eventually gives the correct balanced
equation of:

2H2+Oz - 2HZO

This equation uses the smallest whole numbers and has the same number of oxygen atoms
and hydrogen atoms on both sides of the equation (4 H + 2 O atoms). So in your drawing,
there should be two H, molecules, 1 O, molecule, and 2 H,O molecules.

The theoretical yield is the stoichiometric amount of product that should form if the limiting
reactant is completely consumed and the reaction has 100% yield.

A reactant is present in excess if there is more of that reactant present than is needed to
combine with the limiting reactant for the process. By definition, the limiting reactant cannot
be present in excess. An excess of any reactant does not affect the theoretical yield for a
process; the theoretical yield is determined by the limiting reactant.

The specific information needed is mostly the coefficients in the balanced equation and the
molar masses of the reactants and products. For percent yield, we would need the actual yield
of the reaction and the amounts of reactants used.

a. Mass of CB produced = 1.00 x 10* molecules A,B.
1mol A,B, 2mol CB y molar mass of CB

X X
6.022 x 10% moleculesA,B,  1mol A,B, mol CB

2 atoms A
1molecule A,B,

b. Atoms of A produced = 1.00 x 10* molecules A,B, x

c. Moles of C reacted = 1.00 x 10* molecules A,B, x 1T30| AsB,
6.022 x 10°° molecules A,B,
2mol C
1mol A,B,
d. Percent yield = actual mass x 100; the theoretical mass of CB produced was

theoretical mass

calculated in part a. If the actual mass of CB produced is given, then the percent yield can
be determined for the reaction using the percent yield equation.
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36.

One method is to assume each quantity of reactant is limiting, then calculate the amount of
product that could be produced from each reactant. This gives two possible answers
(assuming two reactants). The correct answer (the amount of product that could be produced)
is always the smaller number. Even though there is enough of the other reactant to form more
product, once the smaller quantity is reached, the limiting reactant runs out, and the reaction
cannot continue.

A second method would be to pick one of the reactants and then calculate how much of the
other reactant would be required to react with all of it. How the answer compares to the
actual amount of that reactant present allows one to deduce the identity of the limiting
reactant. Once the identity is known, one would take the limiting reactant and convert it to
mass of product formed.

Exercises

Atomic Masses and the Mass Spectrometer

37.

38.

39.

40.

41.

Let A = average atomic mass

A = 0.0140(203.973) + 0.2410(205.9745) + 0.2210(206.9759) + 0.5240(207.9766)

A =286+ 49.64 +45.74 + 109.0 = 207.2 u; from the periodic table, the element is Pb.
Note: u is an abbreviation for amu (atomic mass units).

Average atomic mass = A = 0.0800(45.952632) + 0.0730(46.951764) + 0.7380(47.947947)
+0.0550(48.947841) + 0.0540(49.944792) = 47.88 amu

This is element Ti (titanium).
Let A = mass of ***Re:

186.207 = 0.6260(186.956) + 0.3740(A), 186.207 — 117.0 = 0.3740(A)

69.2
0.3740

=185 u (A = 184.95 u without rounding to proper significant figures.)

Abundance #Si = 100.00 — (4.70 + 3.09) = 92.21%; from the periodic table, the average
atomic mass of Si is 28.09 u.

28.09 = 0.9221(27.98) + 0.0470(atomic mass 2Si) + 0.0309(29.97)
Atomic mass ®Si = 29.01 u

The mass of *°Si is actually a little less than 29 u. There are other isotopes of silicon that are
considered when determining the 28.09 u average atomic mass of Si listed in the atomic table.

Let x =% of 'Eu and y = % of **°Eu, then x + y = 100 and y = 100 — x.
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42.

43.

44,

x(150.9196) + (100 — x)(152.9209)
100

151.96 =

15196 = (150.9196)x + 15292.09 — (152.9209)x, —96 = —(2.0013)x
X = 48%: 48% 'Eu and 100 — 48 = 52% ™°Eu

If silver is 51.82% '’ Ag, then the remainder is '®Ag (48.18%). Determining the atomic
mass (A) of '*Ag:

51.82(106.905) + 48.18(A)
100

107.868 =

10786.8 = 5540. + (48.18)A, A =108.9 u = atomic mass of '®Ag

There are three peaks in the mass spectrum, each 2 mass units apart. This is consistent with
two isotopes differing in mass by two mass units. The peak at 157.84 corresponds to a Br;
molecule composed of two atoms of the lighter isotope. This isotope has mass equal to
157.84/2 or 78.92. This corresponds to “Br. The second isotope is *Br with mass equal to
161.84/2 = 80.92. The peaks in the mass spectrum correspond to °Br,, "°Br®'Br, and *'Br in
order of increasing mass. The intensities of the highest and lowest masses tell us the two
isotopes are present in about equal abundance. The actual abundance is 50.68% "°Br and
49.32% *'Br.

Because we are not given the relative masses of the isotopes, we need to estimate the masses
of the isotopes. A good estimate is to assume that only the protons and neutrons contribute to
the overall mass of the atom and that the atomic mass of a proton and neutron are each 1.00 u.
So the masses are about: **Fe, 54.00 u; *°Fe, 56.00 u; °>'Fe, 57.00 u; *°Fe, 58.00 u. Using
these masses, the calculated average atomic mass would be:

0.0585(54.00) + 0.9175(56.00) + 0.0212(57.00) + 0.0028(58.00) = 55.91 u

The average atomic mass listed in the periodic table is 55.85 u.

Moles and Molar Masses

45,

46.

When more than one conversion factor is necessary to determine the answer, we will usually
put all the conversion factors into one calculation instead of determining intermediate
answers. This method reduces round-off error and is a time saver.

1mol Fe y 55.859 Fe

500. atoms Fe x >3
6.022 x 10“° atoms Fe mol Fe

=4.64 x 107 g Fe

500.0 g Fe x M Fe _ 5 953 mol Fe

55.85g Fe

23
8.953 mol Fe x 0022 x 1077 atomsFe _ o 291 10% atoms Fe

mol Fe
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0.200gC 1molC  6.022 x 10% atoms C

X x =1.00 x 10% atoms C
carat 12.01gC mol C

47. 1.00 carat x

1mol C

- -3
>3 =83x10°mol C
6.022 x 10=° atoms C

48. 5.0 x 10% atoms C x

12.01gC

8.3 x 10°mol C x
mol C

=0.10gC

49.  ALOs 2(26.98) + 3(16.00) = 101.96 g/mol
NasAlFs: 3(22.99) + 1(26.98) + 6(19.00) = 209.95 g/mol
50.  HFC-134a, CH,FCF3: 2(12.01) +2(1.008) + 4(19.00) = 102.04 g/mol
HCFC-124, CHCIFCF5: 2(12.01) + 1(1.008) + 1(35.45) + 4(19.00) = 136.48 g/mol
51. a. The formula is NH;. 14.01 g/mol + 3(1.008 g/mol) = 17.03 g/mol
b. The formula is NoH,. 2(14.01) + 4(1.008) = 32.05 g/mol
. (NH,).Cr,0: 2(14.01) + 8(1.008) + 2(52.00) + 7(16.00) = 252.08 g/mol
52. a. The formulais P,Os. 4(30.97 g/mol) + 6(16.00 g/mol) = 219.88 g/mol
b. Cas(PO,),: 3(40.08) + 2(30.97) + 8(16.00) = 310.18 g/mol

c. NaHPO, 2(22.99) + 1(1.008) + 1(30.97) + 4(16.00) = 141.96 g/mol

53.  a 1.00gNHsx MO NHs 4 0587 mol NH,
17.03g NH,
1mol N,H
b. 1.00g NoHs x — M2~ 60312 mol NoH,
32.059 N,H,

1mol (NH,),Cr,0,
252.08¢g (NH,),Cr,0,

c. 1.00 g (NH4)2Cf207 X = 3.97 x 1073 mol (NH4)2Cf207

1molP,O,

= 455 x 10~ mol P,Os
219.88¢

54, a. 1.00 g P4,O¢ %

1mol Ca,(PO,),

b. 1.00 g Cas(PO), X
9 Cai(POu). 310.18g

=3.22 x 10~ mol Cay(PO,),

1mol Na,HPO,

=7.04 x 10~° mol Na,HPO,
141.96 g

c. 1.00 g Na;HPO, x
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55.

56.

57.

58.

59.

17.03g NH,

a. 5.00 mol NH; x
mol NH,

= 85.2 g NH;
32.05g N,H,

b. 5.00 mol NoH, x
mol N,H,

= 160. g N,H,4
252,08 (NH,),Cr,0,

c. 5.00 mol (NH,),Cr,0O; x
(NF.Cr0; 1mol (NH,),Cr,0,

= 1260 g (N H4)2Cf207

219.88¢

a. 5.00molP,Og x ——M——
1mol P,Oq

=1.10 x 10% g P,O¢

310.18g

b. 5.00 mol Cas(PO,), x
(PO mol Ca,(PO,),

= 1.55 x 10° g Ca3(PO,),

141.96 g

c. 5.00 mol Na;HPOy X —M—M————
mol Na,HPO,

=7.10 x 10° g Na,HPO,

Chemical formulas give atom ratios as well as mole ratios.

1mol N 5 14.01g N

a. 5.00 mol NH; x =70.1gN

mol NH, mol N
b. 5.00mol NoH, x —2MOIN_ 1401gN _ 0 N

mol N,H, mol N
¢. 5.00 mol (NH,),Cr,0; x 2mol N (A0LGN g4 gN
mol (NH,),Cr,05 mol N

a. 5.00 mol PO x 1P 30979P _e194p

mol P,Ogq mol P
b. 5.00 mol Cas(PO.), x — 2MOIP  3097GP _ 415 4p

mol Ca3(POy,), mol P

1mol P 5 30.97¢gP

c. 5.00 mol Na;HPO, x
mol Na,HPO, mol P

=155gP

1mol NH;  6.022 x 10% molecules NH,
17.03g NHj mol NH,

a. 1.00 g NH;z x

= 3.54 x 10% molecules NH;

1molN,H,  6.022 10% molecules N,H,

b. 1.00 g N2H4 X
32.05g N,H, mol N,H,

=1.88 x 10% molecules N,H,
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1mol (NH,),Cr,0;,
252.089 (NH,),Cr,0,

c. 1.00 g (NH4)2Cf207 X

8022 x 102 formula units (NH,), Cr,O;,

= 2.39 x 10?* formula units (NH,).Cr,0;
mol (NH,),Cr,04

1mol P,05  6.022 x 10*° molecules

60. a. 1.00gP40 %
219.88¢ mol P,Ogq

= 2.74 x 10 molecules P,O¢

1mol Cag(PO,),  6.022 x 102 formula units

b. 1.00 g Cas(POy), %
g CaPOu): 310.18¢ mol Ca3(POy,),

= 1.94 x 10** formula units Cas(PO,);

1mol Na,HPO, _ 6.022 x 10* formula units
141.96 g mol Na,HPO,

c. 1.00 g Na;HPO, x

= 4.24 x 10* formula units Na,HPO,

61. Using answers from Exercise 59:
a. 3.54 x 10% molecules NH; x _ laomN __ 3.54 x 10 atoms N
molecule NH,
2 atoms N

b. 1.88 x 10 molecules N,H, x =3.76 x 10?2 atoms N

molecule N,H,

2atoms N
formula unit (NH,),Cr,0,

= 4.78 x 10* atoms N

c. 2.39 x 10% formula units (NH,),Cr,0; x

62. Using answers from Exercise 60:

4 atoms P

- = =1.10x10%2atomsP
molecule P,O

a. 2.74 x 10? molecules P,O¢ x

2 atoms P
formula unit Ca4(PO,),

b. 1.94 x 10% formula units Cas(PO,), x = 3.88 x 10* atoms P

latomP
formula unit Na,HPO,

c. 4.24 x 10% formula units Na,HPO, x = 4.24 x 10% atoms P

63. Molar mass of CCl,F, = 12.01 + 2(35.45) + 2(19.00) = 120.91 g/mol

lg  _1lmol 6022 x 10% molecules
1000mg 120.91¢g mol

= 2.77 x 10® molecules CCI,F,

5.56 mg CCl,F, x
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64.

65.

66.

67.

5.56 x 10 g CCl,F, x

1mol CCI,F, y 2mol CI y 35.459gCl
120.91¢ 1mol CCI,F mol CI

= 3.26 x 10~ g = 3.26 mg Cl

The «2H,0 is part of the formula of bauxite (they are called waters of hydration). Combining
elements together, the chemical formula for bauxite would be Al,OsH,.

a.

Molar mass = 2(26.98) + 5(16.00) + 4(1.008) = 137.99 g/mol

2 mol Al y 26.98 g Al

0.58 mol Al,032H,0 x
mol Al,O; «2H,0 mol Al

=31 gAl

2 mol Al 6.022 x 10% atoms

0.58 mol Al,032H,0 x x
mol Al,O; «2H,0 mol Al

= 7.0 x 10%® atoms Al

2.1 x 10% formula units AL Os2H,0 x — Mo Al03¢2H,0 137.999

6.022 x 102 formula units mol
= 480 g Al,O2H,0
150.0 g Fe,05 x — M — .9393 mol Fe;05
159.70g
10.0 mg NO, x —=9 MO 47+ 10 mol NO,

1000mg 46.019g

1mol

1.5 x 10 molecules BF; x >
6.02 x 10°° molecules

= 2.5 x 10 mol BF;

19 1mol

20.0 mg CgH1oN4O; X x
O ~eruoNe 2 X J00omg * 194.20¢

=1.03 x 1074 mol CgH10N4O2

1 mol
6.022 x 102 molecules
=4.52 x 10°mol C,HsOH

2.72 x 10% molecules C,HsOH x

150 g COp x =M~ 341 x 102 mol CO,
44.01g

A chemical formula gives atom ratios as well as mole ratios. We will use both ideas to
show how these conversion factors can be used.

Molar mass of C,HsO,N = 2(12.01) + 5(1.008) + 2(16.00) + 14.0l = 75.07 g/mol
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68.

1mol C;Hs0,N 6.022 x 10% molecules C,H:O,N

5.00 g CoHsO,N %
75.07 g C,HsO,N mol C,H-O,N

y latom N
molecule C,H;0,N

=4.01 x 10% atoms N

b. Molar mass of MgsN, = 3(24.31) + 2(14.01) = 100.95 g/mol

1mol MgsN, 6022 x 102 formula units MgsN,
100.95g Mg3N, mol Mg;N,

5.00 g MgsN, x

2 atoms N

x ——— > " =507 x 10% atoms N
mol Mg;N,

c. Molar mass of Ca(NOs), = 40.08 + 2(14.01) + 6(16.00) = 164.10 g/mol

1molCa(NOz),  2molN 6022 x 10% atoms N
164.10g Ca(NO3),  mol Ca(NO;), mol N

= 3.67 x 10% atoms N

5.00 g Ca(NOy), x

d. Molar mass of N,O, = 2(14.01) + 4(16.00) = 92.02 g/mol

1molN,O;  _2molN 6.022x 10% atoms N

5.00 g N204 X X
92.02g N,O,  molN,O, mol N

= 6.54 x 10% atoms N

1 mol

4.24 q CeHg X =543 x 102 mol CgH
g Lot 78.119 e

6.022 x 10% molecules

=3.27 x 10% molecules CgHs
mol

5.43 x 1072 mol CgHs *

Each molecule of CsHg contains 6 atoms C + 6 atoms H = 12 atoms total.

3.27 x 102 molecules CgHg x 12 atoms total _ 3.92 x 10% atoms total
molecule
0.224 mol H,0 x 8929 _ 4 04 ¢ 1,0
mol
23
0.224 mol H,0 x 022 x 10 Imo'ecu'es = 1.35 x 10% molecules H,0O
mo

3 atoms total
molecule

1.35 x 10 molecules H,O x = 4.05 x 10% atoms total
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69.

70.

71.

1 mol

= =4.50 x 10 mol CO,
6.022 x 10~° molecules

2.71 x 10% molecules CO, x

44.01g

450 x 102 mol CO, x
mol

=198 gCO,

3 atoms total

S P =8.13 x 10% atoms total
molecule CO,

2.71 x 10% molecules CO, x
1 molecule

— 7~ =558 x 10 molecules CH;OH
6 atoms total

3.35 x 10% atoms total x

1mol
6.022 x 10%° molecules

5.58 x 10%* molecules CHsOH x =9.27 x 10~ mol CH;OH

32.049

9.27 x 10~° mol CH;0OH x
mol

=0.297 g CH;0OH

Molar mass of C¢HgOg = 6(12.01) + 8(1.008) + 6(16.00) = 176.12 g/mol

19 1mol

x = 2.839 x 102 mol CsHgOs
1000mg ~ 176.12¢g

500.0 mg x

6.022 x 10?3 molecules

=1.710 x 10* molecules CsHgOs
mol

2.839 x 10> mol x

a. 9(12.01) + 8(1.008) + 4(16.00) = 180.15 g/mol

=278 x 1073 mol C9H304

b. 500. mg x 19 X Lmol
1000mg 180.15¢g

6.022 x 102 molecules

=1.67 x 10** molecules CqHsO,
mol

2.78 x 10~ mol x

a. 2(12.01) + 3(1.008) + 3(35.45) + 2(16.00) = 165.39 g/mol

b, 500.0gx —M0 ~ 3023 mol CHCILO,
165.39 g

N 165.39¢g
mol

c. 2.0x102mol

=3.3 g CzHgCIgOz

1 mol 6.022 x 102 molecules  3atomsCl

d. 5.0 g C,H;Cl0, x x
9 Sl 165.39¢ mol molecule

= 5.5 x 10% atoms of chlorine



CHAPTER 3 STOICHIOMETRY Y4

1mol I 1mol C,H,Cl,0,  165.399 C,H,Cl;0,

e. 10gClIx X
35.45¢ 3mol Cl mol C,H,CI,;0,

= 1.6 g chloral hydrate

f. 500 molecules x

1mol y 165.39¢

o =1.373 x 10 g C,H5Cl50,
6.022 x 10> molecules mol
72. As we shall see in later chapters, the formula written as (CH3;),N,O tries to tell us something

about how the atoms are attached to each other. For our purposes in this problem, we can
write the formula as C,HgN-O.

a. 2(12.01) + 6(1.008) + 2(14.01) + 1(16.00) = 74.09 g/mol

lg  Imol o 10°mol ¢ 0.050 mol x /*099

b. 250 mg x
1000mg 74.09¢ mol

=379

6.022 x 10%® molecules C,HgN,0 . 6atomsof H

d. 1.0 mol C,HgN,O x
mol C,HgN,O molecule C,HgN,O

= 3.6 x 10* atoms of hydrogen

1mol g 74.09¢

e. 1.0 x 10° molecules x =
6.022 x 10°° molecules mol

=1.2x10"g

1mol g 74.09¢

f. 1 molecule x >3
6.022 x 10-° molecules mol

=1.230 x 10 ** g C,HgN,0

Percent Composition

73.  a. CsH,0,: Molar mass = 3(12.01) + 4(1.008) + 2(16.00) = 36.03 + 4.032 + 32.00

=72.06 g/mol
Mass % C= — 20039C 100=50.00%C
72.06 g compound
Mass %H=_ *0320H 100=55050%H
72.06 g compound

Mass % O = 100.00 — (50.00 + 5.595) = 44.41% O or:

_32.009
72.06¢9

%0 x 100 = 44.41% O

b. C4HsO,: Molar mass = 4(12.01) + 6(1.008) + 2(16.00) = 48.04 + 6.048 + 32.00
= 86.09 g/mol

48049 | 100=5580%C: mass % H = 20489
86.09 86.09g

Mass % C =

x 100 =7.025% H

Mass % O = 100.00 — (55.80 + 7.025) = 37.18% O
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c. C3H3N: Molar mass = 3(12.01) + 3(1.008) + 1(14.01) = 36.03 + 3.024 + 14.01
= 53.06 g/mol

36.03¢g

Mass % C = = x 100 =5.699% H

% 100 = 67.90% C: mass % H = > 0249
069 53.06

Mass % N = 14.01g
53.06

x 100 = 26.40% N or % N = 100.00 — (67.90 + 5.699)
g = 26.40% N

74. In 1 mole of YBa,Cus0y, there are 1 mole of Y, 2 moles of Ba, 3 moles of Cu, and 7 moles
of O.

Molar mass =1 mol Y 8891gY +2mol Ba 137.3gBa
mol Y mol Ba

+3mol Cu 63.55g Cu +7mol O 16.009g O
mol Cu mol O

Molar mass = 88.91 + 274.6 + 190.65 + 112.00 = 666.2 g/mol

Mass % v = 20210 o 100 = 13.35% Y: mass % Ba = 209 x 100 = 41.22% Ba
666.2 g 666.2
Mass % Cu = 220959 100 = 28.629% Cu: mass % O = 2299 « 100 = 16.81% O
666.2 666.2 g
75 NO: Mass% N = ~2OLON 100 =46.68% N
30.01g NO
NO,: Mass % N = —~+01IN 160 =30.450% N
46.01g NO,
N,O: Mass % N = 24400 IN 106 - 63.65% N
44.02g N,O

From the calculated mass percents, only NO is 46.7% N by mass, so NO could be this
species. Any other compound having NO as an empirical formula could also be the
compound.

76.  a. CgHipN,Oz Molar mass = 8(12.01) + 10(1.008) + 4(14.0l) + 2(16.00) = 194.20 g/mol

Mass % C = 8(1201) 9 C x 100 = 96.08 g
194.20g C4H,,N,O, 194.20¢g

x 100 =49.47% C

b. CiHO::: Molar mass = 12(12.01) + 22(1.008) + 11(16.00) = 342.30 g/mol

12(12.01)g C
342.309 C,,H,,0,,

Mass % C = x 100 =42.10% C
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c. C,HsOH: Molar mass = 2(12.01) + 6(1.008) + 1(16.00) = 46.07 g/mol

2(12.01) g C
46.07 g C,H.OH

Mass % C = x 100 =52.14% C

The order from lowest to highest mass percentage of carbon is:
sucrose (C1,H204;) < caffeine (CgH1oN4O,) < ethanol (C,HsOH)

77. There are 0.390 g Cu for every 100.000 g of fungal laccase. Assuming 100.00 g fungal
laccase:

1mol Cu 1mol fungal laccase

x =1.53 x 103 mol
63.55g Cu 4 mol Cu

Mol fungal laccase = 0.390 g Cu %

x g fungallaccase _  100.000g

= , X =molar mass = 6.54 x 10* g/mol
mol fungal laccase  1.53 x 102 mol )

78. There are 0.347 g Fe for every 100.000 g hemoglobin (Hb). Assuming 100.000 g
hemoglobin:

1mol Fe 1 mol Hb

x =1.55 x 10> mol Hb
55.85gFe 4 molFe

Mol Hb = 0.347 g Fe x

xgHb _  100.000g Hb

= . , X = molar mass = 6.45 x 10" g/mol
molHb 1,55 x 10™° mol Hb

Empirical and Molecular Formulas

79. a. Molar mass of CH,O =1 mol C M +2mol H M
mol C mol H

16.00g O

+1mol O
mol O

J = 30.03 g/mol

0,

12.01gC % 100 = 39.99% C: % H = 2.016gH

= ——  x 100 =6.713% H
30.03gCH,0 30.03gCH,0

%0 160090

= ————— x100=53.28% O or % O =100.00 — (39.99 + 6.713) = 53.30%
30.03gCH,0

b. Molar mass of C¢H1,06 = 6(12.01) + 12(1.008) + 6(16.00) = 180.16 g/mol

x 100 = 6.714%

9= 0069C % 100 = 40.00%: % H = 1>1-008)g
180.16 g C,H,,0, 180.16 g

% O =100.00 — (40.00 + 6.714) = 53.29%
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80.

81.

82.

83.

c. Molar mass of HC,H;0, = 2(12.01) + 4(1.008) + 2(16.00) = 60.05 g/mol

24029

%C= < % 100 = 40.00%: % H = +0329

059 60.05¢
% O = 100.00 — (40.00 + 6.714) = 53.29%

x 100 = 6.714%

All three compounds have the same empirical formula, CH,O, and different molecular
formulas. The composition of all three in mass percent is also the same (within rounding
differences). Therefore, elemental analysis will give us only the empirical formula.

a. The molecular formula is N;O4. The smallest whole number ratio of the atoms (the
empirical formula) is NO,.

b. Molecular formula: CsHs; empirical formula: CH,
c. Molecular formula: P,O40; empirical formula: P,Os

d. Molecular formula: CsH1,06; empirical formula: CH,O

a. SNH: Empirical formula mass = 32.07 + 14.01 + 1.008 = 47.09 g/mol

188.359

= 4.000; so the molecular formula is (SNH), or S;N4H,.
47.09¢

b. NPCI,: Empirical formula mass = 14.01 + 30.97 + 2(35.45) = 115.88 g/mol

347.64

= 3.0000; molecular formula is (NPCI,); or N3P3Clg.
115.88¢

c. CoC,O4 58.93 + 4(12.01) + 4(16.00) = 170.97 g/mol

341.94 g

————= =2.0000; molecular formula: C0,CsOg
170.97¢g

184.32g

d. SN: 32.07 + 14.01 = 46.08 g/mol; =4.000; molecular formula: S4N,4

Out of 100.00 g of compound, there are:

48.649C x =M€ 4 os0moic: 8.16gHx ~MH _g10mol H
12.01gC 1.008g H
1mol O
9% O = 100.00 — 48.64 — 8.16 = 43.20%; 43.20 g0 x — "> =2 700 mol O
16.00g 0

Dividing each mole value by the smallest number:
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4050 _; coo. 840 _ 400 2700 oo

2.700 2.700 2.700

Because a whole number ratio is required, the C : H: Oratiois1.5:3:10r3:6 :2. Sothe
empirical formula is C3HgO..

84. Assuming 100.00 g of nylon-6:

63.689Cx ~MIC  _ 530 morc: 1238 gNx M N 8837 mol N
12.01gC 14.01g N
9080 gHx =M o 2o motH; 141490 x MO _ 8838 mol 0
1.008g H 16.00g 0O

Dividing each mole value by the smallest number:

5.302 - 6.000: 9.72 - 11.0: 0.8838 1,000
0.8837 0.8837 0.8837

The empirical formula for nylon-6 is C¢H;;NO

85. Compound I: Mass O = 0.6498 g Hg,O, — 0.6018 g Hg = 0.0480 g O

0.6018 g Hg % M =3.000 x 10~* mol Hg
200.6 g Hg
0.0480 g0 x MO _ 360 %10 mol O
16.00g 0

The mole ratio between Hgand O is 1 : 1, so the empirical formula of compound I is HgO.
Compound Il: Mass Hg = 0.4172 g Hg,O, — 0.016 g O = 0.401 g Hg

1 mol Hg 1mol O

0.401 g Hg x —————— =2.00 x 10~ mol Hg; 0.016 g0 x ———— =1.0x 10°mol O
200.6 g Hg 16.00g 0
The mole ratio between Hgand O is 2 : 1, so the empirical formula is Hg,O.
86. 1.121gNx "N 8001 x 102molN; 0.161 g H x —M'H _ 1 60x 10 mol H
14.01g N 1.008gH
0.480gCx —M'C 400 102mol C: 064090 x "% _ 400 102mol O
12.01gC 16.009 0

Dividing all mole values by the smallest number:
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-2 -1 -2
8.001 x 102 _ 1.60 x 10 _ - 4.00: 4.00 x 102 ~1.00
4,00 x 10~ 4,00 x 10~ 4,00 x 10~
The empirical formula is N,H,CO.
87. Out of 100.0 g, there are:
69.6 g S x m =2.17mol S; 30.4gN x _1molN =2.17mol N
32.07¢gS 14.01gN

The empirical formula is SN because the mole values are ina 1 : 1 mole ratio.

The empirical formula mass of SN is ~ 46 g/mol. Because 184/46 = 4.0, the molecular

formula is SsNa.

88. Assuming 100.0 g of compound:

267gPx —~MMP _hgs2molP: 121gNx TN _ 6864 mol N
30.97gP 14.01g N
61.2gClx —~MICl 4 23 morc
35.45¢ Cl
1.73

——— =2.01; the empirical formula is PNCl,.

0.862

The empirical formula mass is ~ 31.0 + 14.0 + 2(35.5) = 116 g/mol.

Molar mass
Empirical formula mass

_ 580
116

89. Assuming 100.00 g of compound:

= 5.0; the molecular formula is (PNClI,)s = PsNsClyo.

47.089C x 1€ _ 300 moic: 659gHx MM 654 mol H
12.01gC 1.008g H

46.33gClx ~MICL 4 507 mol cl
35.45¢ Cl

Dividing all mole values by 1.307 gives:

3.920 _

1.307

= 2.999; 654 5.00;
1.307

The empirical formula is C3HsClI.

1307 _ 1.000

1.307

The empirical formula mass is 3(12.01) + 5(1.008) + 1(35.45) = 76.52 g/mol.
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90.

91.

92.

Molar mass _ 153
Empirical formulamass  76.52

=2.00; the molecular formula is (CsHsCl), = C¢HyoCl,.

Assuming 100.00 g of compound (mass oxygen = 100.00g—41.39gC —3.47gH

= 55.14 g O):
1139gCx —~MC 3 ss6molc: 347gHx TP 544 mor
12.01gC 1.008g H
551490 x MO 5 146 mol 0
16.00g O

All are the same mole values, so the empirical formula is CHO. The empirical formula mass
is 12.01 + 1.008 + 16.00 = 29.02 g/mol.

1509
0.129 mol

Molar mass = =116 g/mol

Molar mass 116
Empirical mass  29.02

=4.00; molecular formula = (CHO), = C4H,0,

When combustion data are given, it is assumed that all the carbon in the compound ends up
as carbon in CO; and all the hydrogen in the compound ends up as hydrogen in H,O. In the
sample of fructose combusted, the masses of C and H are:

1mol CO, y 1molC ><12.OlgC

mass C =2.20 g CO, x =0.600gC
44019 CO, mol CO, mol C
1mol H,0 .
mass H = 0.900 g H,0 x —molH.0 - 2molH  1008gH _ 0, ¢ 1y
18.02g H,0 mol H,0 mol H
Mass O = 1.50 g fructose — 0.600 g C - 0.101gH =0.799g O
So, in 1.50 g of the fructose, we have:
0600 Cx ~MC 60500 mol c: 0.101 gH x ~M'H — 6100 mol H
12.01gC 1.008g H
079990 x ~1%O__ 6499 mol 0
16.00g 0

Dividing by the smallest number: % = 2.00; the empirical formula is CH,0.

This compound contains nitrogen, and one way to determine the amount of nitrogen in the
compound is to calculate composition by mass percent. We assume that all the carbon in
33.5 mg CO, came from the 35.0 mg of compound and all the hydrogen in 41.1 mg H,O
came from the 35.0 mg of compound.
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93.

3.35 x 102 CO, x 1mol CO, y 1molC y 12.01gC =9.14x 1079 C
44,019 CO, mol CO, mol C
-3
Mass % C = — 22 *1070C _400=26196C
3.50 x 10™“ g compound
411 x 102g H,0 x 1mol H,0 y 2mol H 8 1.008g H - 460 x 10 g H

18.02g H,0 mol H,0 mol H

460 x103gH
3.50 x 1072 g compound

Mass % H = x 100 =13.1% H

The mass percent of nitrogen is obtained by difference:
Mass % N = 100.0 — (26.1 + 13.1) = 60.8% N

Now perform the empirical formula determination by first assuming 100.0 g of compound.
Out of 100.0 g of compound, there are:

1molC 1molH

26.1gCx ———— =217 molC; 131gHx —————— =13.0mol H
12.01gC 1.008g H
60.8gNx TN 434 molN
14.01g N
Dividing all mole values by 2.17 gives: 24 1.00; 130 _ 5.99; 434 _ 2.00
2.17 2.17 2.17

The empirical formula is CHgN,.

The combustion data allow determination of the amount of hydrogen in cumene. One way to
determine the amount of carbon in cumene is to determine the mass percent of hydrogen in
the compound from the data in the problem; then determine the mass percent of carbon by
difference (100.0 — mass % H = mass % C).

42.8 mg H,0 x 1lg N 2.016gH N 1000 mg
1000 mg 18.02g H,0 g

=4.79 mg H

479mgH
47.6 mg cumene

Mass % H = x 100 =10.1% H; mass % C = 100.0 - 10.1 =89.9% C

Now solve the empirical formula problem. Out of 100.0 g cumene, we have:

89.9gCx ~MIC 2 49moic: 101gHx =M 16 0molH

12.01gC 1.008g H
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& =134~ i; the mole H to mole C ratio is 4 : 3. The empirical formula is C3H,.

7.49 3
Empirical formula mass ~ 3(12) + 4(1) = 40 g/mol.

The molecular formula must be (CsH,); or CgH;, because the molar mass of this formula will
be between 115 and 125 g/mol (molar mass ~ 3 x 40 g/mol = 120 g/mol).

94. There are several ways to do this problem. We will determine composition by mass percent:
16.01 mg CO, x — 9 12019C ~ 1000mg _ /569 o ¢
1000 mg 44.01g CO,
%= —309MIC 100 -4001%C
10.68 mg compound
437 mgH0 x — 9, 2016gH 1000Mg _ 4 a0 1o
1000 mg 18.02g H,O g
%H-= 0.489 mg x 100 = 4.58% H; % O =100.00 — (40.91 + 4.58) = 54.51% O

10.68 mg

So, in 100.00 g of the compound, we have:

2091gCx M€ a6 moic; 458gH x N _ 454 mor 1
12.01gC 1.008g H
545190 x ~19O _ 3407 mol0
16.00g 0
- 454 4 g .
Dividing by the smallest number: m =133~ §; the empirical formula is C3H,4Os.

The empirical formula mass of C3H,03 is = 3(12) + 4(1) + 3(16) = 88 g/mol.

Because % = 2.0, the molecular formula is CgHgOs.

Balancing Chemical Equations

95. When balancing reactions, start with elements that appear in only one of the reactants and one
of the products, and then go on to balance the remaining elements.

a. CgH1206(S) + O2(g) — CO(9) + H.0(0)
Balance C atoms: CgH1,06 + O, - 6 CO, + H,0
Balance H atoms: CgH1,06 + O — 6 CO, + 6 H,0
Lastly, balance O atoms: CgH1,06(S) + 6 O2(g) — 6 CO(g) + 6 H,0(0)
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b. Fe,S3(s) + HCI(g) —» FeCls(s) + H,S(Q)
Balance Fe atoms: Fe,S; + HCl — 2 FeCl; + H,S
Balance S atoms: Fe,S; + HCI — 2 FeCl; + 3 H,S
There are 6 H and 6 Cl on right, so balance with 6 HCI on left:
Fe,Ss(s) + 6 HCI(g) > 2 FeCls(s) + 3 H.S(Q).
c. CSy(l) + NHs(g) - H,S(g) + NH,SCN(s)
C and S balanced; balance N:
CS; + 2 NH; > H,S + NH,SCN
H is also balanced. CS,(I) + 2 NH3(g) > H.S(g) + NH,SCN(s)

96. An important part to this problem is writing out correct formulas. If the formulas are
incorrect, then the balanced reaction is incorrect.

a. CoHsOH(l) + 30,(g) —> 2 CO,(g) + 3 H,O(g)
b. 3 Pb(NO3),(aq) + 2 NazPO4(ag) — Pb3(PO4)2(s) + 6 NaNOs(aq)
c. Zn(s)+2HCl(ag) — ZnCly(aq) + Hy(g)

d. Sr(OH),(aq) + 2 HBr(ag) — 2H,0(l) + SrBr,(aq)

MnO,

97.  2H,0saq) ~ELe 5 H00) + 0y(g)

98. Fes04(s) + 4 Hx(g) > 3 Fe(s) + 4 H,O(g)
FesO4(s) + 4CO(g) > 3 Fe(s) + 4COx(g)
99. a. 3 Ca(OH),(aq) + 2 HsPO4(aq) — 6 H,O(l) + Cas(PO4)2(S)
b. AI(OH)s(s) + 3 HCl(ag) — AlCls(aq) + 3 H,0(l)
c. 2 AgNOs(aq) + HSO4(aq) — Agz2SO4(s) + 2 HNO;(aq)
100. a. 2 KO,(s) +2 HO(l) » 2 KOH(aqg) + O,(g) + H20(aq) or
4 KOy(s) + 6 H,O(I) — 4 KOH(aq) + O4(g) + 4 H,0,(aq)
b. Fe,Os(s) + 6 HNOs(aq) — 2 Fe(NOs)s(aqg) + 3 H,O(l)

C. 4 NHs3(g) +50,g) — 4 NO(g) + 6 HO(g)
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101.

102.

103.

PCls(l) + 4 H,O(I) — HsPO4(aq) + 5 HCI(g)

2 CaO(s) +5C(s) — 2CaCy(s) + COx(g)

2 M0S;,(s) + 7 O,(g) — 2 MoOs(s) + 4 SO,(g)

FeCOs(s) + H,COs(aq) — Fe(HCOs)2(aq)

The formulas of the reactants and products are CgHg(l) + Ox(g) — CO2(g) + H,0(g). To
balance this combustion reaction, notice that all of the carbon in CgHg has to end up as
carbon in CO; and all of the hydrogen in C¢H¢ has to end up as hydrogen in H,O. To
balance C and H, we need 6 CO, molecules and 3 H,O molecules for every 1 molecule of
CeHs. We do oxygen last. Because we have 15 oxygen atoms in 6 CO, molecules and 3

H,O molecules, we need 15/2 O, molecules in order to have 15 oxygen atoms on the
reactant side.

CeHo(l) + % 02(g) — 6 CO4(g) + 3 H,O(g); multiply by two to give whole numbers.

2 CgHs(I) + 15 O45(g) — 12 CO4(g) + 6 H,0(g)

The formulas of the reactants and products are C4Hi(g) + O2(g) — CO»(g) + H20(Q).
CsHio(0) + %Og(g) — 4 CO,(g) + 5 H,O(g); multiply by two to give whole numbers.
2 C4Hi0(g) + 13 O,(g) — 8 CO4(g) + 10 H,0O(Q)

C1oH2,041(8) + 12 O,(g) — 12 CO,(g) + 11 H,0(g)

2 Fe(s) + %Oz(g) — Fe,04(s); for whole numbers: 4 Fe(s) + 3 O,(g) — 2 Fe,04(s)

2 FeO(s) + % 0O2(g) — Fe,04(s); for whole numbers, multiply by two.
4 FeO(s) + O2(9) — 2 Fe,O4(s)

16 Cr(s) + 3 Sg(s) — 8 Cr,S5(s)

2 NaHCO;(s) — Na,COs(s) + COx(g) + H,0(g)

2 KClO4(s) = 2 KCI(s) + 3 04(q)

2 Eu(s) + 6 HF(g) — 2 EuF3(s) + 3 Hx(9)

SiO,(s) + C(s) — Si(s) + CO(g); Si is balanced.

Balance oxygen atoms: SiO, + C — Si+2 CO

Balance carbon atoms: SiOy(s) + 2 C(s) — Si(s) + 2 CO(g)
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104.

b. SiCly(l) + Mg(s) — Si(s) + MgCl,(s); Si is balanced.
Balance Cl atoms: SiCl, + Mg — Si + 2 MgCl,
Balance Mg atoms: SiCl,(l) + 2 Mg(s) — Si(s) + 2 MgCly(s)
c. NaySiFs(s) + Na(s) — Si(s) + NaF(s); Si is balanced.
Balance F atoms: Na,SiFg + Na — Si + 6 NaF
Balance Na atoms: NaySiFe(s) + 4 Na(s) — Si(s) + 6 NaF(s)

CaSiOs(s) + 6 HF(ag) — CaFy(aqg) + SiF4(g) + 3 H,O(I)

Reaction Stoichiometry

105.

106.

107.

108.

The stepwise method to solve stoichiometry problems is outlined in the text. Instead of
calculating intermediate answers for each step, we will combine conversion factors into one
calculation. This practice reduces round-off error and saves time.

Fe,Os(s) + 2 Al(s) — 2 Fe(l) + Al O5(s)
1mol Fe 2 mol Al y 26.98g Al

15.0 g Fe x —————— =0.269 mol Fe; 0.269 mol Fe x =7.26gAl
55.859 Fe 2 mol Fe mol Al
0.269 mol Fe x 11 F€20s  159.709F€,05 _ o) 5 po .
2mol Fe mol Fe,O4
0.269 mol Fe x ~ A0 101969 AI05 _ 157 0416,
2 mol Fe mol Al,O4
10 KCIO3(s) + 3P4(s) — 3 P4O1(s) + 10 KCI(s)
52.9 g KCIO; x 1mol KCIO, 3mol P,0,, y 283.889P,0;p _ 36.8 g POs

X
12255¢ KCIO, ~ 10 molKCIO, = mol P,0,,

10009 Al y 1mol Al 3mol NH,CIO, 8 117.49g NH,CIO,

1.000 kg Al x X
kg Al 26.98 g Al 3mol Al mol NH,CIO,

= 4355 g = 4.355 kg NH,CIO,
a. Ba(OH),+8H,0(s) + 2 NH,SCN(s) — Ba(SCN),(s) + 10 H,O(l) + 2 NHs(q)

1mol Ba(OH), «8H,0

b. 6.5 Ba(OH)»8H,0 x
g Ba(OH)--8H; 315.4¢

=0.0206 mol = 0.021 mol
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109.

110.

111.

112.

113.

114,

2 mol NH,,SCN 76.13g NH,SCN
0.021 mol Ba(OH)#8H,0 x Mo’ ™M x 9 "M,
1mol Ba(OH), «8H,0 mol NH,SCN
= 3.2 g NH,SCN

19 8 1mol NaHCO, y 1mol C4HgO4

a. 1.0 x 10> mg NaHCO; x
1000mg 84.01g NaHCO; 3 mol NaHCOg4

 192.129 CH;0;

=0.076 g or 76 mg CeHsO
mol CgHgO, J 9 Serer

1mol NaHCO;4 3mol CO, 5 44,019 CO,

b. 0.10 g NaHCO; x X
84.01g NaHCO; 3 mol NaHCO, mol CO,

=0.052 g or 52 mg CO,

1molC;HeO;  1molC4HgO;  102.099 C4HgO,

a. 1.00 x 10> g C;HeO; x
138.12¢gC,HO; 1molC,HsO;  1molC,H40,

=73.9 g C4Hs0O3

1molC;HgO;  1molCoHgO,  180.15g CoHgO,

b. 1.00 x 10° g C;HgO3 %
138.129g C;HO;  1mol C,H40, mol C4HgO,

=1.30 x 107 g aspirin

3.0 kg NH," . 1000g ~ 1mol NH," . Lmol CsH;0,N

1.0 x 10* kg waste x
100 kg waste kg~ 18.04gNH,"” 55 molNH,"

. 113129 C4H,0,N

= 3.4 x 10" g tissue if all NH," converted
mol C;H,0,N

Because only 95% of the NH," ions react:
mass of tissue = (0.95)(3.4 x 10* g) = 3.2 x 10* g or 32 kg bacterial tissue

759 Caz(POy), y 1mol Ca3(PO,),

1.0 x 10° g phosphorite x :
100 g phosphorite  310.18 g Ca;(PO,),

y 1mol P, . 123.889P,
2mol Ca4(PO,), mol P,

=150 g P,

1.0 ton CuO x 907 kg 8 1000¢ y 1mol CuO 8 1mol C y 12.01gC 8 100. g coke
ton kg 79.55gCuO0 2 mol CuO mol C 95gC
=7.2x 10 g or 72 kg coke
2 LIOH(s) + CO,(g) — Li,COs(aq) + H,O(l)

The total volume of air exhaled each minute for the 7 astronauts is 7 x 20. = 140 L/min.
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1mol LiOH 1mol CO, y 44,019 CO, y 100 g air

25,000 g LiOH x el :
23.95¢LIOH ~ 2molLiOH =~ molCO,  4.0gCO,

5 1mL air N 1L y 1min y 1h
0.0010gair 1000mL  140Lair 60 min

=68 h = 2.8 days

Limiting Reactants and Percent Yield

115.

116.

117.

The product formed in the reaction is NO,; the other species present in the product represent-
tation is excess O,. Therefore, NO is the limiting reactant. In the pictures, 6 NO molecules
react with 3 O, molecules to form 6 NO, molecules.

6 NO(g) + 3 0,(g) — 6 NOx(g)
For smallest whole numbers, the balanced reaction is:

2NO(g) + O(9) — 2NOy(9)

In the following table we have listed three rows of information. The “Initial” row is the
number of molecules present initially, the “Change” row is the number of molecules that
react to reach completion, and the “Final” row is the number of molecules present at
completion. To determine the limiting reactant, let’s calculate how much of one reactant is
necessary to react with the other.

4 molecules NH,
5 moleculesO,

10 molecules O, x = 8 molecules NHj; to react with all of the O,

Because we have 10 molecules of NH3 and only 8 molecules of NH; are necessary to react
with all of the O,, O, is limiting. Now use the 10 molecules of O, and the molecule
relationships given in the balanced equation to determine the number of molecules of each
product formed, then complete the table.

4NHi(@) + 509 —  4NO(g +  6H0()

Initial 10 molecules 10 molecules 0 0
Change —8 molecules —10 molecules +8 molecules +12 molecules
Final 2 molecules 0 8 molecules 12 molecules

The total number of molecules present after completion = 2 molecules NH3 + 0 molecules O,
+ 8 molecules NO + 12 molecules H,O = 22 molecules.

a. The strategy we will generally use to solve limiting reactant problems is to assume each
reactant is limiting, and then calculate the quantity of product each reactant could
produce if it were limiting.  The reactant that produces the smallest quantity of product
is the limiting reactant (runs out first) and therefore determines the mass of product that
can be produced.

Assuming N is limiting:

1mol N, 2mol NH, y 17.039 NH,

1.00 x 10°g N, x x
28.02g N, mol N, mol NH,

=1.22 x10°g NH;
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Assuming H is limiting:

1mol H, y 2 mol NH4 5 17.039 NH,

=2.82 x10° g NH;
2.016gH, 3mol H, mol NH;

5.00 x 10°g H, x
Because N, produces the smaller mass of product (1220 g vs. 2820 g NHs), N, is limiting
and 1220 g NH; can be produced. As soon as 1220 g of NH3is produced, all of the N, has

run out. Even though we have enough H, to produce more product, there is no more N,
present as soon as 1220 g of NH; have been produced.

1mol N, y 3mol H, y 2.016gH,

b. 1.00 x 10°g N, x
28.02g N, mol N, mol H,

= 216 g H, reacted

Excess H, = 500. g H; initially — 216 g H; reacted = 284 g H, in excess (unreacted)
118. Cag(PO4)2 + 3 H,SO, — 3 CaSO, + 2 H3PO,

Assuming Caz(POy), is limiting:

1mol Caz(PO,), y 3mol CaSO, ><136.15g CaSO,
310.18g Ca3(PO,), molCas(POy), mol CaSO,

= 1300 g CaS0O,

1.0 x 10° g Cas(POy), x

Assuming concentrated H,SO, reagent is limiting:

989 H,SO, g 1mol H,SO,

1.0 x 10° g conc. H,S0, x
1009 conc.H,SO, 98.099g H,SO,

y 3mol CaSO, y 136.15g CaSO,
3mol H,SO, mol CaSO,

= 1400 g CaSO,

Because Caz(PO,), produces the smaller quantity of product, Caz(PO,), is limiting and
1300 g CaSO,can be produced.

1mol Ca;(PO,), y 2mol H;PO, ><97.999H3PO4

1.0 x 10° g Cas(POy), x
310.18 g Cay(PO,),  molCay(PO,), mol H3PO,

=630 g H3PO, produced
119.  Assuming BaO; is limiting:

1mol BaO, 8 1mol H,0, y 34.029 H,0,

1.50 g BaO, x
169.3gBaO,  mol BaO, mol H,0,

= 0.301 g H,0,

Assuming HCl is limiting:

0.0272 g HCI y 1molHCI 1molH,0, y 34.029H,0,

25.0 mL x X
mL 36.46 g HClI 2 mol HCI mol H,0,

=0.317 g H,0;
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120.

121.

BaO; produces the smaller amount of H,0,, so it is limiting and a mass of 0.301 g of H,0,
can be produced.

0.0272 g HCI y 1 mol HCI
mL 36.46 g HCI

Initial mol HCI present: 25.0 mL x = 1.87 x 102 mol HCI

The amount of HCI reacted:

1mol BaO, 8 2 mol HCI
169.3gBa0O,  mol BaO,

=1.77 x 102 mol HCI

1.50 g BaO, x

Excess mol HCI = 1.87 x 102 mol — 1.77 x 10?>mol = 1.0 x 103 mol HCI

36.46 g HCI

=3.6 x 1072g HCl unreacted
mol HCI

Mass of excess HCI = 1.0 x10° mol HCI x

Assuming Ag,0 is limiting:

1mol Ag,O y 2 mol AgC,yHgN,SO, 5 357.18 g AgCyoHgN,SO,

25.0 g Agz0 x
231.89 Ag,O mol Ag,0 mol AgC,,HgN 4SO,

=77.0 g AgC10H9N4SOZ
Assuming C1oH10N4SO; is limiting:

1mol CyHoN,4SO, y 2 mol AgC;yHgN,SO,

50.0 g C1oH10N4SO, x
250.29 g C1oHyoN,SO,  2mol CigHyoN,SO,

y 357.18 g AgCyyHgN,SO,
mol AgC,qHgN,4SO,

=714 g AgC10H9N4SOZ

Because C1oH10N4SO, produces the smaller amount of product, it is limiting and 71.4 g of
silver sulfadiazine can be produced.

To solve limiting-reagent problems, we will generally assume each reactant is limiting and
then calculate how much product could be produced from each reactant. The reactant that
produces the smallest amount of product will run out first and is the limiting reagent.

1mol NH4 y 2 mol HCN
17.03g NH; 2 mol NH4

5.00 x 10° g NH; x =2.94 x 10° mol HCN

1mol O, y 2 mol HCN
32.009 O, 3mol O,

5.00 x 10° g O, x =1.04 x 10° mol HCN

1mol CH, y 2 mol HCN
16.04gCH, 2molCH,

5.00 x 10° g CH, x =3.12 x 10° mol HCN
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O, is limiting because it produces the smallest amount of HCN. Although more product could

be produced from NH5 and CH,, only enough O, is present to produce 1.04 x 10°> mol HCN.

The mass of HCN produced is:

27.03g HCN
mol HCN

1.04 x 10° mol HCN x =2.81x 10°g HCN

1mol O, N 6 molH,O y 18.02g H,0

5.00 x 10° g O, x
320090, 3molO, 1mol H,0

=5.63 x 10° g H,0

122.  If C3Hg is limiting:
1mol C;H, " 2mol C;H;N y 53.06 g C;H;N

15.0 g CiHg x =18.9 g CsH3N
42.089 C,H, 2mol C;H, mol C;H;N
If NH; is limiting:
5.00 g NH; x 1mol NH, 5 2mol C;H;N y 53.06g C;H;N _ 15.6 g CsHsN
17.03g NH, 2 mol NH, mol C;H;N
If O, is limiting:
10.0 g O, x 1mol O, g 2 mol C;H;N g 53.069 C;H;N _ 11.1 g CHsN
32.0090, 3mol O, mol C;H;N

O, produces the smallest amount of product; thus O; is limiting, and 11.1 g C3H3N can be
produced.

123.  CyHe(g) + Cly(g) — C,HsCl(g) + HCI(g)

If CoHg is limiting:

1molC,Hg  1molC,HsCl 64519 CoHsCl

300. g C,Hg x = 644 g C;HsClI
30.07g C,Hg mol C,Hg mol C,HsCI
If Clyis limiting:
650. g Cl, x 1mol Cl, N 1mol C,H;CI N 64.519 C,H;CI = 501 g C,HLCl

70.909Cl, mol Cl, mol C,HsCl

Cl, is limiting because it produces the smaller quantity of product. Hence, the theoretical
yield for this reaction is 591 g C,HsCl. The percent yield is:

percent yield = L“Efl x 100 = 490.9
theoretical

x 100 = 82.9%

1mol C4zH:CI y 1mol Cy4H4Cls y 354.46 g C14HoClg

124.  a. 1142 g CeHsCl x
112559 CgHsCl 2 mol CgH5Cl mol Cy,HyCls

= 1798 Cl4H9C|5
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1mol C,HOCI, y 1 mol C4HyClg y 354.46 g C14H,Cl;

485 g C,HOCI; x
147.389 C,HOCIl; = mol C,HOCI, mol C;,HyCls

=1170 g Cl4H9C|5

From the masses of product calculated, C,HOCI; is limiting and 1170 g C14,HsCls can be
produced.

b. C,HOCI; is limiting, and CgHsCl is in excess.

1mol C,HOCl; 2mol CgHsCl  112.55 CoHiCl
147.38gC,HOCI; ~ molC,HOCI; ~ mol CgHsCl

= 741 g C¢HsCl reacted

c. 485 g C,HOCI; x

1142 g — 741 g = 401 g CgHsCl in excess

d. Percent yield = 200.0¢ DDT x100=17.1%
11709 DDT
125, 2.50 metric tons CusFeS; x 000 K9, 10009 1molCusFes; - 3molCu
metric ton kg 342.71¢g 1mol CusFeS;
63.55¢

X

=1.39 x 10° g Cu (theoretical)
mol Cu

86.3 g Cu (actual)

1.39 x 10° g Cu (theoretical) x :
100. g Cu (theoretical)

=1.20 x 10° g Cu = 1.20 x 10° kg Cu

= 1.20 metric tons Cu (actual)

126.  P4(s) + 6 F2(g) — 4 PF3(g); the theoretical yield of PF; is:

100.0 g PF; (theoretical)

120. g PF; (actual) x
78.19 PF; (actual)

= 154 g PF3 (theoretical)

1mol PF, 8 6 mol F, ><38.OOgF2

154 g PF; x
87.97 g PF, 4 mol PF, mol F,

=99.8gF,

99.8 g F, is needed to actually produce 120. g of PF; if the percent yield is 78.1%.

Additional Exercises

127.  C,'He: 2(12.000000) + 6(1.007825) = 30.046950 u
2C'H,"°0: 1(12.000000) + 2(1.007825) + 1(15.994915) = 30.010565 u
“N*0: 1(14.003074) + 1(15.994915) = 29.997989 u

The peak results from *C*H,™0.
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75

128.

129.

130.

131.

We would see the peaks corresponding to:

B*Cl; [mass = 10 + 3(35) = 115 u], >B®*CL,*'CI (117), °B*CI*'Cl, (119),
“B%Cl; (121), 'B*Cl; (116), 'B*CI,¥'CI (118), “B*CF'Cl, (120), 'B*Cl; (122)

We would see a total of eight peaks at approximate masses of 115, 116, 117, 118, 119, 120,
121, and 122.

Molar mass XeF, = 0-3689 Xef, 1ol XeE = 245 g/mol
9.03 x 10%° molecules XeF, x el

6.022 x 10°° molecules

2459 =131.39+n(19.00 g), n=5.98; formula = XeF

a. 14molC x 12.01g + 18 mol H x 1008g +2mol N x 14.01g

mol C mol H mol N
+5mol 0 x 22999 _ 994304
mol O

1mol C;4H;gN,0O5

b. 10.0 g C1aH1sN,O5 x =3.40 x 1072 mol C14H1sN,O5

294.30 ¢ Cy4HyN,05
¢. 1.56 mol 294359 =459 g C14H1N20s
mol
23
d 50mgx —9 1mol 6.022x10* molecules
1000mg ~ 294.30g mol

=1.0 x 10" molecules C14H15N,0s

e. The chemical formula tells us that 1 molecule of C14H15N.O5 contains 2 atoms of N. If
we have 1 mole of C14H;sN,O5 molecules, then 2 moles of N atoms are present.

1mol Ci4HgN,Og g 2mol N
294309 Cy4,H;sN,Oc ~ mol Cy,H;gN,Ox:
 6.022 x 1023 atoms N

1.2 g C14H13N205 X

=4.9 x 10* atoms N

mol N
f. 1.0 x 10° molecules x 1mc;|3 « 294300 _ 49y g0 g
6.022 x 10°° atoms mol
g. 1molecule x 1mc;'3 « 294300 _ 4 887 x 10% g CaaH1aN;0s
6.022 x 10°° atoms mol

Molar mass = 20(12.01) + 29(1.008) + 19.00 + 3(16.00) = 336.43 g/mol

20(12.01¢gC
336.43 g compound

Mass % C = x 100 =71.40% C
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29(1.008) g H

Mass % H = x 100 =8.689% H
336.43 g compound
Mass% F= — 2000F __100=56480%F
336.43 g compound

Mass % O = 100.00 — (71.40 + 8.689 + 5.648) = 14.26% O or:

00~ 3160090

= x 100 = 14.27% O
336.43 g compound

132.  In 1 hour, the 1000. kg of wet cereal produced contains 580 kg H,O and 420 kg of cereal. We
want the final product to contain 20.% H,O. Let x = mass of H,O in final product.

X
420 + X

=0.20, x =84+ (0.20)x, x = 105 ~ 110 kg H,0

The amount of water to be removed is 580 — 110 = 470 kg/h.

133.  Out of 100.00 g of adrenaline, there are:

56.79gCx ~MC 4709 moic: 656gHx MM _ 651 molH
12.01gC 1.008g H

283790 x MO _ 1 273m010: 8.28gNx =N 591 mol N
16.00g O 14.01g N

Dividing each mole value by the smallest number:

4.729 - 8.00: 6.51 - 11.0; 1.773 - 3.00: 0.591 ~1.00
0.591 0.591 0.591 0.591

This gives adrenaline an empirical formula of CgH;;,03N.

134.  Assuming 100.00 g of compound (mass hydrogen = 100.00 g —49.31gC —-43.79g0

= 6.90 g H):
2931gCx —~M1C 4 106molc: 6.90gH x M H 685 mol 1
12.01gC 1.008g H
437990 x M40 5237 mal0
16.009 O

Dividing all mole values by 2.737 gives:

4106 _ 5o 685 _ g0 2737 4 0
2737 2737 2737

Because a whole number ratio is required, the empirical formula is C3HsO,.
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135.

136.

137.

138.

Empirical formula mass: 3(12.01) + 5(1.008) +2(16.00) = 73.07 g/mol

Molar mass _ 1461
Empirical formulamass  73.07

=1.999; molecular formula = (C3HsO,), = C¢H1004

There are many valid methods to solve this problem. We will assume 100.00 g of compound,
and then determine from the information in the problem how many moles of compound
equals 100.00 g of compound. From this information, we can determine the mass of one
mole of compound (the molar mass) by setting up a ratio. Assuming 100.00 g cyanocobala-
min:

1mol Co 8 1 mol cyanocobalamin

58.93g Co mol Co

=7.36 x 102 mol cyanocobalamin

mol cyanocobalamin = 4.34 g Co %

X9 cyanocobalamlr? - 100.00g , X =molar mass = 1.36 x 10° g/mol
1mol cyanocobalamin  7.36x107% mol

0.262 g C;H5BiO, N 1mol C;H;sBIO, y 1mol Bi N 209.0 g Bi
tablet 362.11g C;H;BiO, 1mol C;H;BiO, mol Bi
=0.302 g Bi consumed

2 tablets x

Empirical formula mass = 12.01 + 1.008 = 13.02 g/mol; because 104.14/13.02 = 7.998 ~ §,
the molecular formula for styrene is (CH)g = CgHs.

23
1mol CgH, N 8 mol H 6.022 x10“° atoms H - 995 x 102 atoms H

2.00 g CgHg x X
104.14gCzHg;  mol CgH, mol H
41.98 mg CO, x —201MIC 41 sgmgc: e = 140MI 100 - 57,850 C
44.01mg CO, 19.81mg

6.45 mg H,0 x —20X0MIH 200 mgH: s H = 272MI 100 = 3.649% H
18.02mgH,0 19.81mg

% O = 100.00 — (57.85 + 3.64) = 38.51% O

Out of 100.00 g terephthalic acid, there are:

57.859Cx —MC _4g17moic: 36agHx MMM 361 mol H

12.01gC 1.008g H

385190 x ~MO 5 407 mol 0
16.00g O

4817 = 2.001: 3.61 = 1.50: ﬁ:l_ooo
2.407 2.407 2.407
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139.

140.

141.

142.

TheC:H:Omoleratiois2:1.5:10r4:3:2. The empirical formula is C4H30,.

Mass of C,H3;0, = 4(12) + 3(1) + 2(16) = 83g/mol.

415¢ 166

Molar mass = —————— = 166 g/mol; ——=2.0; the molecular formula is CgHgO,.
0.250 mol 83

173gHx M 7 o motH: 827gcx LM _ g g9 moic

1.008gH 12.01gC

1675.3_29 = 2.50; the empirical formula is C;Hs.

The empirical formula mass is ~29 g/mol, so two times the empirical formula would put the
compound in the correct range of the molar mass. Molecular formula = (C;Hs), = C4Hyo.

1molecule C,Hy, g 1mol C4Hyq

=4.30 x 102 mol C,H
10 atoms H 6.022 x 1022 molecules s

2.59 x 10% atoms H x

58.12 9

4,30 x 1072 mol C4Hqo X
mol C,H,,

=2.50 g C4H1o

Assuming 100.00 g E3Hg:

1molH 3mol E

x =3.25mol E
1.008gH 8molH

mol E=8.73gH x

XxgE 9127 gE

= , X =molar mass of E =28.1 g/mol; atomic mass of E = 28.1 u
ImolE 3.25molE

Note: From the periodic table, element E is silicon, Si.
Mass of H,O = 0.755 g CuSOy4exH,0 — 0.483 g CuSO,4 =0.272 g H,0

1mol CuSO,
159.62 g CuSO,

0.483 g CuSO, x =0.00303 mol CuSO,
1mol H,0

0272 gH0 x —— 2=
18.02gH,0

= 0.0151 mol H,O

0.0151molH,0 _ 4.98molH,0
0.00303g CusO,  1mol CuSO,

; compound formula = CuSO45H,0, x=5

a. Only acrylonitrile contains nitrogen. If we have 100.00 g of polymer:

1mol C;H;N 5 53.06 g C;H;N

8.80 g N x
14.01g N 1mol C;H;N

=33.39 CsHsN
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33.3g C;H;N

% C3H3N =
100.00 g polymer

= 33.3% CsH3N

Only butadiene in the polymer reacts with Br,:
1mol Br, y 1mol C,H N 54.099 C,H,

0.605 g Br; x =10.205 g C4Hs
159.8 g Br, mol Br, mol C,H,
% Cate = 22229 5 100 = 17.1% CuHs
1.20¢
b. If we have 100.0 g of polymer:
33.3 g CaHaN x ~MOCsHaN 6 658 mol CoHaN
53.06 g
17.1 g CaHe x M CaHs 6 316 mot ¢ He
54.00 g C,H,
49.6 g CoHy x — " CeMs ) 176 mol cyH,
104.14 g C,H,
Dividing by 0.316: 2028 —1.99. 0316 _ 15 0476 _, gy
0.316 0.316 0.316

This is close to a mole ratio of 4 : 2 : 3. Thus there are 4 acrylonitrile to 2 butadiene to 3
styrene molecules in the polymer, or (A4B;S3),.

1mol CO, y 1mol C g 1mol Cy,H3yN3O y 376.51¢

143. 1.20gCO; x
44,019 mol CO, 24 mol C mol C,,H33N;0

=0.428 g CaH3zN5O

04289 C,,H4,N,0

% 100 = 42.8% Cy4H3N3O (LSD)
1.00 g sample

144.  a. CHa(g) +4 S(s) — CSa(l) + 2 H,S(g) or 2 CHa(g) + Se(s) — 2 CSa(l) + 4 H,S(g)

1molCH, 1mol CS, g 76.159 CS,

b. 120.g CH,4 % X
16.04gCH, molCH, mol CS,,

=570.9 CS;

1mol S 1mol CS, y 76.159CS,

120.g S x X
32.079S 4molS mol CS,

=71.29CS,

Because S produces the smaller quantity of CS,, sulfur is the limiting reactant and 71.2 g
CS; can be produced. The same amount of CS; would be produced using the balanced
equation with Sg.
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145.

146.

147.

148.

149.

1mol BgHy g 9mol H,0 g 18.02g H,0

126 g BsHg x
63.129B;Hy  2mol BgH, mol H,0

=162 g H,0

1mol O, y 9mol H,0 y 18.02g H,0

1929 0O, x
32.0090, 12mol0O, mol H,0

=81.1gH,0

Because O, produces the smallest quantity of product, O is limiting and 81.1g H,O can be
produced.

2 NaNO3(s) — 2 NaNOy(s) + O,(g); the amount of NaNO;in the impure sample is:

1mol NaNO, y 2 mol NaNO, g 85.00 g NaNO4
69.00g NaNO, 2 mol NaNO, mol NaNO,

0.2864 g NaNO, x

=0.3528 g NaNO;
0.3528 g NaNO4

0.4230 g sample

Mass percent NaNO; = x 100 = 83.40%

1mol Fe y 1mol Fe,04 y 159.70 g Fe,04

453 g Fe x
55.85g Fe 2 mol Fe mol Fe,04

=648 g Fe,O4

6489 Fe,0,
752 gore

Mass percent Fe,O3 = x 100 = 86.2%
65.38g Zn

a. Massof Zninalloy=0.09859 ZnCl, x ———
136.289 ZnCl,

=0.0473 g Zn

0.04739g Zn
0.50659 brass

b. The Cu remains unreacted. After filtering, washing, and drying, the mass of the unreacted
copper could be measured.

% Zn = x 100 = 9.34% Zn; % Cu = 100.00 — 9.34 = 90.66% Cu

Assuming 1 mole of vitamin A (286.4 g vitamin A):

0.8386gC g 1mol C
gvitamin A 12.01gC

mol C = 286.4 g vitamin A x =20.00 mol C

0.1056g H y 1molH
gvitamin A 1.008gH

mol H = 286.4 g vitamin A x =30.00 mol H

Because 1 mole of vitamin A contains 20 mol C and 30 mol H, the molecular formula of
vitamin A is CyHsoE. To determine E, let’s calculate the molar mass of E:

286.4 g = 20(12.01) + 30(1.008) + molar mass E, molar mass E = 16.0 g/mol

From the periodic table, E = oxygen, and the molecular formula of vitamin A is C,H3,0.
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150.

151.

X,Z: 40.0% X and 60.0% Z by mass;

At 40.0 g of Na added, CI, and Na both run out at the same time (both are limiting reac-
tants). Past 40.0 g of Na added, Cl; is limiting, and because the amount of Cl, present in
each experiment was the same quantity, no more NaCl can be produced. Before 40.0 g of
Na added, Na was limiting. As more Na was added (up to 40.0 g Na), more NaCl was
produced.

1mol Na 8 2 mol NaCI>< 58.44 g NaCl

20.0 g Na x
22.999g Na 2 mol Na mol NaCl

=50.8 g NaCl

At 40.0 g Na added, both Cl, and Na are present in stoichiometric amounts.

1mol Na y 1mol Cl, y 70.90gCl,
22.99gNa 2mol Na mol Cl,

40.0 g Na x =617 gCl,

61.7 g Cl,was present at 40.0 g Na added, and from the problem, the same 61.7 g Cl, was
present in each experiment.

At 50.0 g Na added, Cl; is limiting:

1mol Cl, N 2 mol NaCl N 58.44 g NaCl

61.79gCl, x
70.90gCl, 1molCl, mol NaCl

=101.7 g = 102 g NaCl

1molNa  1molCl, y 70.90gCl,

20.0 g Na x X
22.99gNa 2mol Na mol Cl,

=30.8 g Cl,reacted

Excess Cl,=61.7 g Clyinitially — 30.8 g Cl, reacted = 30.9 g Cl, in excess

Note: We know that 40.0 g Na is the point where Na and the 61.7 g of Cl, run out at the
same time. So if 20.0 g of Na are reacted, one-half of the Cl, that was present at 40.0 g

Na reacted will be in excess. The previous calculation confirms this.

For 50.0 g Na reacted, Cl, is limiting and 40.0 g Na will react as determined previously.

Excess Na = 50.0 g Na initially — 40.0 g Na reacted = 10.0 g Na in excess.

mol X _, _ 40.0/A, _ (40.0)A,
mol Z 60.0/A, (60.0)A,

or A, =3A,,

where A = molar mass.
For XZ,, molar mass = A, + 2A; = A + 2(3A)) = TA..

Mass percent X = 7ATX>< 100 =14.3% X; % Z=100.0-14.3=857%Z

X

ChemWork Problems

The answers to the problems 152-159 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.
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Challenge Problems

160.  GaAs can be either GaAs or "GaAs. The mass spectrum for GaAs will have 2 peaks at 144
(=69 + 75) and 146 (= 71 + 75) with intensities in the ratio of 60 : 40 or 3 : 2.

144 146

Ga,As, can be *Ga,As,, ®Ga'GaAs,, or “Ga,As,. The mass spectrum will have 3 peaks at
288, 290, and 292 with intensities in the ratio of 36 : 48 : 16 or 9 : 12 : 4. We get this ratio
from the following probability table:

%Ga (0.60) | "Ga (0.40)

%Ga (0.60) 0.36 0.24
"Ga (0.40) 0.24 0.16
288 290 292

161.  The volume of a gas is proportional to the number of molecules of gas. Thus the formulas
are:

I: NHs; I: NoHg; IHI: HN;

The mass ratios are:

y 82.25g N _ 4.634gN " 6.949g N - 41.7g N
© 17.75gH gH = gH ' " gH

If we set the atomic mass of H equal to 1.008, then the atomic mass, A, for nitrogen is:

I: 14.01; I1: 14.01; . 14.0
For example, for compound I: A 4634 , A=14.01
3(1.008) 1
% Rb atoms . 8
162. o = 2.591; if we had exactly 100 atoms, x = number of *Rb atoms, and
Rb atoms

100 — x = number of ¥’ Rb atoms.
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163.

X =2591, x=259.1- (2.591)x, x = 2591 _ 72.15; 72.15% *Rb
100 - x 3.591
0.7215(84.9117) + 0.2785(A) = 85.4678, A= 85'4%7;;:1'26 =86.92 u

First, we will determine composition in mass percent. We assume that all the carbon in the
0.213 g CO, came from the 0.157 g of the compound and that all the hydrogen in the 0.0310
g H,O came from the 0.157 g of the compound.

02139C0, x —29C  _oosg1gc; o= —2089C L q00-37.0mC
44019 CO, 0.157g compound
-3
0.0310 g H,0 x —2000H 5 470103 gH: sor= 24721070 100- 22106 H
18.02 g H,0 0.157g

We get the mass percent of N from the second experiment:

14.01g N

0.0230 g NH; H ———== =
17.03g NH,

=1.89%x10%gN

1.89x1072 g
0.103 g

%N = x 100=18.3% N

The mass percent of oxygen is obtained by difference:
% O =100.00 — (37.0 + 2.21 + 18.3) = 42.5% O

So, out of 100.00 g of compound, there are:

37.0gCx ﬂ =3.08mol C; 2.21gH x m =2.19mol H
12.01gC 1.008g H

183gNx ~MUN 31 moiN: 42590 x MO 5 g6 mol 0
14.01g N 16.00g 0

Lastly, and often the hardest part, we need to find simple whole-number ratios. Divide all
mole values by the smallest number:

308 _ 2.35; 219 _ 1.67; 1st_ 1.00; 266 _ 2.03
131 131 131 131

Multiplying all these ratios by 3 gives an empirical formula of C;HsN3Os.
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164. 1.0 x 10° kg HNO, x 20009 HNOs - ImolHNOs _, 6 167 mol i,
kg HNO4 63.02 g HNO,
We need to get the relationship between moles of HNO; and moles of NH;. We have to use
all three equations.
2 mol HNO;, y 2mol NO, N 4 molNO 16 mol HNO;
3mol NO, 2molNO 4 mol NH,4 24 mol NH4
Thus we can produce 16 mol HNO; for every 24 mol NHs;, we begin with:
1.6 x 10" mol HNO; x 2+ MOINHs - 17.08 9 NH3 _ ) 3 108 gor 4.1 x 107 kg NH;
16 mol HNO, mol NH,
This is an oversimplified answer. In practice, the NO produced in the third step is recycled
back continuously into the process in the second step. If this is taken into consideration, then
the conversion factor between mol NH; and mol HNOs turns out tobe 1 : 1; that is, 1 mole of
NH; produces 1 mole of HNO3. Taking into consideration that NO is recycled back gives an
answer of 2.7 x 10° kg NHj; reacted.
165.  Fe(s) + % 0,(g) — FeO(s); 2 Fe(s) + g 0,(9) — Fe,0,(s)

2000 g Fex ~MOFe _ 4 3581 mol
55.85g

1mol O,

(11.20-3.24)g O, x = 0.2488 mol O, consumed (1 extra sig. fig.)

Let’s assume x moles of Fe reacts to form x moles of FeO. Then 0.3581 — x, the remaining
moles of Fe, reacts to form Fe,O;. Balancing the two equations in terms of x:

xFe+%xO2 — X FeO

(0.3581— x) mol Fe + > [%j mol 0, —» [%j mol Fe,O,
2 2 2

Setting up an equation for total moles of O, consumed:

%x + %(0.3581— X) = 0.2488mol O,, x = 0.0791 = 0.079 mol FeO

0.079 mol FeO x 71859 FeO = 5.7 g FeO produced
mol
Mol Fe,O; produced = %2_0079 =0.140 mol Fe,05

159.70 g Fe, O,

0.140 mol Fe,03 x
mol

= 22.4 g Fe,O3 produced
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166.

167.

168.

169.

2 CaHe(g) + 7 O2(g) — 4 CO,(g) + 6 H2O(I); CsHs(g) + 5 O2(g) — 3 CO2(9) + 4 HO(I)
30.07 g/mol 44.09 g/mol

Let x = mass C,Hg, 50 9.780 — x = mass C3Hg. Use the balanced equation to set up a
mathematical expression for the moles of O, required.

X
30.07

9.780 — x
44.09

><Z + x§:1.120moloz
2 1

379, 100 = 38% C,Hs by mass
80¢g

Solving: x =3.7 g C,H;
The two relevant equations are:
Zn(s) + 2 HCl(ag) — ZnCly(aq) + Hx(g) and Mg(s) + 2 HCl(ag) —» MgClx(aq) + Hz(g)

Let x = mass Mg, so 10.00 — x = mass Zn. From the balanced equations, moles H, produced =
moles Zn reacted + moles Mg reacted.

Mol H, = 05171 g H, x -1 H2_ ¢ 2565 mol H,
2.016g H,
0.2565 = —* + 20:00=X. o ing: x = 4.008 g Mg
2431 6538
40089 100 = 40.08% Mg
10.00g

a NoH, + b NH; + (10.00 - 4.062) O, — ¢ NO, +d H,O

Setting up four equations to solve for the four unknowns:

2atb=c (N mol balance)
2c +d =2(10.00 — 4.062) (O mol balance)
4da+3b=2d (H mol balance)

a(32.05) + b(17.03) = 61.00 (mass balance)

Solving the simultaneous equations gives a = 1.12 = 1.1 mol N,Hj,.

1.1 mol N,H, x 32.05g/mol N,H,
61.00 g

x 100 = 58% N,H,

We know that water is a product, so one of the elements in the compound is hydrogen.

XaHp+ O > H,0+7?
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To balance the H atoms, the mole ratio between X;H, and H,O = %
Mol compound = & =0.0224 mol; mol H,0 = & =0.0671 mol
62.09 g/ mol 18.02 g/ mol
E = 0.0224 , b =6; X,Hg has a molar mass of 62.09 g/mol.
b 0.0671
62.09 = a(molar mass of X) + 6(1.008), a(molar mass of X) = 56.04
Some possible identities for X could be Fe (a= 1), Si (a=2), N (a=4), and Li (a = 8). Nfits
the data best, so N4Hs is the most likely formula.
170.  The balanced equation is 2 Sc(s) + 2x HCl(agq) — 2 ScCl,(ag)+ x H,(g)
The mole ratio of Sc : H, = E
X
Mol Sc = 2.25 g Sc x —1SC 4 0500 mol sc
44.96 g Sc
Mol H, = 0.1502 g H, x _tmolH, _ 0.07450 mol H,
2.016gH,
Z = 0.0500 , X=3; the formula is ScCls.
X 0.07450
171.  Total mass of copper used:
10,000 boards x (8.0 cm x 16.0 cm x 0.060 cm) y 8.969 _ 6.9 x 10° g Cu
board cm?®
Amount of Cu to be recovered = 0.80 x (6.9 x 10° g) =5.5 x 10° g Cu.
5.5 x 10° g Cu x 1mol Cu y 1mol Cu(NH;),Cl, y 202.599 Cu(NH3),Cl,
63.55 g Cu mol Cu mol Cu(NH3),Cl,
= 1.8 x 10° g Cu(NH;),Cl,
5.5 x 10° g Cu x 1mol Cu 8 4mol NH4 N 17.03g NH3 _ 5.9 x 10° g NH;
63.55 g Cu mol Cu mol NH,
172. a. From the reaction stoichiometry we would expect to produce 4 mol of acetaminophen for

every 4 mol of C¢HsO3N reacted. The actual yield is 3 mol of acetaminophen compared
to a theoretical yield of 4 mol of acetaminophen. Solving for percent yield by mass
(where M = molar mass acetaminophen):

3 mol x M

percent yield= ——— x 100 = 75%
4 mol x M
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173.

174.

175.

b. The product of the percent yields of the individual steps must equal the overall yield,
75%.

(0.87)(0.98)(x) = 0.75, x=0.88; step Il has a percent yield of 88%.
10.00 g XCl, + excess Cl, — 12.55 g XCly; 2.55 g Cl reacted with XClI, to form XCl,. XCl,
contains 2.55 g Cl and 10.00 g XCl,. From the mole ratios, 10.00 g XCl, must also contain
2.55 g CI; mass X in XCl, =10.00 -2.55=7.45¢g X.

1 mol Cl y 1 mol XCl, N 1 mol X
35.45 g ClI 2 mol Cl mol XCl,

=3.60 x 102 mol X

2.55gCl x

S03.60 x 10>mol X has a mass equal to 7.45 g X. The molar mass of X is:

7.45 g X
3.60 x1072 mol X

= 207 g/mol X; atomic mass = 207 u, so X is Pb.

4.000 g M,S; — 3.723 g MO,

There must be twice as many moles of MO, as moles of M,S; in order to balance M in the
reaction. Setting up an equation for 2(mol M,S3) = mol MO, where A = molar mass M:

4000g | 3.723g 8000 3723
2A +3(3207) | A +2(16.00)" 2A + 9621 A + 32.00

(8.000)A + 256.0 = (7.446)A + 358.2, (0.554)A = 102.2, A = 184 g/mol; atomic mass
=184 u

Note: From the periodic table, M is tungsten, W.

Consider the case of aluminum plus oxygen. Aluminum forms AI** ions; oxygen forms O%
anions. The simplest compound between the two elements is Al,Oz. Similarly, we would
expect the formula of any Group 6A element with Al to be Al,X;. Assuming this, out of
100.00 g of compound, there are 18.56 g Al and 81.44 g of the unknown element, X. Let’s
use this information to determine the molar mass of X, which will allow us to identify X from
the periodic table.

1 mol Al 3 mol X

18.56 g Al x X
26.98 g Al 2 mol Al

=1.032 mol X

81.44 g of X must contain 1.032 mol of X.

81.44 g X

Molar mass of X = —————
1.032 mol X

=78.91 g/mol X.

From the periodic table, the unknown element is selenium, and the formula is Al Ses.
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176.  Letx = mass KCl and y = mass KNO;. Assuming 100.0 g of mixture, x + y =100.0 g.
Molar mass KCI = 74.55 g/mol; molar mass KNO; = 101.11 g/mol
Mol KCl = ——: mol KNOs= —Y—
74.55 101.11
Knowing that the mixture is 43.2% K, then in the 100.0 g mixture, an expression for the mass
of K is:
30.10( - X+ Y |=432
7455 101.11
We have two equations and two unknowns:
(0.5245)x + (0.3867)y = 43.2
X + y =100.0
Solving, x = 32.9 g KCl, 3299 x 100 = 32.9% KClI
100.0
177.  The balanced equations are:
4 NH3(g) + 5 O,(g) — 4 NO(g) + 6 H,0O(g) and 4 NHs(g) + 7 Ox(g) — 4 NO,(g)
+ 6 H20(g)
Let 4x = number of moles of NO formed, and let 4y = number of moles of NO, formed.
Then:
4x NH3 + 5x O, — 4x NO + 6x H,0 and 4y NH; + 7y O, — 4y NO; + 6y H,0
All the NH; reacted, so 4x + 4y =2.00. 10.00 — 6.75 = 3.25 mol O, reacted, so 5x + 7y
= 3.25.
Solving by the method of simultaneous equations:
20x +28y = 13.0
—20x — 20y =-10.0
8y= 3.0, y=0.38; 4x+4x0.38=2.00, x=0.12
Mol NO =4x =4 x 0.12 = 0.48 mol NO formed
178. CH,O,+ oxygen — x CO,+y/2 H,0O
1mol C
2amgco,« L0, InaC 100c
Mass % C in aspirin = 9%, MoTRb, mo = 60.0% C

1.00 g aspirin
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1mol H,0 5 2molH N 1.008g H
18.02gH,0 molH,0 mol H
1.00 g aspirin

0.400 g H,0 x

Mass % H in aspirin = = 4.48%H
Mass % O = 100.00 — (60.0 + 4.48) =35.5% O
Assuming 100.00 g aspirin:

60.0gCx ~M1C _soomoic; 448gHx =T _ 444 mol 1

12.01gC 1.008g H

35590x ~M40 0 molo

16.00g 0

Dividing by the smallest number: 500 =2.25; 444 2.00

2.22 2.22

Empirical formula: (Cj 5 Hz.000), = CoHgO,4. Empirical mass =~ 9(12) + 8(1) + 4(16)
= 180 g/mol; this is in the 170-190 g/mol range, so the molecular formula is also CgHgO.,.

Balance the aspirin synthesis reaction to determine the formula for salicylic acid.

CaHpOc + C4HeO3 — CgHgO4 + C,H40,, CiHLO, = Salicy“C acid = C;HgO4

Integrative Problems

1mol Fe  6.022 x10% atoms Fe
55.85g Fe mol Fe

179. a. 1.05x10® g Fex =113 atoms Fe

b. The total number of platinum atoms is 14 x 20 = 280 atoms (exact number). The mass of
these atoms is:

1mol Pt g 195.1¢g Pt

280 atoms Pt x >3
6.022 x 10°° atoms Pt mol Pt

=9.071x 102 g Pt

1molRu 6022 x 1023 atoms Ru
101.1g Ru mol Ru

c. 9.071x10% gRux = 540.3 = 540 atoms Ru

180.  Assuming 100.00 g of tetrodotoxin:

11.389C x 1€ _ s s moic: 1316 gNx ~MUN 59303 moi N

12.01gC 14.01g N

537gHx ~1H 53 o 400090 x MO 5 506 mol 0

1.008g H 16.00g 0
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181.

Divide by the smallest number:

3.445 - 3.668: 5.33 = 5.67: 2.506 — 2668
0.9393 0.9393 0.9393

To get whole numbers for each element, multiply through by 3.

Empirical formula: (CsgesHs67NO2.668)3 = C11H17N3Os; the mass of the empirical formula is
319.3 g/mol.

159 x 1072 g
1 mol

6.022 x 102 molecules

Molar mass tetrodotoxin = =319 g/mol

3 molecules x

Because the empirical mass and molar mass are the same, the molecular formula is the same
as the empirical formula, C1;H;7N3Os.

lkg  10.ug 1x 10%¢g  lmol 6022 x 10% molecules
2.2046 1b kg ug 319.3¢g 1mol

165 Ib x

= 1.4 x 10" molecules tetrodotoxin is the LDs, dosage

0.105g

Molar mass X, = =70.9 g/mol

1 mol

8.92 x 10% molecules x 5
6.022 x 10°° molecules

The mass of X = 1/2(70.9 g/mol) = 35.5 g/mol. This is the element chlorine.

Assuming 100.00 g of MX; (= MCI3) compound:

1mol

54.47 g Cl x =1.537 mol CI
35.45

1molM
3mol Cl

1.537 mol CI x =0.5123 mol M

45539 M

Molar massof M= —M——
0.5123mol M

=88.87 g/mol M

M is the element yttrium (), and the name of YCl; is yttrium(l11) chloride.
The balanced equationis 2 Y +3Cl, — 2 YCls.

Assuming Cl, is limiting:

1mol Cl, y 2 mol YClI, y 195.26 g YCl,
70.909gCl, 3 mol Cl, 1mol YCl,

1.00g Cl, x =1.849 YCl;
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Assuming Y is limiting:

1molY 2 molYCl, 19526 gYCl

X =2209YCl;
88.91gY 2 molY 1mol YClI,

1.00gY x

Because Cl,, when it all reacts, produces the smaller amount of product, Cl, is the limiting
reagent, and the theoretical yield is 1.84 g YCls.

182. 2As+4Asl; > 3As;l,

Volume of As cube = (3.00 cm)® = 27.0 cm®

5.729 As y 1 molAs  3molAs,l, y 657.449 As,l,

x = 2030 g As,l,
cm’® 7492gAs  2mol As mol As, 1,

27.0cm® x

1mol Asl, y 3mol As, I,
6.022 x 10*° molecules Asl, 4 mol Asl,

1.01 x 10* molecules Asl; x

657449 As,1,

=827 9 As,|
mol As, |, 975214

Because the reactant Asl; produces the smaller quantity of product, then Asls is the limiting
reactant and 827 g As,l, is the theoretical yield.

actual yield

0.756 = , actual yield = 0.756 x 827 g = 625 g As,l,4

Marathon Problems

183.  Let M = unknown element; mass O in oxide =3.708 g—2.077g=1.631g0O
In 3.708 g of compound:

163190 x ~M1O 41019 gmol 0
16.00g O
If MO is the formula of the oxide, then M has a molar mass of M =20.38 g/mol.
0.1019 mol M

This is too low for the molar mass. We must have fewer moles of M than moles O present in
the formula. Some possibilities are MO,, M,03;, MO, etc. It is a guessing game as to which
to try. Let’s assume an MO, formula. Then the molar mass of M is:

2.077gM

0.1019 mol O x LMoIM
2mol O

=40.77 g/mol

This is close to calcium, but calcium forms an oxide having the CaO formula, not CaO..
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184.

If MO;s is assumed to be the formula, then the molar mass of M calculates to be 61.10 g/mol,
which is too large. Therefore, the mol O to mol M ratio must be between 2 and 3. Some
reasonable possibilities are 2.25, 2.33, 2.5, 2.67, and 2.75 (these are reasonable because they
will lead to whole number formulas). Trying a mol O to mol M ratio of 2.5 : 1 gives a molar
mass of:

2.077gM
1molM

2.5mol O

=50.96 g/mol
0.1019 mol O x

This is the molar mass of vanadium, and V,Os is a reasonable formula for an oxide of
vanadium. The other choices for the O : M mole ratios between 2 and 3 do not give as
reasonable results. Therefore, M is most likely vanadium, and the formula is V,Os.

a. i. If the molar mass of A is greater than the molar mass of B, then we cannot determine
the limiting reactant because, while we have a fewer number of moles of A, we also
need fewer moles of A (from the balanced reaction).

ii. If the molar mass of B is greater than the molar mass of A, then B is the limiting

reactant because we have a fewer number of moles of B and we need more B (from
the balanced reaction).

b. A+5B »3C0O,+4H,0
To conserve mass: 44.01 + 5(B) = 3(44.01) + 4(18.02); solving: B = 32.0 g/mol
Because B is diatomic, the best choice for B is O..
c. We can solve this without mass percent data simply by balancing the equation:
A+50, -3CO,+4H,0

A must be C3Hg (which has a similar molar mass to CO,). This is also the empirical
formula.

Note: 3(12.01)

: x 100 = 81.71% C. So this checks.
3(12.01) + 8(1.008)
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TYPES OF CHEMICAL REACTIONS AND SOLUTION
STOICHIOMETRY

Questions

13.

14.

15.

a.

Polarity is a term applied to covalent compounds. Polar covalent compounds have an
unequal sharing of electrons in bonds that results in unequal charge distribution in the
overall molecule. Polar molecules have a partial negative end and a partial positive end.
These are not full charges as in ionic compounds but are charges much smaller in
magnitude. Water is a polar molecule and dissolves other polar solutes readily. The
oxygen end of water (the partial negative end of the polar water molecule) aligns with the
partial positive end of the polar solute, whereas the hydrogens of water (the partial
positive end of the polar water molecule) align with the partial negative end of the solute.
These opposite charge attractions stabilize polar solutes in water. This process is called
hydration. Nonpolar solutes do not have permanent partial negative and partial positive
ends; nonpolar solutes are not stabilized in water and do not dissolve.

KF is a soluble ionic compound, so it is a strong electrolyte. KF(aq) actually exists as
separate hydrated K* ions and hydrated F~ ions in solution: CgH1,0¢ is a polar covalent
molecule that is a nonelectrolyte. CsH1,05 is hydrated as described in part a.

RbCl is a soluble ionic compound, so it exists as separate hydrated Rb* ions and hydrated
CI" ions in solution. AgCl is an insoluble ionic compound, so the ions stay together in
solution and fall to the bottom of the container as a precipitate.

HNO; is a strong acid and exists as separate hydrated H* ions and hydrated NO5~ ions in
solution. CO is a polar covalent molecule and is hydrated as explained in part a.

2.0 L x 3.0 mol/L = 6.0 mol HCI; the 2.0 L of solution contains 6.0 mol of the solute. HCI
is a strong acid; it exists in agueous solution as separate hydrated H" ions and hydrated CI”
ions. So the solution will contain 6.0 mol of H*(ag) and 6.0 mol of CI™ (aq). For the acetic
acid solution, HC,H30; is a weak acid instead of a strong acid. Only some of the 6.0 moles
of HC,H;0, molecules will dissociate into H*(aq) and C;H;0, (ag). The 2.0 L of 3.0 M
HC,H30, solution will contain mostly hydrated HC,H3;0, molecules but will also contain
some hydrated H" ions and hydrated C,H;0, ions.

Only statement b is true. A concentrated solution can also contain a nonelectrolyte dissolved
in water, e.g., concentrated sugar water. Acids are either strong or weak electrolytes. Some
ionic compounds are not soluble in water, so they are not labeled as a specific type of
electrolyte.

93
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16.

17.

18.

19.

20.

One mole of NaOH dissolved in 1.00 L of solution will produce 1.00 M NaOH. First, weigh
out 40.00 g of NaOH (1.000 mol). Next, add some water to a 1-L volumetric flask (an
instrument that is precise to 1.000 L). Dissolve the NaOH in the flask, add some more water,
mix, add more water, mix, etc. until water has been added to 1.000-L mark of the volumetric
flask. The result is 1.000 L of a 1.000 M NaOH solution. Because we know the volume to
four significant figures as well as the mass, the molarity will be known to four significant
figures. This is good practice, if you need a three-significant-figure molarity, your
measurements should be taken to four significant figures.

When you need to dilute a more concentrated solution with water to prepare a solution, again
make all measurements to four significant figures to ensure three significant figures in the
molarity. Here, we need to cut the molarity in half from 2.00 M to 1.00 M. We would start
with 1 mole of NaOH from the concentrated solution. This would be 500.0 mL of 2.00 M
NaOH. Add this to a 1-L volumetric flask with addition of more water and mixing until the
1.000-L mark is reached. The resulting solution would be 1.00 M.

Use the solubility rules in Table 4.1. Some soluble bromides by Rule 2 would be NaBr, KBr,
and NH,Br (there are others). The insoluble bromides by Rule 3 would be AgBr, PbBr,, and
Hg,Br,. Similar reasoning is used for the other parts to this problem.

Sulfates: Na,SO,4, K,SO,, and (NH,4),SO, (and others) would be soluble, and BaSO,, CaSO,,
and PbSQO, (or Hg,SO,) would be insoluble.

Hydroxides: NaOH, KOH, Ca(OH), (and others) would be soluble, and AlI(OH);, Fe(OH)s,
and Cu(OH), (and others) would be insoluble.

Phosphates: NazPO,, Ki;PO, (NH)3PO, (and others) would be soluble, and AgsPO,,
Caz(PO,),, and FePO, (and others) would be insoluble.

Lead: PbCl,, PbBr,, Pbl,, Pb(OH),, PbSO, and PbS (and others) would be insoluble.
Pb(NO;), would be a soluble Pb** salt.

Pb(NOs)2(aqg) + 2 Kl(ag) — Pbly(s) + 2 KNOs(aq)  (formula equation)

Pb*(aq) + 2 NO; (aq) + 2 K*(aq) + 2 I"(aq) — Pbly(s) + 2 K*(aq) + 2 NOs (aq)
(complete ionic equation)

The 1.0 mol of Pb?* ions would react with the 2.0 mol of 1™ ions to form 1.0 mol of the Pbl,
precipitate. Even though the Pb?* and 1 ions are removed, the spectator ions K* and NO;™ are
still present. The solution above the precipitate will conduct electricity because there are
plenty of charge carriers present in solution.

The Bransted-Lowry definitions are best for our purposes. An acid is a proton donor, and a
base is a proton acceptor. A proton is an H* ion. Neutral hydrogen has 1 electron and 1
proton, so an H* ion is just a proton. An acid-base reaction is the transfer of an H" ion (a
proton) from an acid to a base.

The acid is a diprotic acid (HA), meaning that it has two H* ions in the formula to donate to
a base. The reaction is H,A(aq) + 2 NaOH(ag) — 2 H,O(l) + Na,A(aq), where A* is what is
left over from the acid formula when the two protons (H" ions) are reacted.
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For the HCI reaction, the base has the ability to accept two protons. The most common
examples are Ca(OH),, Sr(OH),, and Ba(OH),. A possible reaction would be 2 HCl(aq) +
Ca(OH),(aq) — 2 H,0O(l) + CaCl,(aq).

21. a. The species reduced is the element that gains electrons. The reducing agent causes reduc-
tion to occur by itself being oxidized. The reducing agent generally refers to the
entire formula of the compound/ion that contains the element oxidized.

b. The species oxidized is the element that loses electrons. The oxidizing agent causes
oxidation to occur by itself being reduced. The oxidizing agent generally refers to the
entire formula of the compound/ion that contains the element reduced.

c. For simple binary ionic compounds, the actual charges on the ions are the same as the
oxidation states. For covalent compounds, nonzero oxidation states are imaginary charges
the elements would have if they were held together by ionic bonds (assuming the bond is
between two different nonmetals). Nonzero oxidation states for elements in covalent
compounds are not actual charges. Oxidation states for covalent compounds are a
bookkeeping method to keep track of electrons in a reaction.

22. Reference the Problem Solving Strategy box in Section 4.10 of the text for the steps involved
in balancing redox reactions by oxidation states. The key to the oxidation states method is to
balance the electrons gained by the species reduced with the number of electrons lost from
the species oxidized. This is done by assigning oxidation states and, from the change in
oxidation states, determining the coefficients necessary to balance electrons gained with
electrons lost. After the loss and gain of electrons is balanced, the remainder of the equation
is balanced by inspection.

Exercises

Aqueous Solutions: Strong and Weak Electrolytes

23.

a. NaBr(s) — Na*(aq) + Br'(aq) b. MgCly(s) — Mg*(aq) + 2 Cl(aq)
. cr mMg™ cl
Na Br cr
Br Na" 2+ .
Mg Cl Cl
Na* Br cr Mg?*
Your drawing should show equal Your drawing should show twice the

number of Na*and Br”ions. number of CI” ions as Mg ions.
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c. AI(NO3)s(s) — Al**(ag) + 3 NO; (aq) (NH,),S04(s) — 2 NH,'(aq) + SO,* (aq)
........ ; .:.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘_. MWWWWWWWWWWWWWWWWWWWWWWWWY
Al N03 N?f 8042 NH4+
+ +
NO; NO; Al NH," NH," s0,2
NO;” NO; NOj S0,2 NH,"
NO; AFT  NOg NH"  NH,'
For e-i, your drawings should show equal numbers of the cations and anions present because
each saltisa l: 1salt. The ions present are listed in the following dissolution reactions.
e. NaOH(s) — Na'(aqg) + OH (aq) f. FeSO4(s) — Fe*(aq) + SO,* (aq)
g. KMnO4(s) — K*(ag) + MnO,” (aq) h. HCIO4(aq) — H*(aq) + ClO, (aq)
i NH4C2H302(5) —> NH4+(aq) + CgHgOgi(aq)
24, a. Ba(NO;),(aq) — Ba’*(aq) + 2 NOs (ag); picture iv represents the Ba®* and NOs™ ions
present in Ba(NO3),(aq).
b. NaCl(ag) — Na‘(aq) + Cl(aqg); picture ii represents NaCl(aqg).
c. KyCOs(ag) — 2 K*(ag) + COs*(aq); picture iii represents K,COs(aq).
d. MgSOu(aq) — Mg*(aq) + SO,* (aq); picture i represents MgSO,(aq).
HNOs(aq) — H*(aq) + NOs (aq). Picture ii best represents the strong acid HNOs. Strong
acids are strong electrolytes. HC,H;O, only partially dissociates in water; acetic acid is a
weak electrolyte. None of the pictures represent weak electrolyte solutions; they all are
representations of strong electrolytes.
25.  CaCly(s) — Ca®*(aq) + 2 Cl (aq)
26.  MgSO4(s) — Mg**(aq) + SO,” (aq); NH,NOs(s) — NH,'(aq) + NO5 (aq)

Solution Concentration: Molarity

27.

1mol NaHCO,

= 6.693 x 102 mol NaHCO,
84.01g NaHCO,

a. 5.623 g NaHCO; x

_ 6.693 x 1072 mol 1000 mL

=0.2677 M NaHCO,
250.0 mL
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1mol K,Cr,0,
294.209 K,Cr,0,

b. 0.1846 g K>Cr,07 x =6.275 x 1074 mol K,Cr,0O4

_ 6.275 x 10~ mol

M 3 =1.255 x 10° M K,Cr,0;,
500.0 x 10~° L
1mol Cu 3 3 24
c. 0.1025gCux—— =1.613x 10~ mol Cu=1.613 x 10~ mol Cu
63.55g Cu

_ 1.613 x 10 mol Cu?*  1000mL

=8.065 x 10~° M Cu*

200.0 mL
28, 75.0mLx 2729 1Mol ool CHOH: motarity = 22M0 ~ 5 5 M cH0H
mL  46.07g 0.250 L

0.100 mol Ca(NO,)
29. a. MCa(NOa)Z = 0 100 L -

=1.00M

Ca(NOs),(s) — Ca’(aq) + 2 NOy (aq); Mo =100 M; M~ =2(1.00)=2.00 M

2.5mol Na,SO,
b.  Myaso, = 155l =2.0M

Na,SO4(s) — 2 Na*(aq) + SO, (aq); M nat = 2(20)=40M; M_ ., =20M

1mol NH,CI

. 5.00gNHCIx —— 4=
53.499 NH,Cl

=0.0935 mol NH,CI

0.0935 mol NH ,ClI
0.5000 L

=0.187 M

M \m,01 =

NH,CI(s) - NH,"(aq) + Cl'(aq); M, . =M =0.187M

1mol K,PO
d. 1.00 g KsPO, x — R R37P4 4 71 x 10 mol K4PO,
212274
-3
oo, = 4,71 x 107° mol 00188 M
304 0.2500 L

KaPOu(s) > 3 K'(ag) + PO (ag); M, . =3(0.0188) =0.0564 M; M, , =0.0188 M

POT



98

CHAPTER 4 SOLUTION STOICHIOMETRY

30.

31.

32.

_0.0200 mol

= =2.00M
NasPOs 0,0100 L

NasPO4(s) — 3 Na'(aq) + POF (ag); M. =3(2.00)=6.00M; M, =2.00 M

_0.300 mol

b. MBa(N03)2 = W =0.500 M

Ba(NOy):(s) - Ba**(aq) + 2 NOs (aq); M. =0500M; M, =2(0.500)=1.00 M

1 mol KCI
74.55g KCI
0.5000 L

1.00g KCI x

C. Myq = =0.0268 M

KCI(s) - K'(ag) + ClI'(aq); M,. = M. =0.0268 M

1mol (NH,),SO,

1329 (NH,),SO
g (NH,),S0, x 132.15g

d. Mum,,s0, =

= 0.666 M

1.50 L
(NH4)2S04(s) — 2 NH4(aq) + SO,* (aq)

M, . =2(0.666) =133 M; M., =0.666 M

02

Mol solute = volume (L) x molarity (mTolj : AlCls(s) — AI**(aq) + 3 CI(aq)

0.30 mol AICI, 5 3mol CI™

Mol CI” = 0.1000 L x =9.0x 102 mol CI
mol AICl,
MgCl,(s) — Mg*(aq) + 2 CI (aq)
Mol CI = 0.0500 L x 2:80M0IMgCl, -~ 2molCl _ o 102 morcr
L mol MgCl,
NaCl(s) — Na*(aqg) + CI” (aq)
Mol CI = 0.2000 L x 2:40molNaCl 1molCl™ _ ¢ 162 morcrr

L mol NacCl

100.0 mL of 0.30 M AICI; contains the most moles of CI” ions.

NaOH(s) — Na*(aq) + OH (ag), 2 total mol of ions (1 mol Na* and 1 mol CI") per
mol NaOH.
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33.

34.

35.

0.100 mol NaOH 2 mol ions

0.1000 L x x =2.0 x 102 mol ions

L mol NaOH

BaCl,(s) — Ba**(aq) + 2 CI (ag), 3 total mol of ions per mol BaCl,.

0.200 mol 3 molions

0.0500 L x X = 3.0 x 102 mol ions

L mol BaCl,

NasPO4(s) — 3 Na'(aq) + PO, (aq), 4 total mol of ions per mol NasPOQ,.

0.0750 L x

0.150 mol NazPO, N 4 mol ions
L mol Na5;PO,

= 4.50 x mol 1072 ions

75.0 mL of 0.150 M NazPO, contains the largest number of ions.

Molar mass of NaOH = 22.99 + 16.00 + 1.008 = 40.00 g/mol

Mass NaOH = 0.2500 L x

10. g AgNO; x

a.

0.400 mol NaOH y 40.00 g NaOH
L mol NaOH

= 4.00 g NaOH

1mol AgNO, y 1L
169.9¢ 0.25 mol AgNO,

=0.24L =240 mL

0.250 mol NaOH y 40.00 g NaOH
L mol NaOH

2.00 L x

= 20.0 g NaOH

Place 20.0 g NaOH in a 2-L volumetric flask; add water to dissolve the NaOH, and fill to
the mark with water, mixing several times along the way.

200 L x 0.250 mol NaOH y 1L stock — 0500 L

L 1.00 mol NaOH

Add 500. mL of 1.00 M NaOH stock solution to a 2-L volumetric flask; fill to the mark
with water, mixing several times along the way.

0.100 mol K,CrO, y 194.20g K,CrO,
L mol K,CrO,

2.00 L x

=38.8 g K>CrO,

Similar to the solution made in part a, instead using 38.8 g K,CrO,.

0.100 mol K,CrO,4 5 1L stock
L 1.75 mol K,CrO,

2.00 L x =0.114 L

Similar to the solution made in part b, instead using 114 mL of the 1.75 M K,CrO,
stock solution.
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36.

37.

10.8 g (NH4)ZSO4 X

Molarity =

0.50 mol H,SO,
L

1.00 L solution x = 0.50 mol H,SO,

0.50 mol H,S0O, x L =2.8x 107°L conc. H,SO, or 28 mL

18 mol H,SO,

Dilute 28 mL of concentrated H,SO, to a total volume of 1.00 L with water. The resulting
1.00 L of solution will be a 0.50 M H,SO, solution.

We will need 0.50 mol HCI.

0.50 mol HCI x _ it 42x107%L=42mL

12 mol HCI
Dilute 42 mL of concentrated HCI to a final volume of 1.00 L.
We need 0.50 mol NiCl,.

0.50 mol NiCl, x - -
mol NiCl, mol NiCl, «6H,0

= 118.8 g NiCl,*6H,0 ~ 120 g

Dissolve 120 g NiCl,*6H,0 in water, and add water until the total volume of the solution
is 1.00 L.

0.50 mol HNO4

1.00 L x = 0.50 mol HNOs

0.50 mol HNO; x __ L . 0.031L =31 mL

16 mol HNOg4

Dissolve 31 mL of concentrated reagent in water. Dilute to a total volume of 1.00 L.
We need 0.50 mol Na,COs.

105.99g Na,CO,

0.50 mol Na,CO; x
mol

=53 g Na,COs3

Dissolve 53 g Na,COj; in water, dilute to 1.00 L.

1mol
132.15¢

=8.17 x 1072 mol (NH4)ZSO4

8.17 x1072 mol 1000 mL
100.0 mL

= 0.817 M (NH,),SO,
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38.

39.

40.

Moles of (NH,),SO, in final solution:

0.817 mol

10.00 x 103 L x =8.17 x 10~ mol

8.17 x10~° mol  1000mL

Molarity of final solution =
(10.00 +50.00) mL

= 0.136 M (NH,),SO,

(NH,)2SO4(s) — 2 NH'(ac) + SO (ac); M, . =2(0.136) = 0.272 M; Mgy; =0.136 M

Molarity = ORI MOTHNOs . ot Volume = 0.05000 L + 0.10000 L = 0.15000 L

total volume

0.100 mol HNO4 + 0.10000 L x 0.200 mol HNO4

Total mol HNO3;= 0.05000 L x 3 3

Total mol HNO3 = 5.00 x 10 mol + 2.00 x 102 mol = 2.50 x 1072 mol HNO;

2.50x1072 mol HNO,

=0.167 M HNO,
0.15000 L

Molarity =

As expected, the molarity of HNOj; is between 0.100 M and 0.200 M.

3.0 mol Na,CO,
L

Mol Na,CO; = 0.0700 L x = 0.21 mol Na,CO;

Na,COs(s) — 2 Na*(aq) + COs* (aq); mol Na* = 2(0.21 mol) = 0.42 mol
1.0 mol NaHCO,

Mol NaHCO; = 0.0300 L x = 0.030 mol NaHCO,

NaHCOs(s) — Na'(aqg) + HCO; (ag); mol Na* = 0.030 mol

_ totalmolNa® _ 0.42mol+0.030mol _ 0.45mol

, = = =45MNa*
Na total volume 0.0700 L +0.0300 L 0.1000 L

0.250 mol CoCl,

Mol CoCl, = 0.0500 L x . = 0.0125 mol
Mol NiCl, = 0.0250 L x 2220 mi' NICl2 _ 0,00875 mol

Both CoCl, and NiCl, are soluble chloride salts by the solubility rules. A 0.0125-mol
aqueous sample of CoCl, is actually 0.0125 mol Co** and 2(0.0125 mol) = 0.0250 mol CI".
A 0.00875-mol aqueous sample of NiCl, is actually 0.00875 mol Ni** and 2(0.00875) =
0.0175 mol CI". The total volume of solution that these ions are in is 0.0500 L + 0.0250 L =
0.0750 L.
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_0.0125mol Co?* _0.00875 mol Ni?*

M, = =0.167 M: M_,. = =0.117M
Co 0.0750 L Ni 0.0750 L

v 00250 mol CI” + 0.0175mol CI~ _ 0567 M
cl 0.0750 L

100mg  10.0x10°%g _ 2.00 x 10 g steroid
500.0 mL 500.0 mL mL

41, Stock solution =

1000mL  2.00 x 107° g steroid
mL

100.0 x 107° L stock x

=2.00 x 10° g steroid

This is diluted to a final volume of 100.0 mL.

2.00 x 107° g steroid 1000mL  1molsteroid
100.0 mL L 336.43 g steroid

=5.94 x 10~ M steroid

42. Stock solution:

2+
1584 g M x MM 683 % 102 mol Mn?*
54.94g Mn**
-2 2+
Molarity = 2833 ¥ 10" mOIMN™ _ ) ook 102 M
1.000 L
Solution A:
-2
50.00 mL x — tb , 2833x107mol s s 1023 mol Mn?*
1000 mL L
-3
Molarity = 14210 mol - 1000mL 4 4o oe
1000.0 mL 1L
Solution B:
-3
100mL x b, 1442x107mol _ 445 4105 mol Mn?*
1000 mL L
-5
Molarity = #4210 "m0l _ 5260 105 M
0.2500 L
Solution C:

5.768 x 10 mol

10.00 x 103 L x =5.768 x 10~ mol Mn**

-7
Molarity = 5'768;52%0 Lmo' =1.154x 10°M
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Precipitation Reactions

43.

44,

45,

46.

The solubility rules referenced in the following answers are outlined in Table 4.1 of the text.

a. Soluble: Most nitrate salts are soluble (Rule 1).

b. Soluble: Most chloride salts are soluble except for Ag®, Pb**, and Hg,** (Rule 3).

c. Soluble: Most sulfate salts are soluble except for BaSO,, PbSO,4, Hg,SO,, and CaSO,
(Rule 4.)

d. Insoluble: Most hydroxide salts are only slightly soluble (Rule 5).
Note: We will interpret the phrase “slightly soluble” as meaning insoluble and the phrase
“marginally soluble” as meaning soluble. So the marginally soluble hydroxides Ba(OH),,
Sr(OH),, and Ca(OH), will be assumed soluble unless noted otherwise.

e. Insoluble: Most sulfide salts are only slightly soluble (Rule 6). Again, “slightly soluble”
is interpreted as “insoluble” in problems like these.

f. Insoluble: Rule5 (see answer d).

g. Insoluble: Most phosphate salts are only slightly soluble (Rule 6).

The solubility rules referenced in the following answers are from Table 4.1 of the text. The

phrase “slightly soluble” is interpreted to mean insoluble, and the phrase “marginally soluble”

is interpreted to mean soluble.

a. Soluble (Rule 3)

c. Inoluble (Rule 4)

e. Insoluble (Rule 6)

g. Insoluble (Rule 6)

Soluble (Rule 1)
Soluble (Rules 2 and 3)
Insoluble (Rule 5)
Soluble (Rule 2)

> +~ o o

In these reactions, soluble ionic compounds are mixed together. To predict the precipitate,
switch the anions and cations in the two reactant compounds to predict possible products;
then use the solubility rules in Table 4.1 to predict if any of these possible products are
insoluble (are the precipitate). Note that the phrase “slightly soluble” in Table 4.1 is
interpreted to mean insoluble, and the phrase “marginally soluble” is interpreted to mean
soluble.

a. Possible products = FeCl, and K,SO,; both salts are soluble, so no precipitate forms.

b. Possible products = AI(OH); and Ba(NOs),; precipitate = AI(OH)3(s)

c. Possible products = CaSO, and NaCl; precipitate = CaSO,(s)

d. Possible products = KNO3 and NiS; precipitate = NiS(s)

Use Table 4.1 to predict the solubility of the possible products.
a. Possible products = Hg,SO,4 and Cu(NQ3),; precipitate = Hg,SO,4

b. Possible products = NiCl, and Ca(NOs),; both salts are soluble so no precipitate forms.
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47.

48.

49,

C.
d.

Possible products = KI and MgCOs; precipitate = MgCO;
Possible products = NaBr and Al,(CrO,)s; precipitate = Aly(CrO,);

For the following answers, the balanced formula equation is first, followed by the complete
ionic equation, then the net ionic equation.

a.

b.

No reaction occurs since all possible products are soluble salts.
2 AI(NO3)s(aq) + 3 Ba(OH)2(aq) — 2 Al(OH)5(s) + 3 Ba(NOs;).(aq)
2 Al**(aq) + 6 NOs (ag) + 3 Ba**(ag) + 6 OH (aq) —

2 Al(OH)s(s) + 3 Ba®*(aq) + 6 NO5 (aq)
Al*(ag) + 3 OH (ag) — Al(OH)s(s)
CaCly(aqg) + Na,SO4(ag) — CaSO4(s) + 2 NaCl(aq)
Ca**(aqg) + 2 CI(aqg) + 2 Na*(aq) + SO,* (aq) — CaSO4(s) + 2 Na“(aq) + 2 Cl(aq)
Ca**(aqg) + SO~ (ag) — CaSO4(s)
KzS(aq) + Ni(NOs),(ag) — 2 KNOs(aqg) + NiS(s)
2 K*(aq) + S*(aq) + Ni**(aq) + 2 NO; (aq) — 2 K*(aqg) + 2 NOs (aq) + NiS(s)
Ni*(aq) + S* (ag) — NiS(s)
Hg2(NOs)2(aq) + CuSO4(ag) — HGSO4(S) + Cu(NOs),(aq)
Hg,"*(aq) + 2 NO; (aqg) + Cu™(aq) + SO,* (ag) — Hg,SO4(s) + Cu**(ag) + 2 NOs (aqg)
Hg.”(aq) + SO,” (aq) — Hg,SO4(s)
No reaction occurs since both possible products are soluble.
K.COs(aq) + Mgl,(aq) — 2 Kl(ag) + MgCOs(s)
2 K*(aqg) + COs” (ag) + Mg*(aq) + 21°(ag) — 2 K*(aq) + 2 1 (aq) + MgCOs(s)
Mg’*(aq) + COs* (ag) — MgCOs(s)
3 NayCrOy(aq) + 2 Al(Br)s(aq) — 6 NaBr(aq) + Alx(CrOy)s(S)
6 Na'(aq) + 3 CrO,* (aq) + 2 AI**(aq) + 6 Br(ag) — 6 Na*(aq) + 6 Br (aq) +

Al (CrO,)s(s)

2 Al**(aq) + 3 CrOs” (ag) — Al(CrO,)s(s)
When CuSO,(aq) is added to Na,S(aq), the precipitate that forms is CuS(s). Therefore,
Na* (the gray spheres) and SO,* (the bluish green spheres) are the spectator ions.

CuSO4(aq) + Na;S(aq) — CuS(s) + Na,SO,4(aq); Cu®*(aqg) + S*(aq) — CuS(s)
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50.

51.

52.

b.

When CoCly(aqg) is added to NaOH(aqg), the precipitate that forms is Co(OH),(s).
Therefore, Na* (the gray spheres) and CI (the green spheres) are the spectator ions.

CoCl,(aq) + 2 NaOH(aq) — Co(OH),(s) + 2 NaCl(aq)
Co*(aq) + 2 OH (ag) — Co(OH),(s)

When AgNOs(aq) is added to Kl(aq), the precipitate that forms is Agl(s). Therefore, K*
(the red spheres) and NO;™ (the blue spheres) are the spectator ions.

AgNOs(aq) + Kl(ag) — Agl(s) + KNOs(aq); Ag'(aq) + I(aq) — Agl(s)

There are many acceptable choices for spectator ions. We will generally choose Na* and
NO;" as the spectator ions because sodium salts and nitrate salts are usually soluble in water.

a.

b.

Fe(NOs)s(aq) + 3 NaOH(aq) — Fe(OH)s(s) + 3 NaNOs(aq)
Hg2(NOs3).(aq) + 2 NaCl(aq) — Hg.Cl,(s) + 2 NaNOs(aq)
Pb(NO:),(aq) + Na,;SO4(ag) — PbSO4(s) + 2 NaNOs(aq)
BaCl,(aq) + Na,CrO4(ag) — BaCrO,(s) + 2 NaCl(aq)
(NH,),S04(aq) + Ba(NO3),(aq) —> 2 NH,NOs(ag) + BaSO4(s)
Ba**(aq) + SO,* (aq) — BaSO4(s)

Pb(NOs)2(aqg) + 2 NaCl(aq) — PbCly(s) + 2 NaNOs(aq)

Pb*(aq) + 2 Cl"(ag) — PbCly(s)

Potassium phosphate and sodium nitrate are both soluble in water. No reaction occurs.
No reaction occurs because all possible products are soluble.
CuCly(aqg) + 2 NaOH(agq) — Cu(OH),(s) + 2 NaCl(aq)
Cu*(ag) + 2 OH (ag) — Cu(OH)(s)

CrCls(aqg) + 3 NaOH(ag) — Cr(OH)s(s) + 3 NaCl(aq)

Cr¥(ag) + 30H (ag) — Cr(OH)s(s)

2 AgNOgs(aq) + (NH,).COs(aq) — Ag.COs(s) + 2 NH4NOs(aq)
2 Ag'(aq) + COs*(ag) — Ag,CO4(s)

CuSO4(aq) + Hg2(NO3)2(aq) — Cu(NOs),(aq) + Hg2SO4(s)
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53.

54.

55.

56.

57.

58.

Hg.*'(ag) + SO (aq) — Hg,SO4(s)
d. No reaction occurs because all possible products (Srl, and KNOs3) are soluble.

Because a precipitate formed with Na,SO,, the possible cations are Ba*, Pb*, Hg,”*, and
Ca” (from the solubility rules). Because no precipitate formed with KCI, Pb* and Hg,*"
cannot be present. Because both Ba** and Ca** form soluble chlorides and soluble
hydroxides, both these cations could be present. Therefore, the cations could be Ba?* and Ca**
(by the solubility rules in Table 4.1). For students who do a more rigorous study of solubility,
Sr** could also be a possible cation (it forms an insoluble sulfate salt, whereas the chloride
and hydroxide salts of strontium are soluble).

Because no precipitates formed upon addition of NaCl or Na,SQO,, we can conclude that Hgf*
and Ba?* are not present in the sample because Hg,Cl, and BaSO, are insoluble salts.
However, Mn®* may be present since Mn** does not form a precipitate with either NaCl or
Na,SO,. A precipitate formed with NaOH; the solution must contain Mn?" because it forms
a precipitate with OH™ [Mn(OH),(s)].

2 AgNOs(aq) + Na,CrO4(ag) — Ag.CrO4(s) + 2 NaNOs(aq)

0.100 mol AgNO4 y 1mol Na,CrO, y 161.98g Na,CrO,
L 2 mol AgNO, mol Na,CrO,

0.0750 L x

=0.607 g Na,CrO,

2 NazPO4(aq) + 3 Pb(NOs)2(aq) — Phs(PO,),(s) + 6 NaNOs(aq)

0.250 mol Pb(NO3), N 2 mol NazPO, 5 1L NazPO,
L 3mol Pb(NO3),  0.100 mol Na;PO,

0.1500 L x =0.250 L

= 250. mL NasPO,
AL(NO3)s(aq) + 3 KOH(aq) — Al(OH)s(s) + 3 KNOs(aq)

Assuming AI(NO3); is limiting:

0.200 mol AI(NO;), y 1mol Al(OH), y 78.00 g AI(OH),
L mol AI(NO;), mol Al(OH),
=0.780 g Al(OH)3

0.0500 L x

Assuming KOH is limiting:

0.100 mol KOH y 1mol Al(OH)4 y 78.00 g Al(OH),
L 3 mol KOH mol Al(OH),

0.2000 L x

= 0.520 g Al(OH);

Because KOH produces the smaller mass of the Al(OH); precipitate, KOH is the limiting
reagent and 0.520 g AI(OH); can form.

The balanced equation is 3 BaCl,(aq) + Fe,(SO4)s(aq) — 3 BaSO4(s) + 2 FeCls(aq).

1L y 0.100 mol BaCl, y 3mol BaSO, y 233.49 BaSO,
1000 mL L 3mol BaCl, mol BaSO,

100.0 mL BaCl, x

= 2.33 g BaSO,
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59.

60.

1L y 0.100 mol Fe, (SO4)5 y 3mol BaSO,
1000 mL L mol Fe, (S04 ),
N 233.49 BaSO,
mol BaSO,

100.0 mL Fey(SO,)s X

= 7.00 g BaSO,

The BaCl, reagent produces the smaller quantity of the BaSO, precipitate, so BaCl, is
limiting and 2.33 g BaSO, can form.

The reaction is AgNOs(aqg) + NaBr(ag) — AgBr(s) + NaNOs(aq).

Assuming AgNO; is limiting:

1L y 0.150 mol AgNO4 8 1mol AgBr N 187.8g AgBr
1000 mL L AgNO, mol AgNO; mol AgBr

100.0 mL AgNO; x

=2.82 g AgBr
Assuming NaBr is limiting:
1L N 1.00 mol NaBr N 1mol AgBr y 187.89 AgBr
1000 mL L NaBr mol NaBr mol AgBr
=3.76 g AgBr

The AgNO; reagent produces the smaller quantity of AgBr, so AgNOs is limiting and 2.82 g
AgBr can form.

20.0 mL NaBr x

2 AgNOs(aq) + CaCly(aq) — 2 AgCI(s) + Ca(NOs).(aq)

0.20 mol AgNO, y 2 mol AgCl y 143.4 g AgCl
L 2 mol AgNO;, mol AgCl

0.1000 L x

=2.9gAgClI

0.15 mol CaCl, y 2 mol AgCl y 143.4 g AgCl
mol CaCl, mol AgCl

0.1000 L x = 4.3 g AgCl

AgNO; is limiting (it produces the smaller mass of AgClI) and 2.9 g AgClI can form.

The net ionic equation is Ag*(aq) + Cl(ag) — AgCI(s). The ions remaining in solution are
the unreacted CI™ ions and the spectator ions NO;~ and Ca”* (all Ag® is used up in forming
AgCl). The moles of each ion present initially (before reaction) can be easily determined
from the moles of each reactant. We have 0.1000 L(0.20 mol AgNOg/L) = 0.020 mol
AgNO3, which dissolves to form 0.020 mol Ag* and 0.020 mol NOs~. We also have

0.1000 L(0.15 mol CaCl,/L) = 0.015 mol CaCl,, which dissolves to form 0.015 mol Ca* and
2(0.015) = 0.030 mol CI". To form the 2.9 g of AgCl precipitate, 0.020 mol Ag* will react
with 0.020 mol of CI” to form 0.020 mol AgCI (which has a mass of 2.9 g).

Mol unreacted CI™ = 0.030 mol CI” initially — 0.020 mol CI” reacted

Mol unreacted CI” = 0.010 mol CI”
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_ 0.010molCI" _ 0.010 mol CI”

= = =0.050 M CI”
€ total volume  0.1000 L +0.1000 L
The molarities of the spectator ions are:
- 2+
0.020 mol NO, - 0.10 M NO,™ 0.015mol Ca — 0.075 M Ca?*
0.2000 L 0.2000 L

61. a.

The balanced reaction is 2 KOH(aq) + Mg(NOz).(aq) — Mg(OH)(s) + 2 KNOs(aq).

b. The precipitate is magnesium hydroxide.

C.

Assuming KOH is limiting:

0.200 mol KOH y 1mol Mg(OH), g 58.33g Mg(OH),
L KOH 2 mol KOH mol Mg(OH),

0.1000 L KOH x

= 0.583 g Mg(OH);
Assuming Mg(NOs3), is limiting:

0.200 mol Mg(NO,), y 1mol Mg(CH),
L Mg(NO,), mol Mg(NO,),

y 58.33g Mg(OH),
mol Mg(OH),

0.1000 L Mg(NO3), x

= 1.17 g Mg(OH),

The KOH reagent is limiting because it produces the smaller quantity of the Mg(OH),
precipitate. So 0.583 g Mg(OH), can form.

The net ionic equation for this reaction is Mg**(aq) + 2 OH (aq) — Mg(OH)4(s).

Because KOH is the limiting reagent, all of the OH™ is used up in the reaction. So M OH-

=0 M. Note that K" is a spectator ion, so it is still present in solution after precipitation
was complete. Also present will be the excess Mg®* and NO3™ (the other spectator ion).

0.200 mol Mg(NO3), ~_ 1mol Mg?*
L Mg(NO3), mol Mg(NO3),

Total Mg = 0.1000 L Mg(NOs); x

=0.0200 mol Mg**

0.200 mol KOH y 1mol Mg(NO,),
L KOH 2 mol KOH

_Lmol Mg?*
mol Mg(NO;),

Mol Mg”* reacted = 0.1000 L KOH x

=0.0100 mol Mg**

_ mol excess Mg** _ (0.0200 - 0.0100) mol Mg®*

M, =
Mg? total volume 0.1000 L +0.1000 L

=5.00 x 10° M Mg*



CHAPTER 4 SOLUTION STOICHIOMETRY 109

62.

The spectator ions are K" and NOs;™. The moles of each are:

0.200 mol KOH y 1mol K*
L KOH mol KOH

mol K*=0.1000 L KOH x =0.0200 mol K*

0.200 mol Mg(NO,), y 2mol NO5~

mol NO;™ = 0.1000 L Mg(NQ3), x
L Mg(NO3), mol Mg(NO3),

=0.0400 mol NO5~
The concentrations are:

0.0200 mol K* — 0.100 M K* 0.0400 mol NO5~

=0.200 M NO;~
0.2000 L 0.2000 L

Cu(NOs),(aq) + 2 KOH(agq) — Cu(OH)(s) + 2 KNOs(aq)

Solution A contains 2.00 L x 2.00 mol/L = 4.00 mol Cu(NOs),, and solution B contains
2.00 L x 3.00 mol/L = 6.00 mol KOH. In the picture in the problem, we have 4 formula
units of Cu(NO3), (4 Cu®* ions and 8 NO; ™ ions) and 6 formula units of KOH (6 K* ions
and 6 OH ™ ions). With 4 Cu* ions and 6 OH™ ions present, OH is limiting (when all 6
molecules of OH™ react, we only need 3 of the 4 Cu?* ions to react with all of the OH"
present). After reaction, one Cu®* ion remains as 3 Cu(OH),(s) formula units form as
precipitate. The following drawing summarizes the ions that remain in solution and the
relative amount of precipitate that forms. Note that K" and NO5 ions are spectator ions.
In the drawing, V; is the volume of solution A or B, and V, is the volume of the
combined solutions, with V, = 2V;. The drawing exaggerates the amount of precipitate
that would actually form.

V;
i KT
N03 ¥ NO3 N03
K
CU2+
A= K" NOj NO; K*
K* K -
NO3- N03 NO3
Cu(OH),
CU(OH)2 CU(OH)2

The spectator ion concentrations will be one-half the original spectator ion concentrations
in the individual beakers because the volume was doubled. Or using moles, M, .=

6.00 mol K* _ 8.00mol NO,~

=150Mand M__ = 2.00 M. The concentration of
4,00 L NO, 4.00 L

OH" ions will be zero because OH" is the limiting reagent. From the drawing, the number
of Cu* ions will decrease by a factor of four as the precipitate forms. Because the
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volume of solution doubled, the concentration of Cu?* ions will decrease by a factor of
eight after the two beakers are mixed:

M_,=2.00 MGJ =0.250 M
Cu 8

Alternately, one could certainly use moles to solve for M cu?t -

3.00 mol OH~ y 1mol Cu?
L 2mol OH™

Mol Cu® reacted = 2.00 L x =3.00 mol Cu? reacted

2.00 mol Cu?
L

Mol Cu®* present initially = 2.00 L x = 4.00 mol Cu?* present initially

Excess Cu®* present after reaction = 4.00 mol — 3.00 mol = 1.00 mol Cu** excess

_1.00 mol Cu®

o= MUY — 0250 M
o " 2,00L+2.00L

1mol Cu(OH), N 97.57 g Cu(OH),
2 mol KOH mol Cu(OH),
=293 g Cu(OH),

Mass of precipitate = 6.00 mol KOH x

63. M,S0O,(aqg) + CaCly(aq) — CaSO4(s) + 2 MCl(aq)

1mol CaSO, 5 1mol M,SO,

=9.99 x 107> mol M,SO,
136.159 CaSO, mol CaSO,

1.36 g CaSQO, x

From the problem, 1.42 g M,SO, was reacted, so:

1.429 M,S0,
9.99 x 1073 mol M,SO,

molar mass = =142 g/mol

142 u = 2(atomic mass M) + 32.07 + 4(16.00), atomic mass M =23 u
From periodic table, M = Na (sodium).

64. a. Na', NOs, CI', and Ag" ions are present before any reaction occurs. The excess Ag*
added will remove all of the CI™ ions present. Therefore, Na*, NO;~, and the excess Ag"
ions will all be present after precipitation of AgClI is complete.

b. Ag'(ag) + Cl(ag) — AgCI(s)

1mol AgCl y 1mol CI” y 1 mol NaCl y 58.44 ¢
14349 mol AgCl mol CI~ mol NaCl
=0.261 g NaCl

c. Mass NaCl = 0.641 g AgClI x

0.2619g NaCl
1.50 g mixture

Mass % NaCl = x 100 = 17.4% NaCl
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Acid-Base Reactions

65.

66.

67.

All the bases in this problem are ionic compounds containing OH". The acids are either
strong or weak electrolytes. The best way to determine if an acid is a strong or weak
electrolyte is to memorize all the strong electrolytes (strong acids). Any other acid you
encounter that is not a strong acid will be a weak electrolyte (a weak acid), and the formula
should be left unaltered in the complete ionic and net ionic equations. The strong acids to
recognize are HCI, HBr, HI, HNO3, HCIO,4, and H,SO,. For the following answers, the order
of the equations are formula, complete ionic, and net ionic.
a. 2 HCIO4(aqg) + Mg(OH)x(s) — 2 H,O(l) + Mg(ClO,),(aq)

2 H'(aq) + 2 ClO, (aq) + Mg(OH),(s) — 2 H,O(l) + Mg**(aq) + 2 ClO, (aq)

2 H*(ag) + Mg(OH),(s) — 2 H,O(l) + Mg (aq)
b. HCN(aq) + NaOH(aq) — H,O(l) + NaCN(aq)

HCN(aq) + Na*(aq) + OH (ag) — H,O(l) + Na*(ag) + CN(aq)

HCN(aqg) + OH (ag) — H.O(l) + CN™(aq)
c. HCl(aqg) + NaOH(aqg) — H.O(l) + NaCl(aq)

H*(aqg) + Cl™(aq) + Na*(aq) + OH (ag) — H,O(l) + Na*(aq) + Cl(aq)

H*(aqg) + OH (aq) — HO(I)
a. 3 HNOs(aq) + Al(OH)s(s) — 3 H;0(1) + AI(NO3)s(aq)

3 H*(aq) + 3 NO3 (aq) + Al(OH)s(s) — 3 H,O(I) + Al**(aq) + 3 NO5 (aq)

3 H*(aq) + AI(OH)s(s) — 3 H0(1) + Al**(aq)
b. HC,H;0,(aq) + KOH(aq) —» H,O(l) + KC,H;0,(aq)

HC,H;0,(aq) + K*(ag) + OH (ag) — H,O(l) + K*(aq) + C,H30, (aq)

HC,H;0,(aq) + OH (ag) > HO(l) + C,H;0, (aq)
c. Ca(OH)z(aq) + 2 HCI(ag) — 2 H,O(l) + CaCl,(aq)

Ca**(aq) + 2 OH (aqg) + 2 H*(aqg) + 2 Cl(ag) — 2 H,O(l) + Ca**(aq) + 2 Cl (aq)

2 H'(aq) + 2 OH (aq) — 2 H,0O(l) or H*(aq) + OH (ag) — H,O(l)

All the acids in this problem are strong electrolytes (strong acids). The acids to recognize as
strong electrolytes are HCI, HBr, HI, HNO;, HCIO,, and H,SO,.
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68.

69.

70.

a. KOH(ag) + HNOs(aq) — H.O(l) + KNOs(aq)

b. Ba(OH),(aq) + 2 HCI(ag) — 2 H,O(l) + BaCl,(aq)

c. 3 HCIO4(aqg) + Fe(OH)s(s) — 3 H,O(l) + Fe(ClO,)s(aq)

d. AgOH(s) + HBr(aq) — AgBr(s) + H,O(l)

e. Sr(OH),(aq) + 2 HI(agq) — 2 H,O(I) + Srl,(aq)

a. Perchloric acid plus potassium hydroxide is a possibility.
HCIO4(aq) + KOH(ag) — H,0(l) + KClO4(aq)

b. Nitric acid plus cesium hydroxide is a possibility.
HNOs(aqg) + CsOH(ag) — HO(l) + CsNOs(aq)

c. Hydroiodic acid plus calcium hydroxide is a possibility.
2 Hi(aqg) + Ca(OH)2(aq) — 2 H,O(l) + Calx(aq)

If we begin with 50.00 mL of 0.200 M NaOH, then:

0.200 mol

50.00 x 10°°L x =1.00 x 1072 mol NaOH is to be neutralized

a. NaOH(aqg) + HCl(ag) — NaCl(aq) + H.O(l)

1 mol HCI 1L

1.00 x 102 mol NaOH x x
mol NaOH  0.100 mol

=0.100 L or 100. mL

b. HNOs(ag) + NaOH(aq) — H,O(l) + NaNOs(aq)

1mol HNO, y 1L
mol NaOH 0.150 mol HNO;4

1.00 x 102 mol NaOH x =6.67 x 1072L or 66.7 mL

c. HC;H;0,(aq) + NaOH(aq) — H,O(l) + NaC,H30,(aq)

1mol HC,H;0, g 1L
mol NaOH 0.200 mol HC,H30,

1.00 x 102 mol NaOH x =5.00x 107°L

=50.0 mL

We begin with 25.00 mL of 0.200 M HCI or 25.00 x10~3 L x 0.200 mol/L

=5.00 x 10~°mol HCI.
a. HCl(ag) + NaOH(aq) — H,O(l) + NaCl(aq)

1 mol HCI 1L

X =5.00 x 1072 L or 50.0 mL
mol NaOH  0.100 mol NaOH

5.00 x 103 mol HCI x

b. 2 HCI(aqg) + Sr(OH),(ag) — 2 H,O(l) + SrCl,(aq)
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1mol Sr(OH), y 1L
2 mol HCI 0.0500 mol Sr(OH),

5.00 x 10~ mol HCI x =5.00x 107°L

=50.0 mL
¢. HCl(ag) + KOH(ag) — H,O(l) + KCl(aq)

1 mol KOH 1L

X =2.00x 10?2L =20.0 mL
mol HCI 0.250 mol KOH

5.00 x 103 mol HCI x

71. Ba(OH),(aq) + 2 HCl(aq) — BaCly(aq) + 2 H,O(l); H*(aqg) + OH (ag) — H,O(I)

0.250 molHCl - _ 1.88 x 107mol HCI = 1.88 x 107> mol H*

75.0x 107°L x
+1.88 x 102mol CI-

0.0550 mol Ba(OH),
L

225.0 x 10°L x = 1.24 x 10"2mol Ba(OH),

=1.24 x 102 mol Ba®" + 2.48 x 10 2mol OH"

The net ionic equation requires a 1 : 1 mole ratio between OH™ and H*. The actual mole OH"
to mole H” ratio is greater than 1 : 1, so OH™ is in excess. Because 1.88 x 102 mol OH™ will
be neutralized by the H*, we have (2.48 — 1.88) x 1072 = 0.60 x 10"2mol OH" in excess.

— -3 -
M. = mol OH™ excess _ 6.0x10 molOH™ _ 20x 102M OH
OH total volume 0.0750 L +0.2250 L

72. HCI and HNO; are strong acids; Ca(OH), and RbOH are strong bases. The net ionic equation
that occurs is H'(ag) + OH (ag) — H,O(l).

Mol H* = 0.0500 L x 0.100 mol HCI y ImolH

mol HCI
+0.1000 L x 200mOlHNO, - ImolH™ _ ;50500 4 0.0200 = 0.0250 mol H'
L mol HNO,

Mol OH- = 0.5000 L x 0.0100 mol Ca(OH), 8 2 mol OH

L mol Ca(OH),
+0.2000 L x 2A00mOIRbOH _ 1molOH_ _ ) 1) 4 1 0.0200 = 0.0300 mol OH-
L mol RbOH

We have an excess of OH", so the solution is basic (not neutral). The moles of excess OH™ =
0.0300 mol OH™ initially — 0.0250 mol OH™ reacted (with H") = 0.0050 mol OH™ excess.

0.0050 mol OH"™ _0.0050 mol

M_ = = =59x%x 10°M
OH" " (0.0500 + 0.1000 + 0.5000 + 0.2000) L 0.8500 L
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73. HCl(ag) + NaOH(ag) — H,O(l) + NaCl(aq)
2416 x 10 L NaOH x 108MOINaOH - ImolHCl _, ooy 2 ot e
L NaOH mol NaOH
-3
Molarity of HCl = 226 x10 7m0l _ 4 105 M Hel
25.00 x 1073 L
74. HCQHgOz(aq) + NaOH(aq) — HQO(I) + NaCQHgoz(aq)
4 16.58 x 102 L soln x 0.5062 mol NaOH y 1mol HC,H,;0,
L soln mol NaOH
= 8.393 x 10~ mol HC,H;0,
-3
Concentration of HC,H;0,(aq) = 8.393x10 ~ mol =0.8393 M
0.01000 L
. 1.006 g .
b. If we have 1.000 L of solution: Total mass = 1000. mL x C = 1006 g solution
m
Mass of HC,H;0, = 0.8393 mol x M =50.40 g HC,H30,
Mass % acetic acid = °0.409 x 100 =5.010%
1006 g
75. 2 HNO3(ag) + Ca(OH),(aq) — 2 HyO(l) + Ca(NO3)»(aq)
35.00 x 10-° L HNO, 0.0500 mol HNO4 y 1mol Ca(OH), g 1L Ca(OH),
L HNO4 2 mol HNO4 0.0200 mol Ca(OH),
=0.0438 L = 43.8 mL Ca(OH),
76. Strong bases contain the hydroxide ion (OH"). The reaction that occurs is H* + OH™ — H,0.

0.150 mol H* y 1mol OH"

T - 180 107° mol OH"
mo

0.0120 L x

The 30.0 mL of the unknown strong base contains 1.80 x 10~ mol OH™ .

1.80 x 10~ mol OH~
0.0300 L

=0.0600 M OH™

The unknown base concentration is one-half the concentration of OH™ ions produced from
the base, so the base must contain 2 OH" in each formula unit. The three soluble strong bases
that have two OH™ ions in the formula are Ca(OH),, Sr(OH),, and Ba(OH),. These are all
possible identities for the strong base.
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77. KHP is a monoprotic acid: NaOH(aq) + KHP(agq) »HO(l) + NaKP(aq)

0.1000 mol NaOH  1molKHP  204.22 g KHP

Mass KHP = 0.02046 L NaOH x X X
L NaOH mol NaOH mol KHP

=0.4178 g KHP

78. Because KHP is a monoprotic acid, the reaction is (KHP is an abbreviation for potassium
hydrogen phthalate):

NaOH(aq) + KHP(ag) — NaKP(aq) + H.O(l)

1 mol KHP N 1 mol NaOH

=5.298 x 10™* mol NaOH
204.22 g KHP mol KHP

0.1082 g KHP x

There are 5.298 x 10 mol of sodium hydroxide in 34.67 mL of solution. Therefore, the
concentration of sodium hydroxide is:

5.298 x 10~ mol

e 1oL L5~ 102 M NaOH
. X

Oxidation-Reduction Reactions
79. Apply the rules in Table 4.2.

a. KMnO, is composed of K" and MnO,” ions. Assign oxygen an oxidation state of —2,
which gives manganese a +7 oxidation state because the sum of oxidation states for all
atoms in MnO,” must equal the 1— charge on MnO, . K, +1; O, —2; Mn, +7.

b. Assign O a —2 oxidation state, which gives nickel a +4 oxidation state. Ni, +4; O, —2.

c. NasFe(OH)s is composed of Na* cations and Fe(OH)s*anions. Fe(OH)s* is composed of
an iron cation and 6 OH™ anions. For an overall anion charge of 4—, iron must have a +2
oxidation state. As is usually the case in compounds, assign O a —2 oxidation state and H
a +1 oxidation state. Na, +1; Fe, +2; O, —2; H, +1.

d. (NH,);HPOQ, is made of NH," cations and HPO,% anions. Assign +1 as the oxidation
state of H and —2 as the oxidation state of O. In NH,", x + 4(+1) = +1, x = —3 = oxidation
state of N. In HPO,”", +1 +y + 4(—2) = —2, y = +5 = oxidation state of P.

e. 0,-2; P, +3

f. O,-2; 3x+4(-2)=0, x = +8/3 = oxidation state of Fe; this is the average oxidation state
of the three iron ions in Fe;0,. In the actual formula unit, there are two Fe** ions and one
Fe*" ion.

g O,-2; F,—1; Xe, +6 h. F, -1, S, +4

. O,-2, C,+2 jo H+1;, 0,-2; C,0
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80. a U0,/ 0,-2; forU,x+2(-2)=+2, x=+6
b. As,O3: O, —2; for As, 2(x) +3(—2) =0, x=+3
c. NaBiO;: Na, +1; O, —2; for Bi, +1 +x+3(-2) =0, x=45
d. As; As, 0
HAsO,: AssignH=+1and O =-2; for As, +1 +x+2(-2) =0, x=+3
f.  Mg,P,0;: Composed of Mg ions and P,O;* ions. Mg, +2; O, —2; P, +5
g. NayS,0s: Composed of Na* ions and S,05% ions. Na, +1; O, —2: S, +2
h. Hg,Cl,: Hg, +1; Cl, -1
i. Ca(NO3),: Composed of Ca* ions and NO5 ions. Ca, +2; O,-2; N, +5
81. a. -3 b. -3 c. 2(x)+4(+1)=0, x=-2
d +2 e. +1 f. +4
g +3 h. +5 i. O
82. a. SrCr,0;: Composed of Sr** and Cr,0/* ions. Sr, +2; O, —2; Cr, 2x + 7(-2) = -2, x=+6
b. Cu,+2; Cl, -1 c. O,0; d H +1; O, -1
e. Mg® and COs* ions present. Mg, +2; O, —2; C, +4; f. Ag,0
g. Pb® and SOs” ions present. Pb, +2; O, —2; S, +4; h. O,-2; Pb, +4
i. Na“and C,0,% ions present. Na, +1; O, —2; C, 2x+4(-2) =—2, x=+3
jo 0,-2; C, +4
k. Ammonium ion has a 1+ charge (NH,"), and sulfate ion has a 2— charge (SO,%).
Therefore, the oxidation state of cerium must be +4 (Ce“*). H, +1; N,-3; O,-2; S, +6
. O,-2; Cr,+3
83. To determine if the reaction is an oxidation-reduction reaction, assign oxidation states. If the

oxidation states change for some elements, then the reaction is a redox reaction. If the
oxidation states do not change, then the reaction is not a redox reaction. In redox reactions,
the species oxidized (called the reducing agent) shows an increase in oxidation states, and the
species reduced (called the oxidizing agent) shows a decrease in oxidation states.
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84.

85.

86.

87.

Redox?  Oxidizing Reducing Substance Substance
Agent Agent Oxidized Reduced
a. Yes Ag’ Cu Cu Ag’
b. No - - - -
c. No - - - -
d. Yes SiCly Mg Mg SiCl, (Si)
e. No - - - -

In b, c, and e, no oxidation numbers change.

The species oxidized shows an increase in oxidation states and is called the reducing agent.
The species reduced shows a decrease in oxidation states and is called the oxidizing agent.
The pertinent oxidation states are listed by the substance oxidized and the substance reduced.

Redox? Oxidizing Reducing Substance Substance
Agent Agent Oxidized Reduced
a. Yes H,O CH, CH, (C, -4 - +2) H,O (H, +1 — 0)
b Yes AgNQO; Cu Cu (0 > +2) AgNO; (Ag, +1 — 0)
c. Yes HCI Zn Zn (0 > +2) HCI (H, +1 — 0)

d. No; there is no change in any of the oxidation numbers.

Each sodium atom goes from the 0 oxidation state in Na to the +1 oxidation state in NaF.
Each Na atom loses one electron. Each fluorine atom goes from the 0 oxidation state in F, to
the —1 state in NaF. In order to match electrons gained by fluorine with electrons lost by
sodium, 1 F atom is needed for every Na atom in the balanced equation. Because F, contains
two fluorine atoms, two sodium atoms will be needed to balance the electrons. The following
balanced equation makes sense from an atom standpoint but also makes sense from an
electron standpoint.

2 Na(s) + Fy(g) > 2 NaF(s)

Each oxygen atom goes from the 0 oxidation state in O, to the —2 oxidation state in MgO.
Each magnesium atom goes from the O oxidation state in Mg to the +2 oxidation state in
MgO. To match electron gain with electron loss, 1 atom of O is needed for each atom of Mg
in the balanced equation. Because two oxygen atoms are in each O, molecule, we will need
two Mg atoms for every O, molecule. The balanced equation below balances atoms but also
balances electrons, which must always be the case in any correctly balanced equation.

2 Mg(s) + Ox(g) — 2 MgO(s)

a. The first step is to assign oxidation states to all atoms (see numbers above the atoms).

3+ 0 +4 2 41 -2
CQHG + Og e d C02 + HQO
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88.

Each carbon atom changes from —3 to +4, an increase of 7. Each oxygen atom changes
from 0 to —2, a decrease of 2. We need 7/2 O atoms for every C atom in order to balance
electron gain with electron loss.

CQHG + 7/2 Og d C02+ HQO

Balancing the remainder of the equation by inspection:

CoHs(g) + 7/204(g) — 2 CO,(g) + 3 H0(g)
or

2 CHe(g) + 7 Ox(g) > 4 COz(9) + 6 H0(9)

The oxidation state of magnesium changes from 0 to +2, an increase of 2. The oxidation
state of hydrogen changes from +1 to 0, a decrease of 1. We need 2 H atoms for every
Mg atom in order to balance the electrons transferred. The balanced equation is:

Mg(s) + 2HCl(ag) — Mg*(aq) + 2 Cl(ag) + Hx(g)

The oxidation state of nickel increases by 2 (0 to +2), and the oxidation state of cobalt
decreases by 1 (+3 to +2). We need 2 Co®* ions for every Ni atom in order to balance
electron gain with electron loss. The balanced equation is:

Ni(s) + 2Co*(aq) — Ni*"(ag) + 2 Co*(aq)

The equation is balanced (mass and charge balanced). Each hydrogen atom gains one
electron (+1 — 0), and each zinc atom loses two electrons (0 — +2). We need 2 H atoms
for every Zn atom in order to balance the electrons transferred. This is the ratio in the
given equation:

Zn(s) + H,SO4(@agq) — ZnSO4aq) + H(g)

The first step is to assign oxidation states to all atoms (see numbers above the atoms).

0 0 +3 -1
Cl, + Al - AP + CI

Each aluminum atom changes in oxidation state from O to +3, an increase of 3. Each
chlorine atom changes from 0 to —1, a decrease of 1. We need 3 Cl atoms for every Al
atom in the balanced equation in order to balance electron gain with electron loss.
312Cl, + Al > AP + 3CI”
For whole numbers, multiply through by two. The balanced equation is:

3Clyg) + 2 Al(s) — 2AI*(aq) + 6 Cl (aq)

0 +1 -2 0 +2 -2 +1
Og + HQO + Pb —» Pb(OH)2

From the oxidation states written above the elements, lead is oxidized, and oxygen in O,
is reduced. Each lead atom changes from 0 to +2, an increase of 2, and each O atom in
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O, changes from 0 to —2, a decrease of 2. We need 1 Pb atom for each O atom in O, to
balance the electrons transferred. Balancing the electrons:

O; + H,O + 2Pb — 2Pb(OH);,
The last step is to balance the rest of the equation by inspection. In this reaction, when
the H atoms become balanced, the entire equation is balanced. The balanced overall
equation is:

O2(g9) + 2H0(l) + 2Pb(s) — 2 Pb(OH)(s)

+1 +7 -2 +2 +2 +3 +1 -2
c. H + MnO, + Fe®* > Mn* + Fe* + H,0

From the oxidation states written above each element, manganese is reduced (goes from
+7 to +3), and Fe is oxidized (goes from +2 to +3). In order to balance the electrons
transferred, we need 5 Fe atoms for every Mn atom. Balancing the electrons gives:

H* + MnO, + 5Fe®" —» Mn* + 5Fe* + H,0

Balancing the O atoms, then the H atoms by inspection, leads to the following overall
balanced equation.

8 H'(ag) + MnO, (ag) + 5Fe*"(ag) - Mn*(aqg) + 5Fe**(aq) + 4 H,0O(l)

Additional Exercises

89.

90.

Desired uncertainty is 1% of 0.02, or +0.0002. So we want the solution to be 0.0200 *
0.0002 M, or the concentration should be between 0.0198 and 0.0202 M. We should use a 1-
L volumetric flask to make the solution. They are good to £0.1%. We want to weigh out
between 0.0198 mol and 0.0202 mol of KIOs.

Molar mass of KIO; = 39.10 + 126.9 + 3(16.00) = 214.0 g/mol

21409 _ 4 2379 0.0202 mol x 21499
mol mol

0.0198 mol x

= 4.323 g (carrying extra sig. figs.)

We should weigh out between 4.24 and 4.32 g of KIO;. We should weigh it to the nearest
milligram, or nearest 0.1 mg. Dissolve the KIO; in water, and dilute (with mixing along the
way) to the mark in a 1-L volumetric flask. This will produce a solution whose concentration
is within the limits and is known to at least the fourth decimal place.

. 4 molecules . 6 molecules 1.5 molecules
Solution A; ————— ; solution B: =

10L 40L 10L

. 4 molecules 2 molecules . 6 molecules 3 molecules
Solution C: = : solution D: =

20L 10L 20L 10L
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91.

92.

93.

Solution A has the most molecules per unit volume so solution A is most concentrated. This
is followed by solution D, then solution C. Solution B has the fewest molecules per unit
volume, so solution B is least concentrated.

= 0.0935 mol C;,H,,04; added to blood
342.30g 12

32.0 g C12H22011 X

The blood sugar level would increase by:

0.0935 mol C;,H,,04;
5.0L

= 0.019 mol/L

0.275 mol CaCl,
L CaCl,

Mol CaCl, present = 0.230 L CaCl, x =6.33 x 102 mol CaCl,

The volume of CacCl, solution after evaporation is:

1L CaCl,

6.33x10?mol CaCl, x —————2
1.10 mol CaCl,

=5.75x1072L = 57.5 mL CaCl,

Volume H,0O evaporated = 230. mL — 57.5 mL =173 mL H,O evaporated

There are other possible correct choices for most of the following answers. We have listed
only three possible reactants in each case.

a. AgNOg;, Pb(NOs),, and Hg,(NO3), would form precipitates with the CI™ ion.
Ag'(aq) + Cl(aq) — AgCI(s); Pb*(aq) + 2 Cl (aq) — PbCly(s)
Hg.**(aq) + 2 Cl(agq) —Hg,Cly(s)

b. Na,SO,4 Na,COj3, and NasPO, would form precipitates with the Ca* ion.
Ca**(aqg) + SO4* (aq) — CaSO.(s); Ca**(aqg) + COs* (ag) — CaCOs(s)
3 Ca*(aq) + 2 PO.* (aq) — Cas(PO4)a(s)

c. NaOH, Na,S, and Na,CO; would form precipitates with the Fe** ion.
Fe**(aq) + 3 OH (aq) — Fe(OH)s(s); 2 Fe*'(aq) + 3 S (aq) — Fe,Ss(s)
2 Fe**(aq) + 3 COs* (aq) — Fe,(CO3)5(s)

d. BaCl,, Pb(NO3),, and Ca(NO3), would form precipitates with the S0,% ion.
Ba*"(aq) + SO,* (aq) — BaS04(s); Pb*(aqg) + SO4* (aq) — PhSO4(s)
Ca**(aqg) + SO~ (ag) — CaSO4(s)

e. Na,SO, NaCl, and Nal would form precipitates with the Hgf* ion.

Hg,™ (aq) + SO,* (aq) — Hg,SO4(S); Hg,**(aqg) + 2 Cl'(ag) - Hg,Cly(s)
Hg.™"(aq) + 2 I (aq) — Hgzlx(s)
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f. NaBr, Na,CrO,, and Na;PO, would form precipitates with the Ag™ ion.
Ag’(aq) + Bri(ag) — AgBr(s); 2 Ag’(aq) + CrO,* (aq) —Ag,CrOx(s)
3 Ag*(aq) + PO (aq) — AgsPO4(s)
94. a. MgCl,(aq) + 2 AgNO3(ag) — 2 AgCI(s) + Mg(NOs3).(aq)

1mol AgCl ><1mo| MgCl, N 95.21¢g

0.641 g AgCl x =0.213 g MgCl,
143.49 AgCl 2 mol AgCl mol MgCl,
02139 MgCl, 140 = 14206 MgC,
1.50 g mixture
b. 0.213 g MgCl, x 1mol MgCl, y 2 mol AgNO, g 1L 5 1000 mL
95.21¢ mol MgCl, 0.500 mol AgNO4 1L

=8.95 mL AgNOs;
95. XCly(aqg) + 2 AgNO3(aq) — 2 AgCI(s) + X(NOs),(aq)

1mol AgClI y 1mol XCl,
14349 2 mol AgCl

1.38 g AgCl x =4.81 x 10 mol XCl,

1.00g XCl,
4.91 x 1072 mol XCl,

=208 g/mol; x + 2(35.45) = 208, x =137 g/mol

From the periodic table, the metal X is barium (Ba).

96. From the periodic table, use aluminum in the formulas to convert from mass of Al(OH); to
mass of Aly(SOy); in the mixture.

1mol AI(OH); 1mol AI¥* . 1mol Al,(SO,),
78.00 ¢ mol Al(OH), 2 mol A"
342179 Aly(SO,)s

0.107 g Al(OH); x

=0.235 g Al,(SO
mol Al,(SO,)s 9 Al(SO):
Mass % AlL(S0)s = 2229 % 100 = 16.2%
1.45¢
97. All the Tl in TIl came from Tl in T1,SO,. The conversion from TII to T1,SO, uses the molar

masses and formulas of each compound.

20449 Tl 504.99T1,SO,

0.1824 g TII x
331.3g Tl 408.8¢ Tl

=0.1390 g TI,SO,

0.1390¢g TI,SO,
9.486 g pesticide

Mass % T1,SO, = x 100 = 1.465% T1,SO,
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98.

99.

100.

a. Fe*(aq) + 3 OH (ag) — Fe(OH)s(s)
Fe(OH);: 55.85 + 3(16.00) + 3(1.008) = 106.87 g/mol

55.859 Fe

0.107 g Fe(OH); x
106.87 g Fe(OH)5

=0.0559 g Fe

b. Fe(NOa)s: 55.85 + 3(14.01) + 9(16.00) = 241.86 g/mol

241.86 g Fe(NO,),

0.0559 g Fe x
55.859 Fe

= 0.242 g Fe(NOy);

c. Mass % Fe(NOs)s = 22229 100=53.1%
0.456 g

With the ions present, the only possible precipitate is Cr(OH)s.

Cr(NOg)s(aq) + 3 NaOH(ag) — Cr(OH)s(s) + 3 NaNOs(aq)

1mol Cr(OH), y 3 mol NaOH

Mol NaOH used = 2.06 g Cr(OH); x
103.02¢ mol Cr(OH),

to form precipitate

NaOH(aq) + HCl(ag) — NaCl(aq) + H.O(l)

0.400 mol HCI 8 1 mol NaOH
mol HCI

Mol NaOH used = 0.1000 L x = 4.00 x 102 mol

to react with HCI

total mol NaOH _ 6.00 x 1072 mol + 4.00 x 1072 mol
volume 0.0500 L

=2.00 M NaOH

MnaoH =

a. MgO(s) + 2 HCl(aq) — MgCly(ag) + H.0(l)
Mg(OH)(s) + 2 HCl(aq) — MgCly(aq) + 2 H,0(l)

AI(OH)s(s) + 3 HCl(aq) — AICIs(aqg) + 3 H,0(l)

b. Let's calculate the number of moles of HCI neutralized per gram of substance. We can
get these directly from the balanced equations and the molar masses of the substances.

2molHCI  1molMgO  _ 4.962x10~* mol HCI
mol MgO 40.31g MgO g MgO
2molHCI  ~ 1molMg(OH),  _ 3.429 %1072 mol HCI

mol Mg(OH), 58.33g Mg(OH), g Mg(OH),

=6.00 x 10 mol
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3molHCl  ~ 1mol A(OH);  _ 3.846x10"* mol HCI
mol Al(OH); 78.00 g AI(OH)4 g Al(OH);

Therefore, 1 gram of magnesium oxide would neutralize the most 0.10 M HCI.
101.  Using HA as an abbreviation for the monoprotic acid acetylsalicylic acid:

HA(aq) + NaOH(aq) — HO(l) + NaA(aq)

0.5065 mol NaOH 5 1mol HA
L NaOH mol NaOH

Mol HA = 0.03517 L NaOH x =1.781 x 10~ mol HA

Fom the problem, 3.210 g HA was reacted, so:
3.210g HA

molar mass = > =180.2 g/mol
1.781 x 107° mol HA
102.  Mg(s) + 2 HCl(ag) — MgClx(aqg) + Hx(g)
3.00 g Mg x —~MIMg 2 mol HCl L 0049 =49 mL Hel

X
24.31g Mg mol Mg 5.0 mol HCI

103.  Let HA = unknown monoprotic acid; HA(aqg) + NaOH(agq) — NaA(aq) + H.O(l)

0.500 mol NaOH 1 mol HA

x =0.0125 mol HA
L 1 mol NaOH

Mol HA present = 0.0250 L x

XgHA 2209 HA
mol HA 0.0125 mol HA '

x = molar mass of HA = 176 g/mol

Empirical formula weight = 3(12) + 4(1) + 3(16) = 88 g/mol.
Because 176/88 = 2.0, the molecular formula is (C3H403), = C¢HgOs.

104.  We get the empirical formula from the elemental analysis. Out of 100.00 g carminic acid,

there are:
53.669Cx ~MC _ 4468 molc; 4.09gHx MOH 4 06 mol H
12.01gC 1.008g H
422590x MO 5 641 mal 0
160090

Dividing the moles by the smallest number gives:

4.468 =1.692; 406 =1.54
2.641 2.641
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105.

106.

These numbers don’t give obvious mole ratios. Let’s determine the mol C to mol H ratio:

4468 _ o _ 11

406 10

So let's try % = 0.406 as a common factor: 4.468 _ 11.0; 406 _ 10.0; 2641 6.50

" 0.406 0.406

Therefore, CxH,0013 is the empirical formula.

We can get molar mass from the titration data. The balanced reaction is HA(ag) + OH (aq)
— HO(l) + A"(aq), where HA is an abbreviation for carminic acid, an acid with one acidic
proton (H™).
0.0406 mol NaOH g 1 mol carminic acid
L soln mol NaOH
=7.32 x 10~ mol carminic acid

18.02 x 107 L soln x

036029 _ 492g

Molar mass = 2 =
7.32 x 107" mol mol

The empirical formula mass of C,,H0;3 = 22(12) + 20(1) + 13(16) =492 g.

Therefore, the molecular formula of carminic acid is also CyH201s.

1mol AgCl 5 1mol CI™ y 35.45g CI™
143.49 AgCl  mol AgClI mol CI~

0.104 g AgClI x =257x107%gCI

All of the CI" in the AgCI precipitate came from the chlorisondamine chloride compound in
the medication. So we need to calculate the quantity of C14H»0ClgN, which contains 2.57 x
10%gClI.

Molar mass of C14HxClgN, = 14(12.01) + 20(1.008) + 6(35.45) + 2(14.01) = 429.02 g/mol

There are 6(35.45) = 212.70 g chlorine for every mole (429.02 g) of C14H20ClsNo.
429.029 C,,H,,CI;N,
212.70g Cl~
518 x 1072 g
289

257 x 107 gCl™ x =5.18 x 107 g C14H2ClsN;

Mass % chlorisondamine chloride = x 100 = 4.05%

All the sulfur in BaSO, came from the saccharin. The conversion from BaSO, to saccharin
utilizes the molar masses of each compound.

32079S  183.199C;HsNO,S

0.5032 g BaSO, x
233.4¢ BaSO, 32.079gS

=0.3949 g C/HsNO3S

Averagemass  0.39499g  3.949 x 1072 g _ 39.49mg
Tablet 10 tablets tablet tablet
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107.

108.

109.

0.3949 g C;H5NO,S

Average mass % =
0.5894¢

x 100 = 67.00% saccharin by mass

Use the silver nitrate data to calculate the mol CI™ present, then use the formula of douglasite
(2KCleFeCl,*2H,0) to convert from CI™ to douglasite (1 mole of douglasite contains 4 moles
of CI"). The net ionic equation is Ag* + CI” — AgCI(s).

0.1000 mol Ag”* y 1mol CI y 1 mol douglasite y 311.88 g douglasite
mol Ag” 4 mol CI” mol
= 0.2900 g douglasite

0.03720 L x

Mass % douglasite = 222009 x 100 = 63.74%
0.45509
a. Al(s) + 3 HCl(ag) —» AICls(aq) + 3/2 Hy(g) or 2 Al(s) + 6 HCl(ag) — 2 AlCls(aq) +

3 Ha(0)

Hydrogen is reduced (goes from the +1 oxidation state to the O oxidation state), and
aluminum Al is oxidized (0 — +3).

b. Balancing S is most complicated since sulfur is in both products. Balance C and H first;
then worry about S.

CHa(g) + 4 S(s) — CSy(l) + 2 HS(0)
Sulfur is reduced (0 — —2), and carbon is oxidized (-4 — +4).
c. Balance C and H first; then balance O.
C3Hg(g) + 5 0,(g) > 3 CO4(g) + 4 HO(I)
Oxygen is reduced (0 — —2), and carbon is oxidized (—8/3 — +4).

d. Although this reaction is mass balanced, it is not charge balanced. We need 2 moles of
silver on each side to balance the charge.

Cu(s) + 2 Ag'(aq) — 2 Ag(s) + Cu**(aq)
Silver is reduced (+1 — 0), and copper is oxidized (0 — +2).
Cr07: 2(X) + 7(-2) = -2, x=+6
C,HsOH (C,HgO): 2(y) + 6(+1) + (-2) =0, y=-2
COy z2+2(-2)=0, z=+4
Each chromium atom goes from the oxidation state of +6 in Cr,0;% to +3 in Cr*. Each

chromium atom gains three electrons; chromium is the species reduced. Each carbon atom
goes from the oxidation state of —2 in C,HsOH to +4 in CO,. Each carbon atom loses six
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electrons; carbon is the species oxidized. From the balanced equation, we have four
chromium atoms and two carbon atoms. With each chromium atom gaining three electrons, a
total of 4(3) = 12 electrons are transferred in the balanced reaction. This is confirmed from
the 2 carbon atoms in the balanced equation, where each carbon atom loses six electrons [2(6)
= 12 electrons transferred].

ChemWork Problems

The answers to the problems 110-119 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems
120.  Let x =mass of NaCl, and let y = mass K,SO,. So x +y=10.00.

Two reactions occur: Pb*(aq) + 2 Cl'(ag) — PbCly(s) and
Pb*(aq) + SO,* (ag) — PbSO4(s)

Molar mass of NaCl = 58.44 g/mol; molar mass of K,SO, = 174.27 g/mol; molar mass of
PbCl, = 278.1 g/mol; molar mass of PbSO, = 303.3 g/mol

X~ moles NaCl; Y = moles K2S04
174.27

58.44

mass of PbCl, + mass PbSO, total mass of solid

X y
1/2)(278.1) + 303.3
58.44 (2x ) 174.27 ( )

21.75

We have two equations:

(2.379)x + (1.740)y = 21.75and x + y = 10.00. Solving:

6.819g NaCl

——=—— x 100 =68.1% NaCl
10.00 g mixture

X =6.81 g NaCl,

5.0ngHg _ 5.0 x 10~° g Hg

121. a. 5.0 ppb Hgin water =

g soln mL soln
-9
50 x 10" gHg y 1mol Hg y 1000 mL _ 25x10°M Hg
mL 200.6 g Hg L
-9
b. 1.0 x 107 g CHCl, y 1mol CHCl, 8 1000 mL _ 8.4x 10-°M CHCl,
mL 119.37 g CHCl, L
-6
¢. 10.0 ppm As = 10.0 ug As _ 10.0 x 107 g As

gsoln mL soln
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10.0 x 1078 g As 5 1mol As o 1000 mL
mL 74.929 As L

=1.33x10*M As

0.10 x 10°° g DDT 8 1mol DDT 8 1000 mL
mL 354.46 g DDT L

d. =2.8x 107 M DDT

122. We want 100.0 mL of each standard. To make the 100. ppm standard:

% x 100.0 mL solution = 1.00 x 10* pg Cu needed

m

1.00 x 10* pg Cu x _LmLstock _ 40 mL of stock solution
1000.0 pg Cu

Therefore, to make 100.0 mL of 100. ppm solution, transfer 10.0 mL of the 1000.0 ppm stock
solution to a 100-mL volumetric flask, and dilute to the mark.

Similarly:
75.0 ppm standard, dilute 7.50 mL of the 1000.0 ppm stock to 100.0 mL.
50.0 ppm standard, dilute 5.00 mL of the 1000.0 ppm stock to 100.0 mL.
25.0 ppm standard, dilute 2.50 mL of the 1000.0 ppm stock to 100.0 mL.

10.0 ppm standard, dilute 1.00 mL of the 1000.0 ppm stock to 100.0 mL.

123, a 0308gAgClx —2M9C 4761 gcr 9 ci= 297819 L 100 = 29706 I
14349 AgCI 0.256 g
Cobalt(I11) oxide, Co,05: 2(58.93) + 3(16.00) = 165.86 g/mol
0.145 g 0,05 x —21809C0 4103 cor 9 Co= 21929 4 100=24.8% Co
165.86 g Co,0, 0.416 g

The remainder, 100.0 — (29.7 + 24.8) = 45.5%, is water.
Assuming 100.0 g of compound:

2.016gH =500gH: %H= 5.09gH

455 g HO X —————r
18.02g H,0 100.0 g compound

x 100 = 5.09% H

160090 _ 0400 w0= 40490

4559 H0x ————
18.02g H,0 100.0 g compound

x 100=40.4%0

The mass percent composition is 24.8% Co, 29.7% Cl, 5.09% H, and 40.4% O.

b. Out of 100.0 g of compound, there are:
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124,

125.

248gCoH —2M  _ 6421 mol Co; 2.7 gl x—="2_ 0838 mol I

58.93g Co 35.45¢g Cl

5.00gHx —M! 505 mol H: 40.4g0x 2™ ~253m0l 0

1.008gH 16.00g O
Dividing all results by 0.421, we get CoCl,*6H,0 for the empirical formula, which is also

the actual formula given the information in the problem. The «6H,0O represent six waters
of hydration in the chemical formula.

c. CoCly6H,0(aqg) + 2 AgNO3(ag) — 2 AgCI(s) + Co(NOs),(aq) + 6 H,O(I)
CoCl,+6H,0(aq) + 2 NaOH(ag) — Co(OH),(s) + 2 NaCl(aq) + 6 H,O(I)

Co(OH),; — C0,03 This is an oxidation-reduction reaction. Thus we also need to
include an oxidizing agent. The obvious choice is O,.

4 CO(OH)Z(S) + Oz(g) -2 COQOg(S) +4 HZO(I)
a. CiHio,Cly + n Ag” — n AgCl; molar mass of AgCl = 143.4 g/mol
Molar mass of PCB =12(12.01) + (10 — n)(1.008) + n(35.45) = 154.20 + (34.44)n

Because n mol AgCl is produced for every 1 mol PCB reacted, n(143.4) g of AgCl will
be produced for every [154.20 + (34.44)n] g of PCB reacted.

Mass of AgCI (143.4)n
Mass of PCB  154.20 + (34.44)n

or massagci[154.20 + (34.44)n] = masspcs(143.4)n

b. 0.4971[154.20 + (34.44)n] = 0.1947(143.4)n, 76.65 + (17.12)n = (27.92)n
76.65 = (10.80)n, n=7.097
Zn(s) + 2 AgNO,(aq) — 2 Ag(s) + Zn(NO,),(aq)

Let x = mass of Ag and y = mass of Zn after the reaction has stopped. Thenx +y =29.0 g.
Because the moles of Ag produced will equal two times the moles of Zn reacted:

1mol Zn ><2moIAg Y a A x 1mol Ag

19.0 - Zn =X —_—
( Y)gznx 65.38gZn 1mol Zn 979 107.99 Ag

Simplifying:
3.059 x 107%(19.0 — y) = (9.268 x 10~°)x
Substituting x = 29.0 —y into the equation gives:

3.059 x 107%(19.0 — y) = 9.268 x 107%(29.0 —y)
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126.

127.

Solving:

0.581 — (3.059 x 107%)y = 0.269 — (9.268 x 107y, (2.132 x 1079y = 0.312, y=14.6 g Zn
14.6 g Zn is present, and 29.0 — 14.6 = 14.4 g Ag is also present after the reaction is stopped.
Ag'(aq) + ClI'(ag) — AgCI(s); let x = mol NaCl and y = mol KCI.

(22.90 x 107 L) x 0.1000 mol/L = 2.290 x 10~> mol Ag" = 2.290 x 10~ mol CI total

X+y=2290x%x10°mol CI', x=2.290 x 10—y

Because the molar mass of NaCl is 58.44 g/mol and the molar mass of KClI is 74.55 g/mol:
(58.44)x + (74.55)y = 0.1586 ¢

58.44(2.290 x 107 —y) + (74.55)y = 0.1586, (16.11)y = 0.0248, y = 1.54 x 10" mol KClI

1.54 x 10~° mol x 74.55 g/ mol
0.1586 g

Mass % KCI = x 100 = 72.4% KClI

% NaCl =100.0 — 72.4 = 27.6% NaCl

2— 2—
96.07950,"  _ 195 g SO,*; % sulfate = 0123950,"
233.4 g BasO, 0.205 g

0.298 g BaSO, x =60.0%

Assume we have 100.0 g of the mixture of Na,SO, and K,SO,. There are:

1 mol

60.0 g SO x =0.625 mol SO,*
96.07

g
There must be 2 x 0.625 = 1.25 mol of 1+ cations to balance the 2— charge of S0,

Let x = number of moles of K* and y = number of moles of Na*; then x + y = 1.25.

The total mass of Na* and K™ must be 40.0 g in the assumed 100.0 g of mixture. Setting up
an equation:

x mol K* x 39.109 y mol Na* x 2299
mol mol

=40.0g
So we have two equations with two unknowns: x +y = 1.25and (39.10)x + (22.99)y = 40.0
x=1.25 -y, 5039.10(1.25 — y) + (22.99)y = 40.0

48.9 — (39.10)y + (22.99)y = 40.0, — (16.11)y = 8.9

y =0.55 mol Na* and x = 1.25 - 0.55 = 0.70 mol K"
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Therefore:

1mol K, SO .
IMOTK 2504 _ ) 35 mol K,SO.: 0.35 mol K,50, x =279
2 mol K* mol

=61 g K>SO,
We assumed 100.0 g; therefore, the mixture is 61% K,SO, and 39% Na,SO,.

0.70 mol K* x

128. a. Letx=mass of Mg, so 10.00 — x = mass of Zn. Ag‘(aq) + ClI"(agq) — AgCI(s).
From the given balanced equations, there is a 2 : 1 mole ratio between mol Mg and mol
CI". The same is true for Zn. Because mol Ag" = mol CI” present, one can set up an
equation relating mol CI™ present to mol Ag* added.

1mol Mg y 2mol CI” 1mol Zn y 2mol CI”

Xg Mg x + (10.00-x)g Zn x

24.31g Mg mol Mg 65.389 Zn mol Zn
- 0156 L x 200MOlAg"  ImOICIT _ ) 1s8 mol eI
mol Ag*
2x_ 20000=X) _ 458 2431 x6538 [—2X 1 2000=2X _ 468
2431 6538 2431 6538

(130.8)x + 486.2 — (48.62)x = 743.8 (carrying 1 extra sig. fig.)

3.13g Mg

82.2)x =257.6, x =3.13gMg; %Mg= ———
(82.2) gMd oM 10.00 g mixture

x 100 = 31.3% Mg

3.00 mol Ag* y 1mol CI~
mol Ag*

b. 0.156 L x =0.468 mol CI” = 0.468 mol HCI added

Muo = 2268 mol _ ¢ 50 M Hel

0.0780 L

129.  Pb*(aq) +2Cl(agq) — PbCly(s)

1mol PbCl,  1mol Pb%*
278.1g PbCl, mol PbCl,

3.407 g PbCl, x = 0.01225 mol Pb**

0.01225 mol

500 % 103 L =6.13 M Pb** = 6.13 M Pb(NO5),
. X

This is also the Pb(NO3), concentration in the 80.0 mL of evaporated solution.

Original concentration = mo.le.s PO(NOs), _ 0.0800L x 6.A3mollL _ 4 Pb(NO5),
original volume 0.1000 L

1L 5 0.500 mol
1000 mL L

130. Mol CuSO, = 87.7 mL x = 0.0439 mol
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131.

132.

133.

1 mol Fe

Mol Fe =2.00 g x
55.85¢

=0.0358 mol

The two possible reactions are:
I.  CuSO4(aq) + Fe(s) — Cu(s) + FeSO4(aq)
Il. 3 CuSO4(aq) + 2 Fe(s) — 3 Cu(s) + Fe,(SO4)3(aq)

If reaction | occurs, Fe is limiting, and we can produce:

1mol Cu N 63.55g Cu
mol Fe mol Cu

0.0358 mol Fe x =2.28¢gCu

If reaction 1l occurs, CuSQ, is limiting, and we can produce:

3 mol Cu y 63.55¢g Cu
3mol CuSO, mol Cu

0.0439 mol CuSO,4 x =2.79¢gCu

Assuming 100% vyield, reaction | occurs because it fits the data best.

0.2750 L x 0.300 mol/L = 0.0825 mol H*; let y = volume (L) delivered by Y and z
= volume (L) delivered by Z.

H'(ag) + OH (ag) — H,O(l); y(0.150 mol/L) +z(0.250 mol/L) = 0.0825 mol H*
_ J
A
mol OH
02750 L +y+z=0.655L, y+z=0.380, z=0.380—-y

y(0.150) + (0.380 — y)(0.250) = 0.0825, solving: y=0.125 L, z=0.255 L

Flow rate for Y = & = 2.06 mL/min; flow rate for Z = ﬂ =4.20 mL/min

60.65 min 60.65 min
a. HsPO4(aqg) + 3 NaOH(ag) — 3 H,O(l) + NasPO4(aq)
b. 3 H,S04(aq) + 2 AI(OH)s(s) — 6 H,0(l) + Al(SO4)s(aq)
c. H,Se(aq) + Ba(OH),(aq) — 2 H,O(l) + BaSe(s)
d. H,C,O4(aq) + 2 NaOH(aq) —2 H,O(l) + Na,C,04(aq)

2 H3PO4(aq) +3 Ba(OH)z(aq) — 6 HQO(I) + Bag(PO4)2(S)

0.141molHyPO,  3molBa(OH), 1L Ba(OH),
L 2 molH,PO, ~ 0.0521mol Ba(OH),

= 57.6 mL Ba(OH),

0.01420 L x =0.0576 L
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134.

135.

136.

137.

1L 2.12 mol NaOH y 1mol H,SO,

35.08 mL NaOH x X
1000 mL L NaOH 2 mol NaOH

=3.72 x 102 mol H,SO,

3.72 x 107 mol 1000 mL

Molarity =
10.00 mL L

=3.72 M H,SO,

The pertinent equations are:
2 NaOH(aq) + H,SO4(aq) — Na,SO4(aq) + 2 H,O(l)

HCl(ag) + NaOH(ag) — NaCl(aqg) + H,O(l)

Amount of NaOH added = 0.0500 L x %mol =1.07 x 1072 mol NaOH

Amount of NaOH neutralized by HCI:

0.103 mol HCI y 1 mol NaOH
L HCI mol HCI

0.01321 L HCI H =1.36 x 10~ mol NaOH

The difference, 9.3 x 10°° mol, is the amount of NaOH neutralized by the sulfuric acid.

9.3 x 10~ mol NaOH x 1molH,S0, _ 4.7 x 10~ mol H,SO,
2 mol NaOH
-3
Concentration of H,50, = 4/ X 10" mol _ 2 102 M H,S0,
0.1000 L

Let H,A = formula for the unknown diprotic acid.

H,A(aqg) + 2 NaOH(ag) — 2 H,O(l) + Na,A(aq)
0.750 mol NaOH 1mol H,A

Mol H,A = 0.1375 L x x =0.0516 mol
L 2 mol NaOH
Molar mass of H,A = ﬂ =126 g/mol
0.0516 mol
1mol C4H O,

Mol CeHgO7 =0.250 g CeHgO7 x =1.30 x 1073 mol CeHs0O4

192.12 g C,H,0,

Let H,A represent citric acid, where x is the number of acidic hydrogens. The balanced
neutralization reaction is:

H,A(aq) + x OH (aq) — x H,O(l) + A*(aq)

Mol OH™ reacted = 0.0372 L x m =3.91x 10 mol OH"
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138.

139.

molOH™ _ 3.91x107° mol

= =3.01
mol citric acid 1.30x10~2 mol

Therefore, the general acid formula for citric acid is HzA, meaning that citric acid has three
acidic hydrogens per citric acid molecule (citric acid is a triprotic acid).

a. Flow rate = 5.00 x 10* L/s + 3.50 x 10° L/s = 5.35 x 10* L/s

3
b. Cio = 3.50 x 10°(65.0) _ 4.25 ppm HCI

5.35 x 10*

c. 1ppm=1mg/kg H,O=1mg/L (assuming density =1.00 g/mL)

60 min y 60s y 1.80 x 10° L N 4.25mg HCI 5 19
min S L 1000 mg

8.00 h x

=2.20 x 10° g HCI

N 1 mol HCI 8 1mol CaO y 56.08 g Ca
36.46gHCI 2 mol HCI mol CaO

2.20 x 10° g HCI =1.69 x 10° g CaO

d. The concentration of Ca** going into the second plant was:

5.00 x10%(10.2) _
5.35 x10*

9.53 ppm

The second plant used: 1.80 x 10° L/s x (8.00 x 60 x 60) s = 5.18 x 10° L of water.

2+
1.69 x 10° g CaO x % =1.21 x 10° g Ca*" was added to this water.
.08gCa
1.21 x 10° mg

Cc,> (plant water) = 9.53 + =90.53 +2.34 =11.87 ppm

5.18 x 10° L

Because 90.0% of this water is returned, (1.80 x 10%) x 0.900 = 1.62 x 10" L/s of water
with 11.87 ppm Ca*" is mixed with (5.35 — 1.80) x 10" = 3.55 x 10* L/s of water
containing 9.53 ppm Ca*".

(1.62 x 10* L/s)(11.87 ppm) + (3.55 x 10* L/s)(9.53 ppm)

C _,. (final) = =10.3 ppm
car- (final) 1.62 x 10* L/s + 3.55 x 10* L /s PP
1mol i
Mol KHP used = 0.4016 g x ———— =1.967 x 10~ mol KHP
204.22 g

Because 1 mole of NaOH reacts completely with 1 mole of KHP, the NaOH solution contains
1.967 x 10~ mol NaOH.

-3 -2
Molarity of NaOH = 1.967 x 10~° mol _ 7.849 x 107 mol

25.06 x 103 L L
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1.967 x 10 mol _ 7.865 x 1072 mol

Maximum molarity =

2501x10°L L
. 1967 x10°mol _ 7.834 x 1072 mol
Minimum molarity = 3 =
25.11x 107° L L

We can express this as 0.07849 +0.00016 M. An alternative way is to express the molarity as
0.0785 £0.0002 M. This second way shows the actual number of significant figures in the
molarity. The advantage of the first method is that it shows that we made all our individual
measurements to four significant figures.

Integrative Problems

140.

141.

a. Assume 100.00 g of material.

12.23gCx ~MC 3516 molc: 55669 F x U~ 2 629 mol F
12.01gC 19.00gF

211gBx M8 6195 mol B
10.81gB
Dividing by the smallest number: 3516 _ 18.0; 2929 _ 15.0
0.195 0.195
The empirical formula is CygF15B.
b. 0.3470 L x w =4.396 x 10~ mol BARF
Molar mass of BARF = 2.2519 =512.1 g/mol

4.396 x 10~ mol

The empirical formula mass of BARF is 511.99 g. Therefore, the molecular formula is
the same as the empirical formula, CygF;5B.

3 (NH,),CrO4(aqg) + 2 Cr(NOy)3(agq) — 6 NH4NO(aqg) + Cry(CrOy)s(s)

0.307 mol (NH,),CrO, y 1mol Cr,(CrOy); y 452.009 Cr,(CrO,),
L 3mol (NH,),CrO, mol Cr,(CrO,),

=9.39 g Crz(CrO4)3

0.203 L x

0.269 mol Cr(NO,), 5 1mol Cr,(CrOy4); y 452.009 Cr,(CrOy4)3
L 2mol Cr(NO,); mol Cr,(CrO,);

=8.33 g Crz(CrO4)3

0.137 L x

The Cr(NO,); reagent produces the smaller amount of product, so Cr(NO,)s is limiting and
the theoretical yield of Cr,(CrO,); is 8.33 g.
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actual yield
8.33¢g

0.880 = , actual yield = (8.33 g)(0.880) = 7.33 g Cr,(CrO,); isolated

142.  The oxidation states of the elements in the various ions are:

VO*:0,-2; V, x+ (-2)=+2, x=+4

MnO,: O, -2; Mn, x+4(-2)=-1, x=+7

V(OH),": O, =2, H, +1; V, X + 4(=2) + 4(+1) = +1, x=+5

Mn*": Mn, +2
Vanadium goes from the +4 oxidation state in VO* to the +5 oxidation state in V(OH),".
Manganese goes from the +7 oxidation state in MnO,~ to the +2 oxidation state in Mn®*. We

need 5 V atoms for every Mn atom in order to balance the electrons transferred. Balancing
the electrons transferred, then balancing the rest by inspection gives:

MnO, (aq) + 5 VO*(aq) + 11 H,0(1) — 5 V(OH),"(aq) + Mn* (aq) + 22 H*(aq)

0.02250 mol MnO, y 5mol VO y 1mol VvV 50.94gV

0.02645 L x %
L mol MnO,”~ molVO**  molV

=0.1516 g V

0.1516gV
mass of ore sample

0.581 =

, mass of ore sample = 0.1516/0.581 = 0.261 g

143. X contains 36 electrons, so X* has 34 protons, which identifies X as selenium (Se). The
name of H,Se would be hydroselenic acid following the conventions described in Chapter 2.

H,Se(aq) + 2 OH (aq) — Se*(aq) + 2 H,O(l)

0.175mol OH™ y 1mol H,Se y 80.989 H,Se
L 2 mol OH™ mol H,Se

0.0356 L x

= 0.252 g H,Se

Marathon Problems

144, Mol BaSO,= 02327 g x —M° ~ 9,970 x 10 mol Baso,
233449

The moles of the sulfate salt depend on the formula of the salt. The general equation is:
M(SOu)y(ag) + y Ba*(aq) — y BaSO4(s) + x M**

Depending on the value of y, the mole ratio between the unknown sulfate salt and BaSO,
varies. For example, if Pat thinks the formula is TiSO,, the equation becomes:

TiSO4(aq) + Ba**(aq) — BaSO4(s) + Ti*'(aq)
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145.

Because there is a 1 : 1 mole ratio between mol BaSO, and mol TiSO,, you need 9.970 x
10~ mol of TiSO,. Because 0.1472 g of salt was used, the compound would have a molar
mass of (assuming the TiSO,formula):

0.1472 9/9.970 x 10™* mol = 147.6 g/mol

From atomic masses in the periodic table, the molar mass of TiSO, is 143.95 g/mol. From
just these data, TiSO, seems reasonable.

Chris thinks the salt is sodium sulfate, which would have the formula Na,SO,. The equation
is:

Na,SO,4(aq) + Ba*"(aq) — BaSO4(s) + 2 Na*(aq)
As with TiSO,, there is a 1:1 mole ratio between mol BaSO, and mol Na,SO,. For sodium
sulfate to be a reasonable choice, it must have a molar mass of about 147.6 g/mol. Using

atomic masses, the molar mass of Na,SO, is 142.05 g/mol. Thus Na,SOy, is also reasonable.

Randy, who chose gallium, deduces that gallium should have a 3+ charge (because it is in
column 3A), and the formula of the sulfate would be Ga,(SO,);. The equation would be:

Gay(SO,)s(aq) + 3 Ba®*(ag) — 3 BaSO,(s) + 2 Ga** (aq)

The calculated molar mass of Ga,(SO,); would be:

0.1472 9 Ga,(SO,), y 3mol BaSO,
9.970x10™* mol BaSO,  mol Ga,(SO,),

= 442.9 g/mol

Using atomic masses, the molar mass of Ga,(SQy)s is 427.65 g/mol. Thus Ga,(SO,); is also
reasonable.

Looking in references, sodium sulfate (Na,SO,) exists as a white solid with orthorhombic
crystals, whereas gallium sulfate [Ga,(SQO,)s] is a white powder. Titanium sulfate exists as a
green powder, but its formula is Ti,(SO,4);. Because this has the same formula as gallium
sulfate, the calculated molar mass should be around 443 g/mol. However, the molar mass of
Ti,(SOy)5 is 383.97 g/mol. It is unlikely, then, that the salt is titanium sulfate.

To distinguish between Na,SO, and Gay(SO,)s, one could dissolve the sulfate salt in water
and add NaOH. Ga*" would form a precipitate with the hydroxide, whereas Na,SO, would
not. References confirm that gallium hydroxide is insoluble in water.

48.00g 0

a. Compound A = M(NO3),; in100.00 g of compd.: 8.246 g N x
p (NOs) g p g 14.01g N

=28.2590

Thus the mass of nitrate in the compound =8.246 + 28.25 g = 36.50 g (if x = 1).

If x=1: mass of M =100.00 — 36.50 g=63.50 g

8.246 g

MolM=molN= ———
14.01g/mol

=0.5886 mol
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b.

63.50 g

Molar mass of metal M = ——
0.5886 mol

=107.9 g/mol (This is silver, Ag.)

If x=2: mass of M =100.00 — 2(36.50) =27.00 g

Mol M = % mol N = %Gmo' =0.2943 mol
Molar mass of metal M = _21.00g =91.74 g/mol
0.2943 mol

This is close to Zr, but Zr does not form stable 2+ ions in solution; it forms stable 4+
ions. Because we cannot have x = 3 or more nitrates (three nitrates would have a mass
greater than 100.00 g), compound A must be AgNOs.

Compound B: K,CrO, s the formula. This salt is composed of K* and CrOZ ions. Using
oxidation states, 6 + x(—2) = -2, x =4. Compound B is K,CrO, (potassium chromate).

The reaction is:
2 AgNOs(aq) + K,CrO4(agq) — Ag2CrO4(s) + 2 KNOs(aq)

The blood red precipitate is AgoCrOy(s).

331.8 g Ag,CrQO, formed; this is equal to the molar mass of Ag,CrQO,, so 1 mole of
precipitate formed. From the balanced reaction, we need 2 mol AgNQO; to react with
1 mol K,CrO, to produce 1 mol (331.8 g) of Ag,CrO,.

2,000 mol AgNO, x 6999

= 339.8 g AQNO;

1,000 mol K,Cro, x 12429

=194.2 g K,CrO,

The problem says that we have equal masses of reactants. Our two choices are 339.8 g
AgNO;+ 339.8 g K,CrO,4 or 194.2 g AgNO; + 194.2 g K,CrO,. If we assume the 194.2-g
quantities are correct, then when 194.2 g K,CrO, (1 mol) reacts, 339.8 g AgNO; (2.0
mol) must be present to react with all the K,CrO,4. We only have 194.2 g AgNO; present;
this cannot be correct. Instead of K,CrO, limiting, AgNOz; must be limiting, and we have
reacted 339.8 g AgNO; and 339.8 g K,CrO,.

2.000 mol Ag - 4.000 M Ag' 2.000 mol NO,
0.5000 L 0.5000 L

Solution A: =4.000 M NO5~

1 mol

Solution B: 339.8 g K,CrO, x = 1.750 mol K,CrO,
194.2¢9

+ 2—-
2 x1.750 mol K™ _ 7,000 M K*: 1.750 mol CrO,

=3.500 M CrO,*
0.5000 L 0.5000 L
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d. After the reaction, moles of K* and moles of NO; remain unchanged because they are

spectator ions. Because Ag" is limiting, its concentration will be 0 M after precipitation is
complete. The following summarizes the changes that occur as the precipitate forms.

2Ag'(agq) + CrO/(ag) — AgaCrO4(s)

Initial 2.000 mol 1.750 mol 0
Change —2.000 mol  —1.000 mol +1.000 mol
After rxn 0 0.750 mol 1.000 mol
= 2 x 1.750 mol S3500MK: M = 2.000 mol = 2,000 M NOs~
1.0000 L NOs 1.0000 L
_0.750 mol

, = ———— =0.750 M CrO,>; M, . =0 M (the limiting reagent
cro,” 11,0000 L * Ag ( g reagent)
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Questions

20.

21.

22.

23.

24,

25.

26.

Molecules in the condensed phases (liquids and solids) are very close together. Molecules in
the gaseous phase are very far apart. A sample of gas is mostly empty space. Therefore, one
would expect 1 mole of H,O(g) to occupy a huge volume as compared to 1 mole of H,O(l).

The column of water would have to be 13.6 times taller than a column of mercury. When the
pressure of the column of liquid standing on the surface of the liquid is equal to the pressure
of air on the rest of the surface of the liquid, then the height of the column of liquid is a
measure of atmospheric pressure. Because water is 13.6 times less dense than mercury, the
column of water must be 13.6 times longer than that of mercury to match the force exerted by
the columns of liquid standing on the surface.

A bag of potato chips is a constant-pressure container. The volume of the bag increases or
decreases in order to keep the internal pressure equal to the external (atmospheric) pressure.
The volume of the bag increased because the external pressure decreased. This seems
reasonable as atmospheric pressure is lower at higher altitudes than at sea level. We ignored n
(moles) as a possibility because the question said to concentrate on external conditions. It is
possible that a chemical reaction occurred that would increase the number of gas molecules
inside the bag. This would result in a larger volume for the bag of potato chips. The last
factor to consider is temperature. During ski season, one would expect the temperature of
Lake Tahoe to be colder than Los Angeles. A decrease in T would result in a decrease in the
volume of the potato chip bag. This is the exact opposite of what actually happened, so
apparently the temperature effect is not dominant.

The P versus 1/V plot is incorrect. The plot should be linear with positive slope and a y-
intercept of zero. PV =k, so P = k(1/V). This is in the form of the straight-line equation y =
mx + b. The y-axis is pressure, and the x-axis is 1/V.

The decrease in temperature causes the balloon to contract (V and T are directly related).
Because weather balloons do expand, the effect of the decrease in pressure must be dominant.

d = (molar mass)P/RT; density is directly proportional to the molar mass of a gas. Helium,
with the smallest molar mass of all the noble gases, will have the smallest density.

Rigid container: As temperature is increased, the gas molecules move with a faster average
velocity. This results in more frequent and more forceful collisions, resulting in an increase in
pressure. Density = mass/volume; the moles of gas are constant, and the volume of the
container is constant, so density in this case must be temperature-independent (density is
constant).

139



140

CHAPTER S5 GASES

27.

28.

29.

Flexible container: The flexible container is a constant-pressure container. Therefore, the
final internal pressure will be unaffected by an increase in temperature. The density of the
gas, however, will be affected because the container volume is affected. As T increases, there
is an immediate increase in P inside the container. The container expands its volume to
reduce the internal pressure back to the external pressure. We have the same mass of gas in a
larger volume. Gas density will decrease in the flexible container as T increases.

At STP (T =273.2 Kand P = 1.000 atm), the volume of 1.000 mol of gas is:

o Loo0mol x W « 2732 K
v="0 - mo = 22421
P 1.000 atm

At STP, the volume of 1.000 mole of any gas is 22.42 L, assuming the gas behaves ideally.
Therefore, the molar volume of He(g) and N,(g) at STP both equal 22.42 L/mol. If the
temperature increases to 25.0°C (298.2 K), the volume of 1.000 mole of a gas will be larger
than 22.42 L/mole because molar volume is directly related to the temperature at constant
pressure. If 1.000 mole of a gas is collected over water at a total pressure of 1.000 atm, the
partial pressure of the collected gas will be less than 1.000 atm because water vapor is present

(Protar = Pgas + PHZO ). At some partial pressure below 1.000 atm, the volume of 1.000 mole of

a gas will be larger than 22.42 L/mol because molar volume is inversely related to the
pressure at constant temperature.

For the first diagram, there is a total volume of 3X after the stopcock is open. The six total
gas particles will be equally distributed (on average) over the entire volume (3X). So per X
volume, there will be two gas particles. Your first drawing should have four gas particles in
the 2X volume flask and two gas particles in the X volume flask.

Applying Boyle’s law, the pressure in the two flasks after the stopcock is opened is:

P1V1 _ Pl X 2X
v, 3X

P.iV1i =PV, Py = = gpl

The final pressure in both flasks will be two-thirds that of the initial pressure in the left flask.

For the second diagram, there is a total volume of 2X after the stopcock is opened. The gas

particles will be equally distributed (on average) so that your drawing should have three gas

particles in each flask. The final pressure is:

_ P1V1 _ P]_XX _ﬂ
V, 2X 2

P,

The final pressure in both flasks will be one-half that of the initial pressure in the left flask.

No; at any nonzero Kelvin temperature, there is a distribution of kinetic energies. Similarly,
there is a distribution of velocities at any nonzero Kelvin temperature. The reason there is a
distribution of kinetic energies at any specific temperature is because there is a distribution of
velocities for any gas sample at any specific temperature.
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30.

Containers ii, iv, vi, and viii have volumes twice those of containers i, iii, v, and vii.
Containers iii, iv, vii, and viii have twice the number of molecules present than
containers i, ii, v, and vi. The container with the lowest pressure will be the one that has
the fewest moles of gas present in the largest volume (containers ii and vi both have the
lowest P). The smallest container with the most moles of gas present will have the
highest pressure (containers iii and vii both have the highest P). All the other containers
(i, iv, v, and viii) will have the same pressure between the two extremes. The order is ii =
vi<i=iv=v=viii <iii = vii.

All have the same average kinetic energy because the temperature is the same in each
container. Only temperature determines the average kinetic energy.

The least dense gas will be in container ii because it has the fewest of the lighter Ne
atoms present in the largest volume. Container vii has the most dense gas because the
largest number of the heavier Ar atoms are present in the smallest volume. To determine
the ordering for the other containers, we will calculate the relative density of each. Inthe
table below, m; equals the mass of Ne in container i, V; equals the volume of container i,
and d; equals the density of the gas in container i.

Container

iii %

mass,
volume

2m 1, V1 2m 1, Vl

density

=)

mass

volume

2my

2m
= —1- 2d,
Vi

Vi

2d,

31.

From the table, the order of gas density is ii < i = iv = vi < iii = v = viii < Vii.

Hms = (BRT/M)Y?; the root mean square velocity only depends on the temperature and the
molar mass. Because T is constant, the heavier argon molecules will have a slower root
mean square velocity than the neon molecules. The order is v = vi = vii = viii <i =i = iii
=iv.

2 NH3(g) — Na(g) + 3 Ha(9); as reactants are converted into products, we go from 2 moles
of gaseous reactants to 4 moles of gaseous products (1 mol N, + 3 mol H;). Because the
moles of gas doubles as reactants are converted into products, the volume of the gases will
double (at constant P and T).

PV =nRT,P = (gjn = (constant)n; pressure is directly related to n at constant T and V.

As the reaction occurs, the moles of gas will double, so the pressure will double. Because 1
mole of N, is produced for every 2 moles of NH; reacted, Py, = (1/2)P,E’,H3. Owing to the 3 :
2 mole ratio in the balanced equation, P, = (3/2)P,‘3IH3 :

Note: Py = Py, +Py, = (312)PRn, + (L/2)PRy, = 2PN, - As we said earlier, the total
pressure will double from the initial pressure of NH; as reactants are completely converted
into products.
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32.

33.

34.

35.

36.

Statements a, ¢, and e are true. For statement b, if temperature is constant, then the average
kinetic energy will be constant no matter what the identity of the gas (KEa. = 3/2 RT). For
statement d, as T increases, the average velocity of the gas particles increases. When gas
particles are moving faster, the effect of interparticle interactions is minimized. For statement
f, the KMT predicts that P is directly related to T at constant V and n. As T increases, the gas
molecules move faster, on average, resulting in more frequent and more forceful collisions.
This leads to an increase in P.

2
The values of a are: H,, 0'244$L; CO,, 3.59; N, 1.39; CHy4, 2.25

mol?

Because a is a measure of intermolecular attractions, the attractions are greatest for CO..

The van der Waals constant b is a measure of the size of the molecule. Thus C3;Hg should
have the largest value of b because it has the largest molar mass (size).

PV = nRT; Figure 5.6 is illustrating how well Boyle’s law works. Boyle’s law studies the
pressure-volume relationship for a gas at constant moles of gas (n) and constant temperature
(T). At constant nand T, the PV product for an ideal gas equals a constant value of nRT, no
matter what the pressure of the gas. Figure 5.6 plots the PV product versus P for three
different gases. The ideal value for the PV product is shown with a dotted line at about a
value of 22.41 L atm. From the plot, it looks like the plot for Ne is closest to the dotted line,
so we can conclude that of the three gases in the plot, Ne behaves most ideally. The O, plot
is also fairly close to the dotted line, so O, also behaves fairly ideally. CO,, on the other
hand, has a plot farthest from the ideal plot; hence CO, behaves least ideally.

Dalton’s law of partial pressures holds if the total pressure of a mixture of gases depends only
on the total moles of gas particles present and not on the identity of the gases in the mixtures.
If the total pressure of a mixture of gases were to depend on the identities of the gases, then
each gas would behave differently at a certain set of conditions, and determining the pressure
of a mixture of gases would be very difficult. All ideal gases are assumed volumeless and are
assumed to exert no forces among the individual gas particles. Only in this scenario can
Dalton’s law of partial pressure hold true for an ideal gas. If gas particles did have a volume
and/or did exert forces among themselves, then each gas, with its own identity and size,
would behave differently. This is not observed for ideal gases.

Exercises

Pressure

37.

700MMHAY — 3610 mmHg b, 3.6 x 10° mm Hg x 2"
atm mm Hg

= 3.6 x 10° torr

a. 4.8atmx

5 14.7 psi
c. 4.8atm x 1013 <107 Pa _ 4.9 x 10° Pa d. 4.8atm x psi

atm atm

=71 psi
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38.

39.

40.

41.

42.

a 2200 psi x —2M _ 150 atm
14.7 psi
5
b. 150 atm x 1.013 x 10° Pa " 1MF6’a — 15 MPa
atm 1 x10° Pa
c. 150 atm x 760torr _ 1.1 x 10° torr
atm
1
6.5 cm x 0 mm =65 mm Hg = 65 torr; 65 torr x Latm =8.6 x 10%atm
cm 760 torr
5
8.6x 102 amx ~O13X10°Pa _ o0 100 pg
atm
20.0 in Hg x 224 10MM _ 5o mm Hg = 508 torr: 508 torr x —2™ = 0,668 atm
in cm 760 torr

If the levels of mercury in each arm of the manometer are equal, then the pressure in the flask
is equal to atmospheric pressure. When they are unequal, the difference in height in
millimeters will be equal to the difference in pressure in millimeters of mercury between the
flask and the atmosphere. Which level is higher will tell us whether the pressure in the flask
is less than or greater than atmospheric.

a.  Priask < Pam: Prask = 760. — 118 = 642 torr

642 torr x — 8™ _ 845 atm
60 torr
5
0.845 atm x 1013 x107Pa _ g0 10%pPa

atm

D. Piiask > Pam: Priask = 760. torr + 215 torr = 975 torr

latm

975 torr x =1.28 atm
60 torr
5
1.28 atm x w =1.30 x 10°Pa
atm

C. Priask = 635 — 118 = 517 torr; Prask = 635 + 215 = 850. torr

a. The pressure is proportional to the mass of the fluid. The mass is proportional to the
volume of the column of fluid (or to the height of the column assuming the area of the
column of fluid is constant).
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d = density = I : in this case, the volume of silicon oil will be the same as the
VOIUME v 61ume of mercury in Exercise 41.
m m m.. my,d
V = _1 VHg = V0I|1 Hg - oil ’ m(j)|| = Hg ol
d ng d0|I ng

Because P is proportional to the mass of liquid:

d, 1.30
Poil = PHg [di] = PHg (ﬁj = (00956)PHg
Hg :

This conversion applies only to the column of silicon oil.
Psiask = 760. torr — (0.0956 x 118) torr = 760. —11.3 = 749 torr

5
1atm  _ o 9g6 atm: 0.986 atm x ~013*10°Pa _ 94910 pa

60 torr atm

749 torr x

Prask = 760. torr + (0.0956 x 215) torr = 760. + 20.6 = 781 torr

5
1atm  _ ;1 03atm: 1.03atmx 2018 x10°Pa _y 04 s 10°pa

0 torr atm

781 torr x

b. If we are measuring the same pressure, the height of the silicon oil column would be 13.6
+ 1.30 = 10.5 times the height of a mercury column. The advantage of using a less dense
fluid than mercury is in measuring small pressures. The height difference measured will
be larger for the less dense fluid. Thus the measurement will be more precise.

Gas Laws

43.

At constant nand T, PV = nRT = constant, so P,V; = P,V,; atsea level, P = 1.00 atm
=760. mm Hg.

_ PV, _ 760.mm x 2.0L

Vv
T, 500. mm Hg

=30L

The balloon will burst at this pressure because the volume must expand beyond the 2.5 L
limit of the balloon.

Note: To solve this problem, we did not have to convert the pressure units into atm; the units
of mm Hg canceled each other. In general, only convert units if you have to. Whenever the
gas constant R is not used to solve a problem, pressure and volume units must only be
consistent and not necessarily in units of atm and L. The exception is temperature, which
must always be converted to the Kelvin scale.
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44,

45,

46.

47.

48.

The pressure exerted on the balloon is constant, and the moles of gas present is constant.
From Charles’s law, V4/T1 = V,/T, at constant P and n.

_ V,T, _ 700.mL x 100.K
T, (273.2 + 20.0) K

V, =239 mL

As expected, as temperature decreases, the volume decreases.
At constant T and P, Avogadro’s law holds (V o« n).

M ﬁ, n, = Vong _ 20.L x0.50 mol ~ 0.89 mol
n, n, \ 11.2L

As expected, as V increases, n increases.

As NO, is converted completely into N,O,, the moles of gas present will decrease by one-half
(fromthe 2 : 1 mole ratio in the balanced equation). Using Avogadro’s law:

M ﬁ Vo=V, x 12 =250 mL x 1 =12.5mL
n, n, n, 2

N>O4(g) will occupy one-half the original volume of NO,(g). This is expected because the
moles of gas present decrease by one-half when NO, is converted into N,Oy.

2,00 mol x 2:08206Latm _;5n 579y k
nRT K mol

a. PV=nRT, V= = =140L
P 5.00 atm

PV 0.300atm x 2.00 L

b. PV=nRT, n= — = =4.72 x10?mol
R 0.08206Latm .
K mol
¢ PV=nRT, T=¥ - 447 at% 583860:‘ — =678K=405°C
R 5 01mol x »28edoLatm
K mol
o 105molx 0'08?6"""‘"” « (273+75) K
d. PV=nRT, P= ™1 mo = 133 atm
V; 2251
a P=774x10°Pa x — M _o764atm: T =25+ 273 = 208 K

1.013 x 10° Pa

) _ PV _ 0.0764atm x 0.0122 L
PV EIRT NS ot T 0.08206 L atm

K mol

=3.81 x 10°mol

x 298 K
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o 0421mol x MSEOG"I&”“ « 223K
b. PV=nRT, P= 0 = mo = 179 atm
V; 0.0430 L
o 44 %107 mol x O'OSEOGLIa”“x (3314 273) K
c. v="RU_ mcl’atm =36L
P 455 torr x
60 torr
v (745 mm Hg %J <1121
d T=-—Y= 008206?_ t =334 K = 61°C
n 0.401mol x oo Lam
K mol
49. n= %: 0 0825673 Zirr: PR =22.2:mol
S0P LAM 0734+ 24) K
K mol
For He: 22.2 mol x 4003gHe _ 88.9 g He
mol
For Hy: 222 mol x 29%09H2 _ 44 a0p,
mol
50. n= ﬂ = 0 O;é%%alfn;t; 6.0L = 0.25 mol air
RT  DOecbolLam  ,9qk
K mol
b. n= 1.97atm x 60L = 0.48 mol air
0.08206 L atm/K mol x 298 K
. 0.296 atm x 6.0 L  odLmol air
0.08206 L atm/K mol x 200. K
Air is indeed “thinner” at high elevations.
3
51. PV=nRT, n= % = 14(‘)506182;61(:;0 <107 L) _ 40449 mol 0,
poecloLam o5k
K mol
o (O.GOg x 312’88' J x O'OSEOr?];atm x (273+22) K
52. p=""0_ 9 = 0.091 atm

Vi 5.0L
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53.  a PV=nRT; 1759 Arx —MA” 4 38 mol Ar
39.95¢g Ar
L —
NR 438 mol x oooeoam
K mol
p 438molx cm82KO6LIa”“ x 255 K
b. PV=nRT, P= " = mo =32.3atm
v, 250 L

1.149¢ 5 1mol O,

54, 0.050 mL x =1.8x 10" mol O,

mL 32.00¢g
o L8107 mol x 0'08?6'-"5‘”" x 310. K
v="0 o mo =46x107 L=46mL
P 1.0atm
55. For a gas at two conditions: AV, _ RV,
nT,  n,T,
Because V is constant: ho_ P , N = N,P, Ty
T,  n,T, PT,

= 1.50 mol x 800. torr x 298 K 277 mol

400. torr x 323K

Moles of gas added = n, —n; = 2.77 — 1.50 = 1.27 mol

For two-condition problems, units for P and V just need to be the same units for both con-
ditions, not necessarily atm and L. The unit conversions from other P or V units would cancel
when applied to both conditions. However, temperature always must be converted to the
Kelvin scale. The temperature conversions between other units and Kelvin will not cancel

each other.

56. PV = nRT, n is constant. PV =nR = constant, PVi _ PV,
T T, T,
V, = (1.040)V4, M _ 1000
V, 1.040
P, = PVIT, _ 75 psi x 1.000 8 (273+58) K _ 82 psi
V,T, 1.040 (273+19)K
.. PV, BV, .

57. At two conditions: ——t= ;all gases are assumed to follow the ideal gas law. The

nly Nyl
identity of the gas in container B is unimportant as long as we know the moles of gas present.
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58.

59.

60.

61.

62.

The pressure of the gas in container B is twice the pressure of the gas in container A.

The pressure is doubled so P, = 2P, and the absolute temperature is halved so T, = %T; (or T,
= 2T,). The moles of gas did not change, so n, = n;. The volume effect of these changes is:

PV, PV, Vv, Pn, T, PT, P xT,

=1/4

nT, n,T," V. PnT, PT,  2Px 2T,

The volume of the gas decreases by a factor of four when the pressure is doubled and the
absolute temperature is halved.
P

P, PT, 318K

a. AtconstantnandV, -t =-2, P,= =11.0 atm x =12.8 atm
T T, T, 273 K
b. i:&,Tzzﬁ:273Kx6'so—atrn:161K
T, T, P, 11.0 atm
¢ Ty= P2 - 73k x 2208M _oon Kk
P, 11.0 atm

Because the container is flexible, P is assumed constant. The moles of gas present are also
constant.

= T_Z; Vsphere = 4/3 7'Cr3

3
Vo= ViTe grap(ry? = H3EL00CM)° x 361K
T, 280. K
rs = 61K 1.29, r,= (1.29)"* = 1.09 cm = radius of sphere after heating
280. K
PV nR = constant, PV: _ PV,
T T, T,
2
P,= PViT2 _ 710, torr 50x10°mL  (273+820)K _ 5.1 x 10* torr
V,T, 25mL (273+30.) K
nT V nT, _n,T,

: moles x molar mass = mass

PV =nRT, — = — = constant,
P R A ,

n,(molar mass)T, _ n,(molar mass)T, mass; x T, ~ mass, x T,

P, P, P, P,
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63.

64.

mass, x T,P,  1.00 x 10® g x 291K x 650. psi

Mass, = - =309¢g
T,P, 299 K x 2050. psi
PV = nRT, nis constant. PV nR = constant, PV, _ PV, EAVAE ViR T
Tl TZ V2Tl

760.torr 8 (273-3) K _

V,=1.00L x 282L; AV=282-1.00=182L
220.torr  (273+23) K
PV =nRT, P is constant. ﬂ = B = constant, nl—Tl = @
R V; V,
3.3
np _ TV, _ 294 K y 420 x 10° m ~0.921

n, T,V 33K 4.00x10°m?

Gas Density, Molar Mass, and Reaction Stoichiometry

65.

66.

67.

68.

STP: T=273KandP =1.00 atm; at STP, the molar volume of a gas is 22.42 L.

1mol O, 5 4 mol Al 8 26.98 g Al

2.00L O, x
2242L  3mol O, mol Al

=3.21gAl

Note: We could also solve this problem using PV = nRT, where ng, = PV/RT. You don’t

have to memorize 22.42 L/mol at STP.

1mol CO,

CO,(s) > CO,(g); 4.00gCOy x ————=
2(S) 2(9) g 2 44,019 CO,

=9.09 x 10 mol CO,

2242 L

At STP, the molar volume of a gas is 22.42 L. 9.09 x 1072mol CO, x === =2.04L

mol CO,

2 NaNj;(s) — 2 Na(s) + 3 Nx(g)

- ﬂ _ 1.00atm x 70.0L
N2™ RT  0.08206 L atm
K mol

= 3.12 mol N, needed to fill air bag.
x 273K

2 mol NaN, N 65.02 g NaN,

Mass NaN; reacted = 3.12 mol N, x
3mol N, mol NaNy

=135 g NaNs

Because the solution is 50.0% H,0, by mass, the mass of H,O, decomposed is 125/2 =
62.5 g.

1mol H,0, 5 1mol O,

62.5 g H,O, x
34.02gH,0, 2molH,0,

=0.919 mol O,
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69.

70.

71.

o 0919mol x O'OiioeLla"“ % 300. K

V= = miatm =230L0,

P 746 torr x

760 torr
100cm \® 1L
1.0atm x | 4800 m® x [ j x 5

PV m 1000 cm 21 % 10° mol

n = — = =Z.1X
T RT 0.08206 L atm mo

x 273K
K mol

2.1 x 10° mol H, is in the balloon. This is 80.% of the total amount of H, that had to be
generated:

0.80(total mol Hy) = 2.1 x 10°, total mol H, = 2.6 x 10° mol

1mol Fe 5 55.85¢g Fe

2.6 x 10° mol H, x
mol H, mol Fe

=1.5x 10" g Fe

1mol H,SO, 8 98.099 H,SO, 8 100 g reagent
mol H, mol H,SO, 98g H,SO,
= 2.6 x 10" g of 98% sulfuric acid

2.6 x 10° mol H, x

5009 Sx 1S _ 156 mol s
3207¢g

0.156 mol S will react with 0.156 mol O, to produce 0.156 mol SO,. More O, is required to
convert SO, into SOs.

1mol O,

0.156 mol SO, x
2mol SO,

= 0.0780 mol O,

Total mol O, reacted = 0.156 + 0.0780 = 0.234 mol O,

o 0:234mol x O'Oﬁioﬂlatm « 623K
v="0 mo =228L0,
P 5.25 atm

PV _ 0.500 atm x 15.0 L
RT 0.08206 L atm < 623 K
K mol

Kr(g) + 2 Cly(g) — KrCly(s); ni = =0.147 mol Kr

We could do the same calculation for Cl,. However, the only variable that changed is the
pressure.  Because the partial pressure of Cl; is triple that of Kr, moles of Cl, = 3(0.147) =
0.441 mol Cl,. The balanced equation requires 2 moles of Cl, to react with every mole of Kr.
However, we actually have three times as many moles of Cl, as we have of Kr. So Cl, is in
excess and Kr is the limiting reagent.
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72.

73.

1mol KrCl, 225.60 g KrCl,
X
mol Kr mol Kr

0.147 mol Kr x

=33.2gKrCl,

PV =nRT, Vand T are constant. i = & i
nl n2 I:)l nl

Let's calculate the partial pressure of C3H3N that can be produced from each of the starting
materials assuming each reactant is limiting. The reactant that produces the smallest amount
of product will run out first and is the limiting reagent.

2 MPa C;H;N
Peyn = 0500 MPa x ———2-3_ =0,500 MPa if C5H is limiting
o 2 MPa C,H,
2 MPa C,H,N
Pe..y = 0800 MPa x 2MPaCyH N - 0.800 MPa if NHj is limiting
s 2 MPa NH,
2 MPa C,H,N
Pe..y = 1500 MPa x 2MPaC:HaN _ 4 500 MPaif 0 is limiting
s 3MPao,

C3Hg is limiting. Although more product could be produced from NH; and O,, there is only
enough CsHg to produce 0.500 MPa of C3H3N. The partial pressure of C3H3N in atmospheres
after the reaction is:

latm

0.500 x 10°Pa x ——————— =4.94 atm
1.013 x 10° Pa
PV 4.94 atm x 150. L
n=—-= =30.3 mol CsH5N
R 0.08206 L atm « 298 K
K mol
30.3 mol x 53.069 _ 1.61 x 10° g CsH3N can be produced.

mol
CH30H + 3/2 O, — CO, + 2 H,O or 2 CH30H(l) + 3 Oy(g) — 2 CO4(g) + 4 H,0(g)

0.850¢g y 1mol
mL 32.04¢

50.0 mL x

= 1.33 mol CH;OH(l) available

_ ﬂ _ 2.00atm x 22.8L
2 RT  0.08206 L atm
K mol

=1.85 mol O, available

No
x 300. K

Assuming CH;OH is limiting:

4 molH,0

1.33 mol CH;O0H x ——
2 mol CH;0H

= 2.66 mol H,0O
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74.

75.

Assuming O, is limiting:

4 mol H,0

1.85 mol O, x
3mol O,

= 2.47 mol H,0

Because the O, reactant produces the smaller quantity of H,O, O, is limiting and 2.47 mol of
H,O can be produced.

For ammonia (in 1 minute):

a B Pan, X Vi, _ 90.atm x 500. L ~ 1.1 % 10° mol NH
NH; — = o 3
RT 00B6Lam o0
K mol

NHj; flows into the reactor at a rate of 1.1 x 10* mol/min.

For CO; (in 1 minute):

n. o, xVeo, | 45atmx600.L  _ o102 00 co,
co, — - o
RT 0.08206Latm oo\
K mol

CO, flows into the reactor at 6.6 x 10°> mol/min.

If NH; is limiting:
3
11x10°moINH,  1molurea  60.06gurea _ ;.. 104 rea/min
min 2mol NH4 mol urea
If CO; is limiting:

660 mol CO, y 1mol urea y 60.06 g urea

=4.0 x 10* g urea/min
min mol CO, mol urea

Because the NH3 reactant produces the smaller quantity of product, NHj is limiting and
3.3 x 10* g urea/min can be formed.

a. CHy(g) + NH(g) + Ox(g) — HCN(g) + H,O(g); balancing H first, then O, gives:

CH4 + NH;5 + 202 — HCN + 3 H,O or 2 CH4(g) +2 NHg(g) +3 Oz(g) —>
2 HCN(g) + 6 H,O(g)

vV, V, V, ny
b. PV =nRT,TandP constant;, — =—~, — =—
nl n2 V2 n2

The volumes are all measured at constant T and P, so the volumes of gas present are
directly proportional to the moles of gas present (Avogadro’s law). Because Avogadro’s
law applies, the balanced reaction gives mole relationships as well as volume
relationships.
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If CH, is limiting:  20.0 L CH,4 x 2LHEN =20.0 LHCN
2LCH

4

If NHsis limiting:  20.0 L NH; x 2LHEN =20.0L HCN
2L NH

3

Ce 2 L HCN
If O is limiting: 20.0 L O, x 3L0. =13.3LHCN

2

O, produces the smallest quantity of product, so O, is limiting and 13.3 L HCN can be
produced.

76. From the balanced equation, ethene reacts with hydrogen ina 1 : 1 mole ratio. Because T and
P are constant, a greater volume of H, and thus more moles of H, are flowing into the
reaction container than moles of ethene. So ethene is the limiting reagent.

In 1 minute:

o _ PV _ 250atm x1000.L
G T RT ~ 0.08206 Laim
K mol

= 532 mol C,H, reacted

x 573K

532 mol C,H, y 1mol C,H, y 30.07 g C,H; y 1kg
min mol C,H, mol C,H, 1000 g
= 16.0 kg C,H¢/min

Theoretical yield =

15.0 kg/min

—— x 100 = 93.8%
16.0 kg/min

Percent yield =

77. Molar mass = dRTT where d = density of gas in units of g/L.

3.164 g/L x MSEOGLI""”" « 273.2K
Molar mass = mo =70.98 g/mol
1.000 atm

The gas is diatomic, so the average atomic mass = 70.93/2 = 35.47 u. From the periodic table,
this is chlorine, and the identity of the gas is Cl,.

mass mass

78. P x (molar mass) = dRT, d= , P x (molar mass) = x RT
volume
o 08009 x ‘m”KO‘SLIa”” « 373K
Molar mass = Mass x = 1aTrr(1) =96.9 g/mol
PV (750. torr x ) x 0.256 L
760 torr
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Mass of CHCl ~ 12.0 + 1.0 + 35.5 = 48.5 g/mol; % = 2.00; molecular formula is C,H,Cl,.

o | [745 torr x 7613§ttr:)]rrj x 352.0 g/mol
29 Ay = x (molar mass) _ m—_ - 126 gL
K mol
80. d = P x (molar mass)/RT; we need to determine the average molar mass of air. We get this

by using the mole fraction information to determine the weighted value for the molar mass. If
we have 1.000 mol of air:

average molar mass = 0.78 mol N, x M + 0.21 mol O, x m
mol N, mol O,
+0.010 mol Ar x 39.950Ar _ 28.98=29¢
mol Ar
1.00 atm x 29 g/mol
dair = = 13 g/L
0.08206 L atm « 273K
K mol
Partial Pressure
81. The container has 5 He atoms, 3 Ne atoms, and 2 Ar atoms for a total of 10 atoms. The mole
fractions of the various gases will be equal to the molecule fractions.
5 He atoms 3 Ne atoms
Ye = ————— =0.50; yne= ———— =0.30
10 total atoms 10 total atoms
¥ar=1.00-0.50-0.30=0.20
Pre = %He X Prota = 0.50(1.00 atm) = 0.50 atm
Pne = %Ne X Prota = 0.30(1.00atm) = 0.30 atm
Pa-=1.00 atm — 0.50 atm — 0.30 atm = 0.20 atm
82. a. There are 6 He atoms and 4 Ne atoms, and each flask has the same volume. The He flask

has 1.5 times as many atoms of gas present as the Ne flask, so the pressure in the He flask
will be 1.5 times greater (assuming a constant temperature).

b. Because the flask volumes are the same, your drawing should have the various atoms
equally distributed between the two flasks. So each flask should have 3 He atoms and 2
Ne atoms.
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83.

84.

c. After the stopcock is opened, each flask will have 5 total atoms and the pressures will be

equal. If six atoms of He gave an initial pressure of Py, initiai, then 5 total atoms will have
a pressure of 5/6 x Py initial-

Using similar reasoning, 4 atoms of Ne gave an initial pressure of Pye, initia, SO 5 total
atoms will have a pressure of 5/4 x Pye, initia- SUMmMarizing:

5 5
Pfinal = EPHe,initial = ZPNe,initiaI

d. For the partial pressures, treat each gas separately. For helium, when the stopcock is

opened, the six atoms of gas are now distributed over a larger volume. To solve for the
final partial pressures, use Boyle’s law for each gas.

. P1V1 X PH initial
For He: P = N, Prte, inital X -5 = — 2"" =

The partial pressure of helium is exactly halved. The same result occurs with neon so
that when the volume is doubled, the partial pressure is halved. Summarizing:

Phe, initial | PNe, initial

I:)He,final - 2 + T'Ne, final — 2

1mol 0.08206 L atm
7.89 x X
nRT

44.01 K mol x 300.K
Peo, = = it =1.1atm
Vv 40L

With air present, the partial pressure of CO, will still be 1.1 atm. The total pressure will be
the sum of the partial pressures, Piot = PCoz + P

P = 1.1 atm + | 740 torr x lam | _ 1.1+0.97 =2.1atm
0 torr

N, =1.00gH, x —MH2  ~ 496 mol Hy; n,, = 1.00 g He x LMol He_

’ 2.016 g H, 4.003g He

=0.250 mol He
o Ry 0496mol x 0-08?6'-'3”“ « (273+27) K

P, = — = o =12.2 atm

‘ v 1.00L

= Do X RT _ 6 15.atm; Py = Py, +Pre= 12.2atm + 6.15 atm = 18.4 atm
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85.

86.

87.

88.

Treat each gas separately and determine how the partial pressure of each gas changes when
the container volume increases. Once the partial pressures of H, and N, are determined, the
total pressure will be the sum of these two partial pressures. At constant n and T, the
relationship P,V; = P,V, holds for each gas.

For H,: P, = PV: _ 475 torr x 2.00L _ 317 torr
2
For Ny: P, =0.200 atm x 2905 = 0.0667 atm; 0.0667 atm x —20°" — 50.7 torr
3.00L atm
Protas = PHz + PN2 =317 + 50.7 = 368 torr
For H,: P, = PVI _ 360. torr x 2.00L _ 240. torr
, 3.00 L
Pow = Py, + Py, Py, = Pgw — Py, =320. torr — 240. torr = 80. torr
For N,: Py = PVe - 80. torr x 3.00 :: = 240 torr
1
P.V: = P,V;; the total volumeis 1.00L+1.00L+2.00 L=4.00 L.
For He: P, = m = 200. torr x 1.00L = 50.0 torr He
VZ
For Ne: P, = 0.400 atm x ~9%L = 0100 atm; 0.100 atm x 2% = 76.0 torr Ne
4.00L atm
2.00L = 12.0 kPa: 12.0 kPa latm 8 760 torr

For Ar: P,=24.0 kPa x
4,00 L 101.3 kPa atm

=90.0 torr Ar
Pt =50.0 + 76.0 + 90.0 = 216.0 torr
We can use the ideal gas law to calculate the partial pressure of each gas or to calculate the

total pressure. There will be less math if we calculate the total pressure from the ideal gas
law.

No, =1.5x10° mg 0, x ——9 1mol O,

x =47 x10° mol O,
1000mg ~ 32.009 0,

1mol NH;4
6.022 x 10%° molecules NH,

Ny, = 5.0 x 10* molecules NH; x =8.3 x 10° mol NH;
3

Mot = Ny, +Ng, +Nyy, =5.0x107+4.7x10° +8.3 x 107 = 6.3 x 10 mol total
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0.08206 L atm

i ap 63 1072 mol x o X 273K
Pt = —28 "2 = mo =1.4atm
v 1.0L
Ny 5.0 x 1072 mol
Pn, =N, % Poty AN, = —3 Py, = —————5—— x lL4atm=1latm
Ntotal 6.3 x 10~ mol
-3 -3
o, = % x 1.4atm = 0.10 atm; Pyy, = % x 1.4atm = 0.18 atm
2 63x10" * 63x10°
P
89. a Molefraction CHy = 5y = —2t = 0.175atm = 0.412
" Pew  0.175atm + 0.250 atm
Yo, =1.000-0.412 = 0.588
Protar X V 0.425atm x 10.5 L
b. PV =nRT, N = —2= = =0.161 mol
RT 0.08206 L atm « 338 K
K mol
n
C. Tew, = —t New, = Aen, X Mo = 0.412 x 0.161 mol = 6.63 x 102mol CH,
total
6.63 x 102mol CH, x —0029CHs 4 564 ch,
mol CH,
Ny, = 0.588 x 0.161 mol = 9.47 x 102mol O,; 9.47 x mol O, x m
2 mol O,
=3.03g9 0,
1mol O, 1mol CO,
90. 525g0,x ——— 2 =1.64mol O, 65.19CO, x —— > =1.48 mol CO,
32.009 O, 44.01g CO,
No, 1.64 mol

0.526

A0, = T W64 1 148y mol

Po, = %0, % Protar = 0.526 x 9.21 atm = 4.84 atm

Peo, = 9.21 - 4.84 = 4.37 atm

1latm

91. Piotw = Py +P, o, 1.032atm= P, + 32 torr x ,
el T T, T THO "2 760 torr

Py, =1.032-0.042 = 0.990 atm

P, V
nH = H. = 0.9%0atm x 0.240 L =9.56 x 1073 mol Hz
* RT  00806Latm ...

K mol
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92.

93.

94.

95.

1mol Zn 8 65.389 Zn

9.56 x 10> mol H, x
mol H, mol Zn

=0.6259g Zn

To calculate the volume of gas, we can use Pio and Nigtar (V = Nigtal RT/Pyorar), OF We can use
Preand nge (V = ngRT/Pye). Because Nh,o is unknown, we will use Py and Npe.

Pue + PHzo = 1.00 atm = 760. torr, Ppe + 23.8 torr = 760. torr, Pye = 736 torr

e = 0586 g x ——M° 0,146 mol He
40039

0.08206 L atm

qp 0246 molx S S 208K
V= MRl miatm =369L
Phe 736 torr x
760 torr

2 NaClOs(s) — 2 NaCl(s) + 3 0(q)

Protar = P02 + PHZO, P02 = Piotal —PHZO =734 torr — 19.8 torr = 714 torr

oy [714 torr x 7;8”“ Jx 0.0572 L
N, = — = T 0.08206 L atm = =222 % 107mol 0,
RT PPOEREAM (2734 22) K
K mol

2 mol NaClO4 y 106.44 g NaClO4
3mol O, mol NaClO4
=0.158 g NaClO,

Mass NaClO; decomposed = 2.22 x 103 mol O, x

0.158¢

Mass % NaClO; = x 100 = 18.0%
0.8765¢

10.10 atm — 7.62 atm = 2.48 atm is the pressure of the amount of F, reacted.

PV =nRT, V and T are constant. E = constant, i = i —
n n, n, P, n,

Moles F, reacted _ 2.48 atm
Moles Xe reacted 1.24 atm

=2.00; so Xe+2F, > XeF,

Because P and T are constant, V and n are directly proportional. The balanced equation
requires 2 L of H, to react with 1 L of CO (2 : 1 volume ratio due to 2 : 1 mole ratio in the
balanced equation). If in 1 minute all 16.0 L of H; react, only 8.0 L of CO are required to
react with it. Because we have 25.0 L of CO present in that 1 minute, CO is in excess and H,
is the limiting reactant. The volume of CH;OH produced at STP will be one-half the volume
of H, reacted due to the 1 : 2 mole ratio in the balanced equation. In 1 minute, 16.0 L/2 =
8.00 L CH30H is produced (theoretical yield).
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96.

97.

98.

_ PV _ 1.00atm x 8.00L

Nen,on = RT  0.08206 L atm =0.357 mol CH3;OH in 1 minute

x 273K
K mol
2.04g CH,OH
0.357 mol CH3;0H x 32049 CH,OH =11.4 g CH3OH (theoretical yield per minute)
mol CH,OH

actual yield 5309
- —x 100 =
theoretica | yield 1149

Percent yield = x 100 = 46.5% yield

12 mL C,H,OH

750. mL juice x —
100 mL juice

=90. mL C,HsOH present
0.79g C,H;0H y 1mol C,H;OH y 2mol CO,

90. mL C,HsOH x
mLC,H;OH ~ 46.07gC,H;OH ~ 2mol C,Hs;OH

= 1.5 mol CO,

The CO, will occupy (825 — 750. =) 75 mL not occupied by the liquid (headspace).

15mol x 2-08206Latm o0,
_ Neo RT K mol

o vy 75 x107° L

=490 atm

Actually, enough CO, will dissolve in the wine to lower the pressure of CO, to a much more
reasonable value.

2 HN3(@) — 3 Ny(g) + Hz(9); at constant V and T, P is directly proportional to n. In the
reaction, we go from 2 moles of gaseous reactants to 4 moles of gaseous products. Because
moles doubled, the final pressure will double (P = 6.0 atm). Similarly, from the 2 : 1 mole
ratio between HNj and H,, the partial pressure of H, will be 3.0/2 = 1.5 atm. The partial
pressure of N, will be (3/2)3.0 atm = 4.5 atm. This is from the 2 : 3 mole ratio between HN;
and N,.

2 SO,(g) + O2(g) > 2 SO3(g); because P and T are constant, volume ratios will equal mole
ratios (V¢Vi = ndn;). Let x = mol SO, = mol O, present initially. From the balanced
equation, 2 mol of SO, react for every 1 mol of O, that reacts. Because we have equal moles
of SO, and O, present initially, and because SO, is used up twice as fast as O,, SO, is the
limiting reagent. Therefore, no SO, will be present after the reaction goes to completion.
However, excess O,(g) will be present as well as the SO3(g) produced.

1mol O,

Mol O; reacted = x mol SO, X ————=
2mol SO,

= x/2 mol O,

Mol O, remaining = x mol O, initially — x/2 mol O, reacted = x/2 mol O,

2 mol SO,

Mol SO; produced = x mol SO, x
2 mol SO,

=x mol SO,
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99.

100.

Total moles gas initially = x mol SO, + x mol O, = 2x

Total moles gas after reaction = x/2 mol O, + x mol SO; = (3/2)x = (1.5)x

ne _ Ve _(15x 15
n, V 2X

=0.75;, V¢#Vi=0.75:10r 3:4

The volume of the reaction container shrinks to 75% of the initial volume.

1mol (CH,;),N,H, 8 3mol N,

150 g (CHs)aNoH; x
g (CHa)NH; 60.10g mol (CH,),N,H,

= 7.5 mol N, produced

op  75molx ‘maZKOGLIa”n % 400.K
SESRLALI Mo = 0.98 atm
2RV 250 L

We could do a similar calculation for P, 5 and P and then calculate Py, (= Py, + Py
+ PCOZ). Or we can recognize that 9 total moles of gaseous products form for every mole of
(CHs),N2H; reacted (from the balanced equation given in the problem). This is three times the
moles of N, produced. Therefore, Py Will be three times larger than PNZ.

P = 3 x Py =3 % 0.98 atm = 2.9 atm.

The partial pressure of CO,that reacted is 740. — 390. = 350. torr. Thus the number of moles
of CO, that react is given by:

P\ 3;2% atm x 3.00 L ,
n=—= =5.75%x 10 mol CO,
R 0.08206 L atm « 293K
K mol

1mol MgO 8 40.31g MgO

5.75 x 1072 mol CO, x
1mol CO, mol MgO

=2.32g MgO

Mass % MgO = 2.329
2.85¢

x 100 = 81.4% MgO

Kinetic Molecular Theory and Real Gases

101.

KEag = (3/2)RT; the average kinetic energy depends only on temperature. At each tem-
perature, CH, and N, will have the same average KE. For energy units of joules (J), use R =
8.3145 J/Kemol. To determine average KE per molecule, divide the molar KE,4 by Avo-
gadro’s number, 6.022 x 10% molecules/mol.

8.31451]
K mol

x 273 K = 3.40 x 10° J/mol = 5.65 x 1072 J/molecule

At 273 K: KEyqg = % X
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At 546 K: KEg,= 3 B35 546 K = 6.81 x 10° Iimol = 1.13 x 102 Jmolecule
2 K mol
n n
102, ny=—2229  ~ 571 mol Ar; Xeh, = —— - = 0650 = —— 4
39.95 g/mol New, + Nar New, +5.71

O.650(ncH4 +5.71) = Neny o 3.71= (O.350)nCH4, Nen, = 10.6 mol CH,
KEayg = SRT for 1 mole of gas

KEoa = (10.6 + 5.71) mol x 3/2 x 8.3145 J/Kemol x 298 K = 6.06 x 10" J = 60.6 kJ

1/2
103, pms = (3&) , WhereR = 8.31457 and M = molar mass in kg.
M K mol

For CH,, M =1.604 x 107* kg, and for N,, M = 2.802 x 107% kg.

1/2
3, 83145) oo
K mol

For CH,at 273 K: pums = 5 =652 m/s
1.604 x 10™“ kg/mol

Similarly, pms for CH, at 546 K is 921 m/s.

3 x 8.3145) x 273 K
K mol

For N, at 273 K: pms = 5 =493 m/s
2.802 x 107 kg/mol

1/2

Similarly, for N, at 546 K, pms = 697 m/s.

3RTy, |
3RT VW2 pue M ue My Toe )
104,  pwms = (—j : 6 = 6 = 6

MHe (3 RT,, j“z M e, Thie
M

We want the root mean square velocities to be equal, and this occurs when:

M HeTUFs =M UF; The

T M
The ratio of the temperatures is: —& = — ¢ = 352.0

- =87.93
Twe My 4003

The heavier UFg molecules would need a temperature 87.93 times that of the He atoms in
order for the root mean square velocities to be equal.
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105.

106.

107.

108.

The number of gas particles is constant, so at constant moles of gas, either a temperature
change or a pressure change results in the smaller volume. If the temperature is constant, an
increase in the external pressure would cause the volume to decrease. Gases are mostly
empty space so gases are easily compressible.

If the pressure is constant, a decrease in temperature would cause the volume to decrease. As
the temperature is lowered, the gas particles move with a slower average velocity and don’t
collide with the container walls as frequently and as forcefully. As a result, the internal
pressure decreases. In order to keep the pressure constant, the volume of the container must
decrease in order to increase the gas particle collisions per unit area.

In this situation, the volume has increased by a factor of two. One way to double the volume
of a container at constant pressure and temperature is to double the number of moles of gas
particles present. As gas particles are added, more collisions per unit area occur and the
internal pressure increases. In order to keep the pressure constant, the container volume must
increase.

Another way to double the volume of a container at constant pressure and moles of gas is to
double the absolute temperature. As temperature increases, the gas molecules collide more
frequently with the walls of the container. In order to keep pressure constant, the container
volume must increase.

The last variable which can be changed is pressure. If the external pressure exerted on the
container is halved, the volume will double (assuming constant temperature and moles). As
the external pressure applied is reduced, the volume of the container must increase in order to
equalize the higher internal pressure with the lower external applied pressure.

a b C d
Avg. KE increase  decrease same (KE « T) same
Avg. velocity increase  decrease same (% mv® = KE oc T) same
Wall coll. freq increase  decrease increase increase

Average kinetic energy and average velocity depend on T. As T increases, both average
kinetic energy and average velocity increase. At constant T, both average kinetic energy and
average velocity are constant. The collision frequency is proportional to the average velocity
(as velocity increases, it takes less time to move to the next collision) and to the quantity n/V
(as molecules per volume increase, collision frequency increases).

V, T, and P are all constant, so n must be constant. Because we have equal moles of gas in
each container, gas B molecules must be heavier than gas A molecules.

a. Both gas samples have the same number of molecules present (n is constant).
b. Because T is constant, KE,q must be the same for both gases [KE., = (3/2)RT].

c. The lighter gas A molecules will have the faster average velocity.
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109.

110.

111.

112.

113.

The heavier gas B molecules do collide more forcefully, but gas A molecules, with the
faster average velocity, collide more frequently. The end result is that P is constant
between the two containers.

They will all have the same average kinetic energy because they are all at the same tem-
perature [KE,q = (3/2)RT].

Flask C; H, has the smallest molar mass. At constant T, the lighter molecules have the
faster average velocity. This must be true for the average kinetic energies to be the same.

All the gases have the same average Kinetic energy since they are all at the same
temperature [KE.q = (3/2)RT].

At con/stant T, the lighter the gas molecule, the faster the average velocity [Llavg o Hms o
(1/M)¥].

Xe (131.3 g/mol) < Cl;, (70.90 g/mol) < O, (32.00 g/mol) < H, (2.016 g/mol)
slowest fastest

At constant T, the lighter H, molecules have a faster average velocity than the heavier O,
molecules. As temperature increases, the average velocity of the gas molecules
increases. Separate samples of H, and O, can only have the same average velocities if
the temperature of the O, sample is greater than the temperature of the H, sample.

1/2
Grahan’s law of effusion: L _ [ Mz
Rate, M,

Let Freon-12 = gas 1 and Freon-11 = gas 2:

1.00

1/2
1.07 _ [137.4J paa= B4 o g/mol

1 1

The molar mass of CF,Cl, is equal to 121 g/mol, so Freon-12 is CF,Cl,.

1/2
24.0 mL : 16.04
Rate, (M,  rate, = ﬂ rate, = 478_mL; M, = 6.0 g; M, =2
Rate, M, min min mol
1/2
24.0 _(16.04 - 0502, 16.04 = (0.502)> x My, M; = 1604 6379
47.8 M, 0.252 mol

Rate, _(M,)  rate(2c’0) _(30.0}1’2 _ 10y REE(?CP0) {30.0}”2:104
Rate, (M,;) ' rate(*?c®0) (29.0 7 Rate(?c*®0)  (28.0 '

The relative rates of effusion of 1)C**0 to C¥0 to *C'®0O are 1.04 : 1.02 : 1.00.
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Advantage: CO; isn't as toxic as CO.

Major disadvantages of using CO, instead of CO:

1. Can get a mixture of oxygen isotopes in CO,.

2. Some species, for example, *C*0*0 and “C''0,, would effuse (gaseously diffuse)
at about the same rate because the masses are about equal. Thus some species cannot

be separated from each other.

12
114. Rate, = Mg , Where M = molar mass; let gas (1) = He and gas (2) = Cl..
Rate, M,
Effusion rates in this problem are equal to the volume of gas that effuses per unit time
(L/min). Lett = time in the following expression.
10L
U 1/2
4.5 min _ 70.90 ’ t = 4.209, t=19 min
10L 4.003 4.5 min
t
115. a. PV=nRT
o 0:5000mol x 0'082K06L|atm % (25.0 + 273.2) K
p= NRT _ mo = 12.24 atm
\% 1.0000 L
~ e
b. |P+ a{vj } (V —nb) = nRT; for N,: a=1.39 atm L/mol° and b = 0.0391 L/mol
B 2
P+1.39 0-5000 atm |(1.0000 L — 0.5000 x 0.0391 L) = 12.24 L atm
1.0000
(P +0.348 atm)(0.9805 L) = 12.24 L atm
P= 1224Latm _ 0.348 atm = 12.48 — 0.348 = 12.13 atm
0.9805 L
. N 0.11
c. Theideal gas law is high by 0.11 atm, or 1213 x 100 = 0.91%.
116. a. PV=nRT
o 05000mol x O'OSEOGLIatm x 208.2 K
p=00 mo = 1.224 atm

\% 10.000 L
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2
b. |P+ a(%j } (V —nb) = nRT; for Ny: a=1.39 atm L%mol*and b = 0.0391 L/mol

0.5000
10.000

P +1.39(

2
j atm} (10.000 L — 0.5000 x 0.0391 L) = 12.24 L atm

(P + 0.00348 atm)(10.000 L — 0.0196 L) = 12.24 L atm

P + 0.00348 atm = 1224Lam _ 1.226 atm, P =1.226 — 0.00348 = 1.223 atm

9.980 L

c. Theresults agree to +0.001 atm (0.08%).

The ideal gas law is valid at relatively low pressures.

Atmospheric Chemistry

117.

118.

119.

120.

121.

Yre = 5.24 x 10°° from Table 5.4. Pie = yhe X Proa = 5.24 x 10°x 1.0 atm = 5.2 x 10 % atm

6
n_P . - 082626&?"] M =51 x 107 mol Hell
V. RT D00c0Lam, Hogk

K mol
-7 23
2.1x 107" mol " 1L _x 6.022 x 10" atoms — 1.3 x 10" atoms He/cm®
L 1000 cm mol
At 15 km, T ~ —60°C and P = 0.1 atm. Use P1TV1 = % since n is constant.
1 2

v,= ViPT2 _10L x100atm x 213K _ |

P,T, 0.Latm x 298 K

S(s) + Ox(g) — SO,(g), combustion of coal
2 SO4(9) + O,(g) —> 2 SO4(g), reaction with atmospheric O,
SOs(9) + H.O(l) > H,SO4(aq), reaction with atmospheric H,O

H,SO,4(aq) + CaCOs(s) — CaS04(aq) + H,O(l) + CO,(g)

a. If we have 1.0 x 10° L of air, then there are 3.0 x 10% L of CO.

In Exercise 115, the pressure is relatively high, and there is significant disagreement. In
Exercise 116, the pressure is around 1 atm, and both gas laws show better agreement.
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_ 3.0 x 102

because V « n; Pco = — X 628 torr = 0.19 torr
1.0 x 10

VCO

Pco = xcoProtal; Xco =
total

b. Neo= P;?I_V :assuming 1.0 m® air, 1 m® = 1000 L:

0-19 im x (1.0 x 10% L)
Nco = =1.1x10?mol CO
0.08206 L atm « 973K
K mol
23
1.1 x 1072 mol x 6.02 x 107 molecules _ 6.6 x 102t CO molecules in 1.0 m® of air

mol

8 100cm 8

6.6 x 10* molecules L[ Am * 6.6 x 10" molecules CO
m cm

122.  For benzene:

1mol
89.6 x 10° g x = 1.15 x 107° mol benzene

78.11¢

o 11510 mol x O'OSEOGLIE"”" x 296 K
Vbenzene = Mbenzene = lr:tcr)n =2.84 x 10_8 L

P 748 torr x
760 torr
-8
Mixing ratio = 284 x107L 106947 x 107 ppmv
3.00L
9 -8

Or ppbv = vol.of X x 10 _ 284 x10° L x 10° = 9.47 ppbv

total vol. 3.00L

1.15 x 10°° mol benzene y 1L 5 6.022 x 10% molecules
3.00L 1000 cm?® mol
=2.31 x 10" molecules benzene/cm?

For toluene:
1 mol
153 x 10° g C/Hg X ———— = 1.66 x 10~ mol toluene
92.13g
o 16610 mol x o.osliom_latm « 296 K
Violgene = —toluere™ 1 _ 12"& =410x10° L
P 748 torr x

760 torr
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-8
Mixing ratio = 410 x107L 406 - 137 x 102 ppmv (or 13.7 ppbv)
3.00L
1.66 x 10~° mol toluene y 1L 6022 x 10% molecules
3.00L 1000 cm? mol

= 3.33 x 10" molecules toluene/cm?
Additional Exercises

123. a. PV=nRT b. PV=nRT c. PV=nRT
nR P
PV = constant P= (—j xT=constxT T= (—j x V = const x V
\V nR
PV P T
\Y T \Y
d. PV=nRT e. p= MR _ constant f PV=nRT
Vv Vv
PV = constant P = constant x i ﬂ = nR = constant
V T
P P 1%
T
\4 Y, p

Note: The equation for a straight line is y = mx + b, where y is the y-axis and x is the x-axis.
Any equation that has this form will produce a straight line with slope equal to m and a y
intercept equal to b. Plots b, c, and e have this straight-line form.

124. At constant T and P, Avogadro’s law applies; that is, equal volumes contain equal moles of
molecules. In terms of balanced equations, we can say that mole ratios and volume ratios
between the various reactants and products will be equal to each other. Br, +3F, —» 2 X; 2
moles of X must contain 2 moles of Br and 6 moles of F; X must have the formula BrF; for a
balanced equation.

3
125, 14.1 x 10%in Hgein® x 2.5_4cm y 10 mm latm y (2.54cm) 5 1L

X
in lcm 760 mm in 1000 cm®
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126.

127.

128.

=(0.772 atmeL

Boyle’s law: PV =k, where k = nRT; from Example 5.3, the k values are around 22 atmeL.
Because k = nRT, we can assume that Boyle’s data and the Example 5.3 data were taken at
different temperatures and/or had different sample sizes (different moles).

Mn(s) + x HCI(g) — MnCly(s) + g Ha(g)

_ PV _ 095latm x 3.22L

Ny, = —= = 0.100 mol H,
2 RT 0.08206 L atm « 373K
K mol
Mol ClI in compound = mol HCI = 0.100 mol H, x )>(<m—oICI =0.200 mol CI
—mol H,
2
Mol ClI 0.200 mol CI _0.200mol CI _
- 1molMn =400
Mol Mn 2.747 g Mn x 0.05000 mol Mn
54.94 g Mn

The formula of compound is MnCl,.

Assume some mass of the mixture. If we had 100.0 g of the gas, we would have 50.0 g He
and 50.0 g Xe.

50.0g
Ny 4.003 g/mol B 12.5 mol He _
Ye = - = = 0.970
Ny + Nye 5009 5009 12.5 mol He + 0.381 mol Xe

4.003g/mol  131.3g/mol

No matter what the initial mass of mixture is assumed, the mole fraction of helium will
always be 0.970.

Pre = YrePtota = 0.970 x 600. torr = 582 torr; Px, = 600. — 582 = 18 torr

Assuming 100.0 g of cyclopropane:

1molC
85.7gC x = 7.14mol C
12.01g
1molH
143 gH x 0 = 14.2 mol H; M2 _ 1.99
1.008¢ 7.14

The empirical formula for cyclopropane is CH,, which has an empirical mass ~ 12.0 + 2(1.0)
=14.0 g/mol.
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T 1.88g/L><(m8|i06L|mmx273K
P x (molar mass) = dRT, molar mass = = mo
P 1.00 atm

= 42.1g/mol

Because 42.1/14.0 = 3.0, the molecular formula for cyclopropane is (CH,)x 3 = C3He.

latm
129. P = PN2 + PHZO , PN2 = 726 torr — 23.8 torr = 702 torr x =60 =0.924 atm

torr

P, xV -
N, _0.924atm x 31.8 x10™° L = 1.20 x 10 mol N,

Ny, = =
RT 0.08206 L atm « 298 K
K mol
Mass of N in compound = 1.20 x 10~ mol N, x &QINZ =3.36 x 107 g nitrogen
mo
-2
Mass % N = 2021070 190 133% N
0.253¢g
130.  335mgCO,x —20tMIC g umgc sc= 224MI L 100=261%C
44.01mg CO, 35.0mg
411 mg H,0 x —2O20MIH e gk s r= 200MI 100 - 13106 1
18.02mg H,0 35.0mg
740 im x 35.6 x 10 L
n =V _ 760 = 1.42 x 10 mol N,
N, — = .
RT 0.08206 L atm « 298 K
K mol
28.02g N . .
1.42 x 10° mol N, x + =3.98 x 107 g nitrogen = 39.8 mg nitrogen
2
Mass % N = 209, 100 = 61.0% N
65.2 mg

Or we can get % N by difference: % N =100.0 — (26.1 + 13.1) = 60.8%

Out of 100.0 g:
261gCx ~M _o17moic: 2 Z100
1201g 2.17
1mol 13.0

13.1gH x =13.0mol H; =2~ =599
1.008¢

2.17
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Lmol =4.34 mol N; ﬁ =2.00; empirical formula is CHgN,.
14.01¢g 2.17

60.8 g N x

1/2
Rate, _ ( M J _ 264 _ 107, M= (107) x 39.95 = 45.7 g/mol

Rate, \39.95) 246

Empirical formula mass of CHgN, ~ 12 + 6 + 28 = 46 g/mol. Thus the molecular formula is
also CHgN,.
131.  We will apply Boyle’s law to solve. PV = nRT = constant, P,V; =P,V,

Let condition (1) correspond to He from the tank that can be used to fill balloons. We must
leave 1.0 atm of He in the tank, so P; = 200. — 1.00 = 199 atm and V; = 15.0 L. Condition (2)
will correspond to the filled balloons with P, = 1.00 atm and V, = N(2.00 L), where N is the
number of filled balloons, each at a volume of 2.00 L.

199 atm x 15.0 L = 1.00 atm x N(2.00 L), N =1492.5; we can't fill 0.5 of a balloon, so N =
1492 balloons or, to 3 significant figures, 1490 balloons.

_ PV _1.00atm x 1.75 x 107 L
132. Mol of He removed = RT ~ 008206 Lam

K mol

=7.16 x 10> mol

x 298 K

In the original flask, 7.16 x 10> mol of He exerted a partial pressure of 1.960 — 1.710
=0.250 atm.

NRT _ 7.16 x 10°mol x 0.08206 x 298 K
P 0.250 atm

V= =7.00x 107 L =7.00 mL

133.  For Oy, nand T are constant, so P;V; = P,Vs.

Py = PaVa _7g5 o x 194L
V. 2.00L

1

=761 torr = Pg,

Puow = Po, +Pyo, Puo = 785~ 761 = 24 torr

P P
134. PV =nRT, Vand T are constant. —+ = —% or -+ =+
n, N P, n,
When V and T are constant, then pressure is directly proportional to moles of gas present, and
pressure ratios are identical to mole ratios.

At 25°C: 2 Hy(g) + O4(g) — 2 H,O(l), H,O(l) is produced at 25°C.

The balanced equation requires 2 mol H, for every mol O, reacted. The same ratio (2 : 1)
holds true for pressure units. So if all 2.00 atm of H, react, only 1.00 atm of O, will react
with it. Because we have 3.00 atm of O, present, oxygen is in excess and hydrogen is the
limiting reactant. The only gas present at 25°C after the reaction goes to completion will be
the excess O,.
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135.

136.

latm O,

P, (reacted) = 2.00 atm H, x
o, ( ) ?” 2atmH,

=1.00 atm O,

P02 (excess) = P02 (initial) — P02 (reacted) = 3.00 atm - 1.00 atm = 2.00 atm O; = Py

At 125°C: 2 Hy(g) + Ox(g) — 2 H,0(g), H.0(9) is produced at 125°C.

The major difference in the problem at 125°C versus 25°C is that gaseous water is now a
product (instead of liquid H,O), which will increase the total pressure because an additional
gas is present. Note: For this problem, it is assumed that 2.00 atm of H, and 3.00 atm of O,

are reacted at 125°C instead of 25°C.

2atmH,0

= 2.00 atm H,O
2atmH,

Py,0 (produced) = 2.00 atm H, x

Piotal = Po2 (excess) + PHZO (produced) = 2.00 atm O, + 2.00 atm H,O = 4.00 atm = Py

1000g N 1 mol Mo
kg 95.94 g Mo

=1.04 x 10* mol Mo

1.00 x 10% kg Mo x

1mol MoO, N 7/2 mol O,

1.04 x 10* mol Mo x = 3.64 x 10* mol O,

mol Mo mol MoOg,
3.64 x 104 mol x 208206 Lam o,
_ N, RT K mol _ 5
V, = = = 8.66 x 10° L of O,
z P 1.00 atm
8.66 x 105 0, x 0L _ 41 L 1051 air
2
1.04 x 10° mol Mo x 2™ H2 _ 315 4 10* mol H,
mol Mo
3.12 x 10* mol x 0'082K06L|a”“ « 290.K
V, = mo = 7.42 % 10° L of H,
2 1.00 atm

P,V. 2.00L
For NHs: P, = % =0.500 atm x
vV, 3.00L

=0.333 atm

PV, 1.00 L
For O,; P,= -1l =150atmx =—— =0.500 atm
V. 3.00 L

2
After the stopcock is opened, V and T will be constant, so P o n.

. e 4 atm NO
Assuming NHg is limiting: 0.333 atm NH; x ———— =0.333 atm NO

4 atm NH,
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137.

138.

139.

Assuming O, is limiting: 0.500 atm O, x

4 atm NO

=0.400 atm NO

mO,

NH; produces the smaller amount of product, so NHj is limiting and 0.333 atm of NO can be

produced.

Out of 100.00 g of compound there are:

ImolC 4,

872

58.519C x — U _ 4872molC: ~2£ = 2001
12.01gC 2.435
737gH x MM 21 morn: /3L 300
1.008g H 2.435
34.12gN x TIN5 a3 moin: 2422 _ 1000
14.01g N 2.435

The empirical formula is C,H3N.

Rate,
Rate,

M,

VIRE M. Y2
— (_ZJ . letgas (1) = He; 3.20 = (—2} , M, = 41.0g/mol

4.003

The empirical formula mass of C,H;N = 2(12.0) + 3(1.0) + 1(14.0) = 41.0 g/mol. So the

molecular formula is also C,H3N.

If Be*, the formula is Be(CsH;0,)s and molar mass ~ 13.5 + 15(12) + 21(1) + 6(16)
=311 g/mol. If Be**, the formula is Be(CsH;0,), and molar mass ~ 9.0 + 10(12) + 14(1) +

4(16) = 207 g/mol.

Data set I (molar mass = dRT/P and d = mass/V):

02022 x 208206Lam o0\
_ mass x RT K mol _
molar mass = = Taim =209 g/mol
PV (765.2 torr ) x (22.6 x 10 L)
760 torr
Data set I1:
02224 x 208206 Lam _ g4
_ mass x RT mol _
molar mass = = =202 g/mol
PV 1latm

These results are close to the expected value of 207 g/mol for Be(CsH;O,),.

(764.6 torr x
760

) x (26.0 x 107 L)

torr

Thus we

conclude from these data that beryllium is a divalent element with an atomic weight (mass) of

9.0 u.

12.01gC

0.2766 g COp x ————2 ~
44.01g CO,

=7.548 x107% g

7.548 x 107 g

C;%C=
0.1023g

x 100=73.78% C
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-2
20060H 411 92gh: o= 211X 1070

_e=29 x 100 = 10.9% H
18.02g H,0 0.1023g

0.0991 g H,O x

_ PV _ 1.00atm x 27.6 x 103 L

PV=nRT, ny = — = =1.23x 10"*mol N,
RT 0.08206 L atm < 973K
K mol
1.23 x 10~ mol N x 28029 N, _ 545 107%g nitrogen
mol N,
3.45x107% g

Mass % N = x 100 =7.14% N

0.4831g
Mass % O = 100.00 — (73.78 + 10.9 + 7.14) =8.2% O

Out of 100.00 g of compound, there are:

1 mol 1 mol

73.78 g C x =6.143 mol C; 7.14g N x =0.510 mol N
12.01¢g 14.01
1 mol 1 mol
10.9gHx =10.8molH; 82g0O x =0.51 mol O
1.008 g 16.00 g

Dividing all values by 0.51 gives an empirical formula of C;,H»;NO.

4029  0.08206L atm

dRT L kmol 00K
Molar mass = ) = mo =392 g/mol

256torr x 1atm
60 torr

Empirical formula mass of C,H»NO =~ 195 g/mol; % ~2

Thus the molecular formula is C,H,N,05.
140. At constant T, the lighter the gas molecules, the faster the average velocity. Therefore, the
pressure will increase initially because the lighter H, molecules will effuse into container A

faster than air will escape. However, the pressures will eventually equalize once the gases
have had time to mix thoroughly.

ChemWork Problems

The answers to the problems 141-148 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

149.  BaO(s) + CO,(g) — BaCOs(s); CaO(s) + CO,(g) — CaCO4(s)
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n = ﬂ = initial moles of CO, = 7756% am X 150L =0.0595 mol CO,
RT 0.08}2(0:‘1;atm « 3032 K

n; = ﬂ = final moles of CO, = 2736(()) am 1oL =0.0182 mol CO,
RT W « 303.2 K

0.0595 — 0.0182 = 0.0413 mol CO,reacted

Because each metal reacts 1 : 1 with CO,, the mixture contains a total of 0.0413 mol of BaO
and CaO. The molar masses of BaO and CaO are 153.3 and 56.08 g/mol, respectively.

Let x = mass of BaO and y = mass of CaO, so:

x+y=514g and —— + —J_ =0.0413mol or x + (2.734)y = 6.33
1533  56.08

Solving by simultaneous equations:
X+ (2.734)y = 6.33

—X -y =-5.14
(1.734)y = 1.19, y-1.19/1.734 = 0.686

y =0.686 g CaO and 5.14 —y =x =4.45 g BaO

4.459 BaO
149

150.  Cr(s) + 3 HCl(ag) — CrCls(aq) + 3/2 Hx(g); Zn(s) + 2 HCl(agq) — ZnCl,(aq) + Ha(g)

Mass % BaO = x 100 = 86.6% BaO; %CaO = 100.0 — 86.6 = 13.4% CaO

750, torr x _-atm
760 torr

J x 0.225L

Mol H; produced = n = PV _ = 9.02 x 10~ mol H,

RT 0.08206 L atm
K mol

x (273 + 27) K

9.02 x 10~ mol H, = mol H, from Cr reaction + mol H, from Zn reaction
From the balanced equation: 9.02 x 10~ mol H, = mol Cr x (3/2) + mol Zn x 1
Let x = mass of Cr and y = mass of Zn, then:

X +y=0.362gand9.02 x 10° = 82533 ; #’38

We have two equations and two unknowns. Solving by simultaneous equations:

9.02x 10 = (0.02885)x + (0.01530)y
—0.01530 x 0.362 = —(0.01530)x — (0.01530)y
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151.

152.

-3
3.48 x 10° = (0.01355)x, X = mass of Cr = 348x10° _ 0.257¢g

0.01355

y = mass of Zn = 0.362 g — 0.257 g = 0.105 g Zn; mass % Zn = g'lﬂ x 100

629 =29.00 zn
Assuming 1.000 L of the hydrocarbon (C,Hy), then the volume of products will be 4.000 L,
and the mass of products (H,O + CO,) will be:

1.391 g/L x 4.000 L = 5.564 g products

PV 0.959atm x 1.000 L

Mol CiHy = nc yy =——= = 0.0392 mol
v RT 0.08206 L atm « 208 K
K mol
Mol products = n, = ;_\'I/' =0 02'25016&'_“;;:“4'000 L - 0.196 mol
————— x 375K
K mol

CiH, +oxygen — x CO, +y/2 H,0
Setting up two equations:

(0.0392)x + 0.0392(y/2) = 0.196  (moles of products)

(0.0392)x(44.01 g/mol) + 0.0392(y/2)(18.02 g/mol) =5.564g  (mass of products)
Solving: x = 2 and y = 6, so the formula of the hydrocarbon is C,Hs.

a. Letx=moles SO, = moles O, and z = moles He.
P.MM

, Where MM = molar mass

1.000 atm x MM
0.08206 L atm
K mol

1.924 g/L =

, MMpixure = 43.13 g/mol
x 273.2 K

Assuming 1.000 total moles of mixture is present, then: x + x +z = 1.000 and:
64.07 g/mol x x + 32.00 g/mol x x + 4.003 g/mol x z =43.13 g

2x + z = 1.000 and (96.07)x + (4.003)z = 43.13

Solving: x =0.4443 mol and z =0.1114 mol

Thus: yxe = 0.1114 mol/1.000 mol = 0.1114

b. 2S0,(g) + Ox(g) — 2 S0O4()
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153.

Initially, assume 0.4443 mol SO,, 0.4443 mol O,, and 0.1114 mol He. Because SO, is
limiting, we end up with 0.2222 mol O,, 0.4443 mol SOs, and 0.1114 mol He in the
gaseous product mixture. This gives Niniia = 1.0000 mol and ngny = 0.7779 mol.

In a reaction, mass is constant. d = @ and V oc n at constant Pand T, so d o i

n

r.linitial — 1.0000 — dfina| ; I=(1.0000
! inal

x 1.924 g/L, dgna = 2.473 g/L
Ngw 07779  d 0.7779J I Gina .

initial
The reaction is CHa(g) + 2 O4(g) — CO4(g) + 2 H,O(9).

P., V /.
PV =nRT, PV _Rrr-= constant, —<HeCHe _ Pair Vair
n New, n

air

The balanced equation requires 2 mol O, for every mole of CH, that reacts. For three
times as much oxygen, we would need 6 mol O, per mole of CH, reacted (nOz = 6nCH4).
Air is 21% mole percent O,, so No, = (0.21)n,. Therefore, the moles of air we would
need to deliver the excess O, are:

n

noz = (O'Zl)nair = 6nCH4 v Nair = 29nCH4 ) ar_ =29
CH,
In 1 minute:
. P,
Vair = VCH % nall’ X CH4 = 200. L % 29 x 1-50 atm - 8.7 % 103 L air/min
) Nch, Pair 1.00 atm

If x mol of CH, were reacted, then 6x mol O, were added, producing (0.950)x mol CO,
and (0.050)x mol of CO. In addition, 2x mol H,O must be produced to balance the
hydrogens.

CH4(g) + 2 O2(g) — COx(g) + 2 H,0(9); CHa4(g) + 3/2 O,(g) — CO(g) + 2 H,0(9)

Amount O, reacted:

(0.950)x mol CO, x 2™ 02 _ (3 90)x mol 0,
mol CO,
(0.050)x mol CO x % = (0.075)x mol O,

Amount of O, left in reaction mixture = (6.00)x — (1.90)x — (0.075)x = (4.03)x mol O,

79 mol N,

Amount of N, = (6.00)x mol O, x
21mol O,

= (226)X ~ 23x mol Nz

The reaction mixture contains:
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(0.950)x mol CO, + (0.050)x mol CO + (4.03)x mol O, + (2.00)x mol H,0

+ 23x mol N, = (30.)x mol of gas total

_ (0.050)x _ (0.950)x _ _ (4.03)x _

_ — 0.0017; _ 0.032; 7, = 0.13
Xeo = " 30)x Xeo: = (30)x *o: = (30)x
oo = (2.00)x _ 0.067; 1y, = 23x _ 0.77

© =~ "(30)x : = (30)x

154.  The reactions are:
C(s) + 1/2 Oy(g) — CO(g) and C(s) + O,(g) — CO,(g)
PV =nRT, P = n(gj = n(constant)

Because the pressure has increased by 17.0%, the number of moles of gas has also increased
by 17.0%.

Nfinar = (1.170)Ninigar = 1.170(5.00) = 5.85 mol gas = Ny, + Neg +Neo,

Neo +Ngo, =5.00 (balancing moles of C). Solving by simultaneous equations:

No, + Ngo +Neo, =5.85
-(Neo +Ngo, =5.00)

No =0.85

2

If all C were converted to CO,, no O, would be left. If all C were converted to CO, we would
get 5 mol CO and 2.5 mol excess O; in the reaction mixture. In the final mixture, moles of

CO equals twice the moles of O, present (N¢g = 2n02).
Neo = 2N, =1.70 mol CO; 1.70 + Ny =5.00, Neg, = 3.30 mol CO;

1.70 3.30 0.85
170 _ 0201 = 330 _ 564 =98 _ 145~015
Xeo = 5g5 Keo, = 585 Xo: = 5 g5

155. a. Volume of hot air: V = %nr"‘ = %n(Z.SO m)*=65.4 m°

(Note: Radius = diameter/2 = 5.00/2 = 2.50 m)

3
65.4 m’ x (10 dmj x = =654 % 10° L
m dm




178

CHAPTER S5 GASES

156.

latm
= & _ 760 torr
RT 0.08206 L atm
K mol

(745 torr x ] x 6.54 x 10* L

=2.31 x 10% mol air

x (273 +65) K

29.09
mol

Mass of hot air = 2.31 x 10° mol x =6.70 x 10° g

5 tm x 6.54 x 10* L
60

Air displaced: n= — = =2.66 x 10° mol air
RT  0.08206Latm 75, 51y

K mol

29.0¢
mol

Lift=7.71x10°g-6.70 x 10 g= 1.01 x 10*g

Mass of air displaced = 2.66 x 10° mol x =771 x10"g

Mass of air displaced is the same, 7.71 x 10* g. Moles of He in balloon will be the same
as moles of air displaced, 2.66 x 10° mol, because P, V, and T are the same.

4.003g
mol

Lift=7.71 x 10 g - 1.06 x 10 g = 6.65 x 10" g

Mass of He = 2.66 x 10° mol x

=1.06 x 10* g

830 im x (6.54 x 10* L)
760

. P 3 .
Hot air: n= — = =1.95 x 10° mol air
RT ~ 008206Latm  ,q0

K mol

29.09
mol

1.95 x 10° mol x =5.66 x 10" g of hot air

630.
PV 760 atm x (6.54 x 10* L)

. . A -V _ 7 — 3 .
Air displaced: n o 0.08206 L aim 2.25 x 10° mol air
S x 294K

K mol

2.25 x 10° mol x ﬂ =6.53 x 10" g of air displaced
mo

Lift =6.53 x 10" g—5.66 x 10°g=8.7 x 10°g
When the balloon is heated, the balloon will expand (P and n remain constant). The mass

of the balloon is the same, but the volume increases, so the density of the argon in the
balloon decreases. When the density is less than that of air, the balloon will rise.

Assuming the balloon has no mass, when the density of the argon equals the density of
air, the balloon will float in air. Above this temperature, the balloon will rise.
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P.MM .
Qair = Ta" where MM,;; = average molar mass of air

MM, = 0.790 x 28.02 g/mol + 0.210 x 32.00 g/mol = 28.9 g/mol

1.00 atm x 28.9 g/mol
0.08206 L atm
K mol

Oair = =118 gL

x 298 K

4o = 1.00 atm x 39.95 g/mol
890 ™ 770,08206 L atm
e T X T
K mol

Heat the Ar above 413 K or 140.°C, and the balloon would float.

=118¢g/L, T=413K

157.  a. Average molar mass of air = 0.790 x 28.02 g/mol + 0.210 x 32.00 g/mol = 28.9 g/mol
Molar mass of helium = 4.003 g/mol

A given volume of air at a given set of conditions has a larger density than helium at
those conditions due to the larger average molar mass of air. We need to heat the air to a
temperature greater than 25°C in order to lower the air density (by driving air molecules
out of the hot air balloon) until the density is the same as that for helium (at 25°C and
1.00 atm).

b. To provide the same lift as the helium balloon (assume V = 1.00 L), the mass of air in the
hot air balloon (V = 1.00 L) must be the same as that in the helium balloon. Let MM =
molar mass:

PeMM = dRT, mass = % solving: mass He = 0.164 g

28.9g/mol x 1.00atm x 1.00 L
0.08206 L atm
—_—— x T

K mol

Mass air =0.164 g =

T = 2150 K (a very high temperature)

2 2 3
158, (P+£J x (V—nb)=nRT, PV + 2V _pp - 3170 _pr
V2 V2 V2
2 3
pv+ 3 ppp ~ 3D ey
\Y, &

At low P and high T, the molar volume of a gas will be relatively large. Thus the an’/V and
an’o/V? terms become negligible at low P and high T because V is large. Because nb is the
actual volume of the gas molecules themselves, nb << V and the —nbP term will be neg-
ligible as compared to PV. Thus PV = nRT.
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159.

160.

d = molar mass(P/RT); at constant P and T, the density of gas is directly proportional to the
molar mass of the gas. Thus the molar mass of the gas has a value which is 1.38 times that of
the molar mass of O,.

Molar mass = 1.38(32.00 g/mol) = 44.2 g/mol

Because H,0 is produced when the unknown binary compound is combusted, the unknown
must contain hydrogen. Let AH, be the formula for unknown compound.

ImolAH,

Mol AH, =10.0 g AH, x
Y 9 Ay 4429

= 0.226 mol AH,

1mol H,0 5 2molH

Mol H=16.3gH,O x
18.02¢ mol H,0

=1.81 molH

1.81molH
0.226 mol AH,

=8 mol H/mol AH,; AH, = AHs

The mass of the x moles of A in the AHg formula is:
44.2 g—8(1.008g) =36.1g

From the periodic table and by trial and error, some possibilities for AHg are ClHg, F;Hsg,
C3Hg, and BesHs. C3Hg and BeyHs fit the data best, and because C3Hg (propane) is a known
substance, C3sHs is the best possible identity from the data in this problem.

a. Initially PN2 = PHz =1.00 atm, and the total pressure is 2.00 atm (Piota = PNz + PHz). The
total pressure after reaction will also be 2.00 atm because we have a constant-pressure
container. Because V and T are constant before the reaction takes place, there must be
equal moles of N, and H, present initially. Let x = mol N, = mol H, that are present
initially. From the balanced equation, Nx(g) + 3 Hx(g) — 2 NHs(g), H, will be limiting
because three times as many moles of H, are required to react as compared to moles of
N,. After the reaction occurs, none of the H, remains (it is the limiting reagent).

Mol NH; produced = x mol H; x 2molNH, _ 2x/3
3mol H,
Mol N, reacted = x mol H, x 1molN, _ x/3
3mol H,

Mol N, remaining = x mol N, present initially — x/3 mol N, reacted = 2x/3 mol N,

After the reaction goes to completion, equal moles of N,(g) and NHs(g) are present
(2x/3). Because equal moles are present, the partial pressure of each gas must be equal

(PN2 = PNH3)'
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Pow = 2.00 atm = Py +Py, ; solving: Py = 1.00atm= Py,
b. Vo nbecause P and T are constant. The moles of gas present initially are:
Ny, +Ny, =X +Xx=2xmol

After reaction, the moles of gas present are:

Ny, + Ny, = % +2—3X = 4x/3 mol

Vafter
V,

initial

_n

n

4x/3
2X

after  _

2
3

initial
The volume of the container will be two-thirds the original volume, so:

V =2/3(15.0 L) = 10.0 L

Integrative Problems

161.  The redox equation must be balanced. Each uranium atom changes oxidation sates from +4
in UO* to +6 in UO,*" (a loss of two electrons for each uranium atom). Each nitrogen atom
changes oxidation states from +5 in NO3; to +2 in NO (a gain of three electrons for each
nitrogen atom). To balance the electrons transferred, we need two N atoms for every three U
atoms. The balanced equation is:

2 H'(ag) + 2 NOs (aq) +3 UO*(aq) — 3 UO,*(aq) + 2 NO(g) + H,O(l)

o= ¥ = - oﬁgoaénﬂ ;t£'255 L —0.015mol NO
RT  2ABSBLEM 302k

K mol

3mol UO?*
0.015 mol NO x ———— =0.023 mol UO?*"
2 mol NO

162. a 156mL x 1349

=209 g HSICl; = actual yield of HSICl;

PV 10.0atm x 15.0 L
Nol = — = =5.93 mol HCI
RT 0.08206 L atm « 308 K

K mol

1 mol HSICl, N 135.45g HSICl,
3 mol HCI 1 mol HSICl,

5.93 mol HCI x

= 268 g HSICl,

Percent yield = actual yield x 100 = 209 9 x 100 = 78.0%

theoretical yield 268 ¢
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1mol HSiCl;  1molSiH,

. - = 0.386 mol SiH,
135.45g HSiCl; 4 mol HSICl,

b. 209 g HiSCls x

This is the theoretical yield. If the percent yield is 93.1%, then the actual yield is:

0.386 mol SiH, x 0.931 = 0.359 mol SiH,

o 0:359mol x O'OSEOGLII"”“ x 308 K
Vg, = 80 = mo =0.907 L = 907 mL SiH,
N P 10.0 atm

163.  ThF,, 232.0 + 4(19.00) = 308.0 g/mL

molar massxP 308.0 g/mol x 2.5atm

RT 008206Latm ) ear, 973K
K mol

d=

=4.84d/L

The gas with the smaller molar mass will effuse faster. Molar mass of ThF, = 308.0 g/mol,
molar mass of UF; = 238.0 + 3(19.00) = 295.0 g/mol. Therefore, UF; will effuse faster.

Rate of effusion of UF;  |molar massof ThF, | 308.0 g/mol
Rate of effusion of ThF, molar mass of UF; 295.0 g/mol

UF; effuses 1.02 times faster than ThF,.

164.  The partial pressures can be determined by using the mole fractions.
Prmethane = Ptotal X Ymethane = 1.44 atm x 0.915 = 1.32 atm; Pegnane = 1.44 - 1.32 = 0.12 atm
Determining the number of moles of natural gas combusted:

) _ PV~ 144atm x15.00L
natural gas RT - W
K mol

= 0.898 mol natural gas
x 293K

nmethane = nnatura| gas X Xmethane = 0.898 mOI X 0.915 = 0.822 mOI methane
Nethane = 0.898 — 0.822 = 0.076 mol ethane

2molH,0 18029 H,0

0.822 mol CH, x
1molCH, mol H,0

=29.6 g H,0

6molH,0 1802gH,0

0.076 mol C,Hg x
2mol C,Hq mol H,0

= 41gH,0
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The total mass of H,O produced =29.6 g + 4.1 g = 33.7 g H,0.

Marathon Problem

165.

a.

The formula of the compound A,B, depends on which gas is limiting, A, or B,. We need
to determine both possible products. The procedure we will use is to assume one reactant
is limiting, and then determine what happens to the initial total moles of gas as it is
converted into the product. Because P and T are constant, volume oc n. Because mass is
conserved in a chemical reaction, any change in density must be due to a change in
volume of the container as the reaction goes to completion.

n

initial

n

after

Density = d oc% and V o«cn, So:

initial after

Assume the molecular formula of the product is A;B, where x and y are whole numbers.
First, let’s consider when A, is limiting with x moles each of A, and B, in our equimolar
mixture. Note that the coefficient in front of AB, in the equation must be 2 for a
balanced reaction.

XA g) + yBig) — 2ABy9)

Initial x mol x mol 0 mol
Change —x mol -y mol +2 mol
Final 0 (x—y) mol 2 mol
dafter — 150 — r‘linitial — 2X
initial naf’[er X—= y +2

(1.50)x — (1.50)y + 3.00 = 2x, 3.00 — (1.50)y = (0.50)x

Because x and y are whole numbers, y must be 1 because the above equation does not
allowy to be 2 or greater. Wheny = 1, x = 3 giving a formula of A;B if A, is limiting.

Assuming B, is limiting with y moles in the equimolar mixture:

XA(9) + yBag) — 2ABy(9)

Initial y y 0
Change —X -y +2
After y —X 0 2

denSityaﬁer =150 = Niitial — 2y
density e Naler Y =X +2
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Solving gives x =1 and y = 3 for a molecular formula of AB; when B, is limiting.

In both possible products, the equations dictated that only one mole of either A or B had
to be present in the formula. Any number larger than 1 would not fit the data given in the
problem. Thus the two formulas determined are both molecular formulas and not just
empirical formulas.
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THERMOCHEMISTRY

Questions

11.

12.

13.

14.

15.

16.

Path-dependent functions for a trip from Chicago to Denver are those quantities that depend
on the route taken. One can fly directly from Chicago to Denver, or one could fly from
Chicago to Atlanta to Los Angeles and then to Denver. Some path-dependent quantities are
miles traveled, fuel consumption of the airplane, time traveling, airplane snacks eaten, etc.
State functions are path-independent; they only depend on the initial and final states. Some
state functions for an airplane trip from Chicago to Denver would be longitude change,
latitude change, elevation change, and overall time zone change.

Products have a lower potential energy than reactants when the bonds in the products are
stronger (on average) than in the reactants. This occurs generally in exothermic processes.
Products have a higher potential energy than reactants when the reactants have the stronger
bonds (on average). This is typified by endothermic reactions.

2 CgHyg(l) + 25 O5(g) — 16 CO,(g) + 18 H,O(g); the combustion of gasoline is exothermic
(as is typical of combustion reactions). For exothermic reactions, heat is released into the
surroundings giving a negative g value. To determine the sign of w, concentrate on the moles
of gaseous reactants versus the moles of gaseous products. In this combustion reaction, we go
from 25 moles of reactant gas molecules to 16 + 18 = 34 moles of product gas molecules. As
reactants are converted to products, an expansion will occur because the moles of gas
increase. When a gas expands, the system does work on the surroundings, and w is a negative
value.

AH = AE + PAV at constant P; from the definition of enthalpy, the difference between AH
and AE, at constant P, is the quantity PAV. Thus, when a system at constant P can do
pressure-volume work, then AH # AE. When the system cannot do PV work, then AH = AE at
constant pressure. An important way to differentiate AH from AE is to concentrate on g, the
heat flow; the heat flow by a system at constant pressure equals AH, and the heat flow by a
system at constant volume equals AE.

a. The AH value for a reaction is specific to the coefficients in the balanced equation. Be-
cause the coefficient in front of H,O is a 2, 891 kJ of heat is released when 2 mol of H,O
is produced. For 1 mol of H,O formed, 891/2 = 446 kJ of heat is released.

b. 891/2 =446 kJ of heat released for each mol of O, reacted.
Use the coefficients in the balanced rection to determine the heat required for the various

guantities.

90.7 kJ

a. 1mol Hg x
mol Hg

=90.7 kJ required

184
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17.

18.

19.

20.

b. 1mol O,x M = 181.4 kJ required

1/2mol O,

c. When an equation is reversed, AHpew = —AHgq. When an equation is multiplied by some
integer n, then AHyew = N(AHq14).

Hg(l) + 1/2 Ox(9) — HgO(s) AH =-90.7 kJ
2Hg(l) + Ox(g) — 2HgO(s) AH = 2(-90.7 kJ) = -181.4 kJ; 181.4 kJ released

Given:
CH4(g) + 2 O5(g) = CO4(g) + 2 HO(I) AH = -891 kJ
CHy(g) + 2 Ox(g9) » COx(g) + 2 H20(g) AH = -803 kJ

Using Hess’s law:

H,O(I) + 1/2 COx(g) — 1/2 CHa(g) + O(0) AH; = —1/2(-891 kJ)
1/2 CH4(g) + O4(g) — 1/2 CO,(g) + H,0(g) AH, = 1/2(-803 kJ)
H.0(l) > H,0(q) AH = AH; + AH, = 44 K

The enthalpy of vaporization of water is 44 kJ/mol.

Note: When an equation is reversed, the sign on AH is reversed. When the coefficients in a
balanced equation are multiplied by an integer, then the value of AH is multiplied by the
same integer.

A state function is a function whose change depends only on the initial and final states and
not on how one got from the initial to the final state. An extensive property depends on the
amount of substance. Enthalpy changes for a reaction are path-independent, but they do
depend on the quantity of reactants consumed in the reaction. Therefore, enthalpy changes
are a state function and an extensive property.

The zero point for AH? values are elements in their standard state. All substances are meas-
ured in relationship to this zero point.

a. CH4(g) +20,(g) > CO2(g) +2H0() AH=?
Utilizing Hess’s law:

Reactants — Standard State Elements AH = AH,+ AH,=75+0=75kJ
Standard State Elements — Products AH = AH, + AHy = -394 — 572 = -966 kJ

Reactants — Products AH =75-966 =-891 kJ

b. The standard enthalpy of formation for an element in its standard state is given a value of
zero. To assign standard enthalpy of formation values for all other substances, there
needs to be a reference point from which all enthalpy changes are determined. This
reference point is the elements in their standard state which is defined as the zero point.
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21.

22.

23.

24,

So when using standard enthalpy values, a reaction is broken up into two steps. The first
step is to calculate the enthalpy change necessary to convert the reactants to the elements
in their standard state. The second step is to determine the enthalpy change that occurs
when the elements in their standard state go to form the products. When these two steps
are added together, the reference point (the elements in their standard state) cancels out
and we are left with the enthalpy change for the reaction.

c. This overall reaction is just the reverse of all the steps in the part a answer. So AH® =
+966 — 75 = 891 kJ. Products are first converted to the elements in their standard state
which requires 966 kJ of heat. Next, the elements in the standard states go to form the
original reactants [CH4(g) + 2 O,(g)] which has an enthalpy change of —75 kJ. All of the
signs are reversed because the entire process is reversed.

No matter how insulated your thermos bottle, some heat will always escape into the
surroundings. If the temperature of the thermos bottle (the surroundings) is high, less heat
initially will escape from the coffee (the system); this results in your coffee staying hotter for
a longer period of time.

From the photosynthesis reaction, CO,(g) is used by plants to convert water into glucose and
oxygen. If the plant population is significantly reduced, not as much CO, will be consumed
in the photosynthesis reaction. As the CO, levels of the atmosphere increase, the greenhouse
effect due to excess CO; in the atmosphere will become worse.

Fossil fuels contain carbon; the incomplete combustion of fossil fuels produces CO(g) instead
of CO,(g). This occurs when the amount of oxygen reacting is not sufficient to convert all the
carbon to CO,. Carbon monoxide is a poisonous gas to humans.

Advantages: H; burns cleanly (less pollution) and gives a lot of energy per gram of fuel.
Water as a source of hydrogen is abundant and cheap.

Disadvantages: Expensive and gas storage and safety issues

Exercises

Potential and Kinetic Energy

25.

1kg m?

S2

KE = %mvz; convert mass and velocity to Sl units. 1J =

1lb  1kg

Mass = 5.25 oz x X
160z 2.2051b

= 0.149 kg

1.0 x 10% mi . _lh  imin 1760yd ~ 1m _ 45m
h 60 min 60s mi 1.094 yd S

Velocity =

2
KE = %mvzz %XO.149kgx (%—mj =150
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2 2
1. 2.
26, KE= tmv=2x20kgx[12M) =102 kE= mv?= L x10kg x [ 20T
2 2 S 2 2 S
=2.01J

The 1.0-kg object with a velocity of 2.0 m/s has the greater kinetic energy.

217. a. Potential energy is energy due to position. Initially, ball A has a higher potential energy
than ball B because the position of ball A is higher than the position of ball B. In the
final position, ball B has the higher position so ball B has the higher potential energy.

b. As ball A rolled down the hill, some of the potential energy lost by A has been converted
to random motion of the components of the hill (frictional heating). The remainder of the
lost potential energy was added to B to initially increase its kinetic energy and then to
increase its potential energy.

2
28, Ball A PE=mgz=200kgx 2or™ »100m= 196KIM™ _ 196
S S

At point I:  All this energy is transferred to ball B. All of B's energy is kinetic energy at this
point. Euw = KE =196 J. At point II, the sum of the total energy will equal
196 J.

At point Il: PE = mgz = 4.00 kg x 9.81m x 3.00m=1181J

S
KE = Eioqta —PE=196J - 118 J=78]

Heat and Work

29. AE=q+w=45kJ + (-29 kJ) = 16 kJ

30. AE=q+w=-125+104=-21KJ

3L a. AE=q+w=-47kj+88k]I=41KkJ

b. AE=82-47 =35kJ c. AE=47+0=47Kk]

d. When the surroundings do work on the system, w > 0. This is the case for a.

32. Step 1: AE;=q+w=72)+35J=107J; step2: AE,=35J-72)=-371

AEovera" = AE]_ + AEZ = 107 \] - 37 \] = 70. \]

33. AE = q + w; work is done by the system on the surroundings in a gas expansion; w is

negative.

300.J=qg-75J, g=375J of heat transferred to the system
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34.

35.

36.

37.

38.

39.

a. AE=q+w=-23J+100.J=771
101.3J

b. w=-PAV=-190atm(2.80 L —8.30 L) =10.5 L atm x =1060J
L atm
AE=q+w=350.J+1060=14101J
c. w=-PAV=-100atm(29.1 L-11.2L)=-17.9 L atm x 1013 =-1810J

L atm

AE=q+w=1037J-1810J=-770J
w = —PAV; we need the final volume of the gas. Because T and n are constant, P;V; = P,V,.

_ ViP 10.0L(15.0atm)
P, 2.00 atm

=750L

2

101.3J y 1kJ
L atm 1000
=-13.2 kJ = work

w =-PAV =-2.00 atm(75.0 L — 10.0 L) = -130. L atm x

w=-210.J=-PAV, -210J=-P(25L—-10. L), P =14 atm
In this problem, g = w = -950. J.

_950. J x 1L atm
101.3J

= -9.38 L atm of work done by the gases

w=-PAV, 938 L atm = _328 atmx (V¢f—0.040L), Vy—-0.040=110L, V¢;=110L

AE=q+w, ~10250=5250+W, w=-1550x T "
101.3

=-1.530 L atm

w=-PAV, -1.530 L atm = —-0.500 atm x AV, AV =3.06 L
AV =Vi-V;, 3.06L=58.0L -V, V=549 L =initial volume

20.8J

q = molar heat capacity X mol x AT =
°C mol

% 39.1 mol x (38.0 — 0.0)°C = 30,900 J

=30.9kJ

101.3) _

w=-PAV =-1.00 atm x (998 L — 876 L) = —-122 L atm x L -12,400J)=-124KJ
atm

AE=q+w=309kJ+(-12.4 kJ) = 18.5 k]
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40.

H,O(g) —» H.O(l); AE =q+ w; gq=-40.66 kJ; w=-PAV

Volume of 1 mol H,O(l) = 1.000 mol H,O(l) x

3
18.02g ~lcm” _ 18.1¢cm°=18.1 mL

mol 0.996 ¢
101.3J 3
w =-PAV =-1.00 atm x (0.0181 L — 30.6 L) = 30.6 L atm x ot =3.10 x10°J
atm
=3.10kJ

AE =q+ w=-40.66 kJ + 3.10 kJ = -37.56 kJ

Properties of Enthalpy

41.

42.

43.

44,

45,

This is an endothermic reaction, so heat must be absorbed in order to convert reactants into
products. The high-temperature environment of internal combustion engines provides the
heat.

One should try to cool the reaction mixture or provide some means of removing heat because
the reaction is very exothermic (heat is released). The H,SO,(aq) will get very hot and
possibly boil unless cooling is provided.

a.

Heat is absorbed from the water (it gets colder) as KBr dissolves, so this is an
endothermic process.

Heat is released as CH, is burned, so this is an exothermic process.

Heat is released to the water (it gets hot) as H,SQO, is added, so this is an exothermic
process.

Heat must be added (absorbed) to boil water, so this is an endothermic process.
The combustion of gasoline releases heat, so this is an exothermic process.

H,O(g) — H,0O(l); heat is released when water vapor condenses, so this is an exothermic
process.

To convert a solid to a gas, heat must be absorbed, so this is an endothermic process.

Heat must be added (absorbed) in order to break a bond, so this is an endothermic
process.

4 Fe(s) + 3 Oy(g) — 2 Fe,05(s) AH =-1652 kJ; note that 1652 kJ of heat is released when
4 mol Fe reacts with 3 mol O, to produce 2 mol Fe,Os.

a.

b.

4.00 mol Fe x M =-1650 kJ; 1650 kJ of heat released
4 mol Fe
1.00 mol Fe,03 x ﬂ = -826 kJ; 826 kJ of heat released

2mol Fe, 0,
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46.

47.

48.

49.

c. 1.00gFex 1 mol Fe X ~1652kJ =-7.39 kJ; 7.39 kJ of heat released

55.85¢g 4 mol Fe

d 100gFex tMolFe  —1652K) _ ;44

55.859 Fe 4 mol Fe

1mol O, —-1652 kJ

x =-34.4KkJ
32.009 0O, 3mol O,

2.00g O, x

Because 2.00 g O, releases the smaller quantity of heat, O, is the limiting reactant and
34.4 kJ of heat can be released from this mixture.

a. 1.00 mol H,0 x ﬂ = 286 kJ; 286 kJ of heat released

2molH,0

1molH, 5 -572kJ

b. 4.03gH,x
2.016gH, 2molH,

= 572 kJ; 572 kJ of heat released

1mol 0,  —572kJ

c. 18690, x
32.009 O, mol O,

= —-3320 kJ; 3320 kJ of heat released

_ PV _ 1.0atm x 2.0 x 10° L

A N, o = o206 Lt = 8.2 x 10° mol H,
plesbbLam Hogk
K mol
8.2 x 10° mol H, x —572K) —2.3x10°kJ; 2.3 x 10° kJ of heat released
2mol H,

From Example 6.3, q = 1.3 x 10° J. Because the heat transfer process is only 60.%
100.J

efficient, the total energy required is 1.3 x 10°J x =22 x10%).

1mol CgHy _ 44099 C3Hs

Mass CsHg = 2.2 x 108 J x -
2221 x 10° ) mol C3Hg

= 4.4 x10° g CsHg

1molCH, —-891kJ

a. 1.00gCH, x x = -55.5kJ
16.04gCH, molCH,
oy 740.t0rr x am 100 x 10° L
b n= == 5 nggg?_tot” = 39.8 mol CH,
ooesbLalm H98 k
K mol
39.8 mol CH, x 891k _ —3.55 x 10% kJ
mol CH,

When a liquid is converted into gas, there is an increase in volume. The 2.5 kJ/mol quantity is
the work done by the vaporization process in pushing back the atmosphere.
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50. AH = AE + PAV; from this equation, AH > AE when AV > 0, AH < AE when AV < 0, and AH
= AE when AV = 0. Concentrate on the moles of gaseous products versus the moles of
gaseous reactants to predict AV for a reaction.

a. There are 2 moles of gaseous reactants converting to 2 moles of gaseous products, so
AV = 0. For this reaction, AH = AE.

b. There are 4 moles of gaseous reactants converting to 2 moles of gaseous products, so
AV < 0and AH < AE.

c. There are 9 moles of gaseous reactants converting to 10 moles of gaseous products, so
AV >0 and AH > AE.

Calorimetry and Heat Capacity

51. Specific heat capacity is defined as the amount of heat necessary to raise the temperature of
one gram of substance by one degree Celsius. Therefore, H,O(l) with the largest heat
capacity value requires the largest amount of heat for this process. The amount of heat for
H,O(l) is:

4.1
8, 250 g x (37.0°C — 15.0°C) =2.30 x 10°J
g

energy =s X mx AT = —

The largest temperature change when a certain amount of energy is added to a certain mass of
substance will occur for the substance with the smallest specific heat capacity. This is Hg(l),
and the temperature change for this process is:

ergy | 10710 % 10003
AT = - s =140°C
Sxmo Tt 550.g
Cg
52. a. s =specific heat capacity = ?)'é“ = 0.24 since AT(K) = AT(°C)
g
0.24)

Energy =s x m x AT = x 150.0 g x (298 K — 273 K) = 9.0 x 10%J

0

Cg

b. Molar heat capacity = 0.24 X 107.99Ag _ 26

°Cg mol Ag °C mol

0.24J xmx (15.2°C - 12.0°C), m= _1250 1.6 x 10° g Ag
°Cg 0.24 x 3.2

c. 1250J)=

q 1337
mx AT 5009 x (55.1-25.2)°C

53. s = specific heat capacity = =0.890 J/°Ceg

From Table 6.1, the substance is solid aluminum.
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54. s= 5857 =0.139 J/°Ceg
125.6 g x (53.5-20.0)°C
Molar heat capacity = 0.139) X 20069 = 27,97
°Cg molHg  °C mol
55. | Heat loss by hot water | = | heat gain by cooler water |
The magnitudes of heat loss and heat gain are equal in calorimetry problems. The only
difference is the sign (positive or negative). To avoid sign errors, keep all quantities positive
and, if necessary, deduce the correct signs at the end of the problem. Water has a specific
heat capacity = s = 4.18 J/°Ceg = 4.18 J/Keg (AT in °C = AT in K).
4.18)
Heat loss by hot water =s X m x AT = x 50.0 g x (330. K—Ty)
. _ 4.18J ) _ ; .
Heat gain by cooler water = x 30.0 g x (T¢— 280. K); heat loss = heat gain, so:
&EJX (330. K — Ty = 125 x (T¢ —280. K)
6.90 x 10* — 209T¢ = 125T¢ — 3.50 x 10, 334T; = 1.040 x 10°, Tf =311 K
Note that the final temperature is closer to the temperature of the more massive hot water,
which is as it should be.
56. Heat loss by hot water = heat gain by cold water; keeping all quantities positive helps to
avoid sign errors:
4.18 X Mpet X (55.0°C — 37.0°C) = 4.18 % 90.0 g x (37.0°C — 22.0°C)
(o] 0
Cg Cg
(0]
Mhot = 9009 x 15.0°C =75.0 g hot water needed
18.0°C
57. Heat loss by Al + heat loss by Fe = heat gain by water; keeping all quantities positive to

avoid sign error:

0897, 500 g Al x (100.0°C—Ty + OO"C‘JSJ x 10.00 g Fe x (100.0 — Ty
g

_ 4.18]
Cg

4.5(100.0 — Ty) + 4.5(100.0 — Ty) = 407(T; — 22.0), 450 — (4.5)T¢ + 450 — (4.5)T
= 407T; — 8950

x 97.3 g H,0 x (T; — 22.0°C)

416T¢=9850, T¢=23.7°C
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58.

59.

60.

61.

120.J 50.J

Heat released to water = 5.0 g H, x + 10. g methane x ——* =110 x 10%]
H, g methane
Heat gain by water = 1.10 x 10° J = 40'?” x50.0 g x AT
g

AT =5.26°C, 5.26°C = T;—25.0°C, T¢=30.3°C

Heat gain by water = heat loss by metal = s x m x AT, where s = specific heat capacity.
4.18)

Heat gain = oc

x 150.0 g % (18.3°C — 15.0°C) = 2100 J

A common error in calorimetry problems is sign errors. Keeping all quantities positive helps
to eliminate sign errors.

Heat loss = 2100 J =s x 150.0 g x (75.0°C —18.3°C), s = 2100 = 0.25J/°Ceg

150.0g x 56.7°C

Heat gain by water = heat loss by Cu; keeping all quantities positive helps to avoid sign
errors:

‘t-g” x mass x (24.9°C —22.3°C) = 00.200J x 110. g Cu x (82.4°C —24.9°C)
g g

11(mass) = 1300, mass =120 g H,O

50.0 x 107> L x 0.100 mol/L = 5.00 x 10~ mol of both AgNO3 and HCl are reacted. Thus
5.00 x 10~ mol of AgCl will be produced because there is a 1 : 1 mole ratio between
reactants.

Heat lost by chemicals = heat gained by solution

418

Heat gain = % 100.0 g % (23.40 — 22.60)°C =330
g

0

Heat loss = 330 J; this is the heat evolved (exothermic reaction) when 5.00 x 10~ mol of

AQCl is produced. Soq=-3301J and AH (heat per mol AgCl formed) is negative with a
value of:

_ -330J y 1kJ
5.00 x 10° mol 1000

= —66 kJ/mol

Note: Sign errors are common with calorimetry problems. However, the correct sign for AH
can be determined easily from the AT data; i.e., if AT of the solution increases, then the
reaction is exothermic because heat was released, and if AT of the solution decreases, then
the reaction is endothermic because the reaction absorbed heat from the water. For
calorimetry problems, keep all quantities positive until the end of the calculation and then
decide the sign for AH. This will help eliminate sign errors.
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62. NaOH(aq) + HCl(ag) —» NaCl(aq) + H.O(l)
We have a stoichiometric mixture. All of the NaOH and HCI will react.
0.10 L x 2™ _ 4 10 mol of HCl is neutralized by 0.10 mol NaOH.
Heat lost by chemicals = heat gained by solution
Volume of solution = 100.0 + 100.0 = 200.0 mL
Heat gain = 4.18) X (200.0 mL x &j x (31.3-24.6)°C = 5.6 x 10°J = 5.6 kJ
°Cg mL
Heat loss = 5.6 kJ; this is the heat released by the neutralization of 0.10 mol HCI. Because
the temperature increased, the sign for AH must be negative, i.e., the reaction is exothermic.
For calorimetry problems, keep all quantities positive until the end of the calculation and then
decide the sign for AH. This will help eliminate sign errors.
- 256K g kol
0.10 mol
63. Heat lost by solution = heat gained by KBr; mass of solution =125g +10.59g=136¢
Note: Sign errors are common with calorimetry problems. However, the correct sign for
AH can easily be obtained from the AT data. When working calorimetry problems, keep all
quantities positive (ignore signs). When finished, deduce the correct sign for AH. For this
problem, T decreases as KBr dissolves, so AH is positive; the dissolution of KBr is
endothermic (absorbs heat).
. 4181 0 o _ _ .
Heat lost by solution = c x 136 g % (24.2°C — 21.1°C) = 1800 J = heat gained by KBr
g
AH in units of J/g = _1800J 170J/g
10.59g KBr
AH in units of k/mol = /0%, 11909 KBl 1K__ 54 yymol
g KBr mol KBr 1000J
64. NH;NO3(s) — NH,"(aq) + NO3 (aq) AH = ?; mass of solution=75.0 g+ 1.60 g=76.6 g

Heat lost by solution = heat gained as NH,NO3 dissolves. To help eliminate sign errors, we
will keep all quantities positive (q and AT) and then deduce the correct sign for AH at the end
of the problem. Here, because temperature decreases as NH;NO; dissolves, heat is absorbed
as NH4NO; dissolves, so this is an endothermic process (AH is positive).

4.18J

Heat lost by solution = — X 76.6 g % (25.00 — 23.34)°C =532 J = heat gained as

g NH,NO; dissolves
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532 _ 80.05g NH,NO, 1k

= = 26.6 kJ/mol NH4;NO; dissolving
1.60g NH,NO, mol NH,NO, 1000J

65. Because AH is exothermic, the temperature of the solution will increase as CaCly(S)
dissolves. Keeping all quantities positive:

1mol CaCl, 8 81.5kJ
110.98g CaCl, mol CaCl,

=8.08 kJ

heat loss as CaCl, dissolves = 11.0 g CaCl, x

heat gained by solution = 8.08 x 10° J = 40'128‘] x (125 + 11.0) g x (Ts— 25.0°C)
g
3
T¢ —25.0°C = 808x10° _ 14.2°C, T¢=14.2°C + 25.0°C = 39.2°C
4.18 x 136

0.500 mol HCI y 118 kJ heat released
2 mol HCI

66. 0.1000 L x

= 2.95 kJ of heat released if HCI limiting

0.100 mol Ba(CH), y 118 kJ heat released — 3.54 kJ heat released if

0.3000 L x
L mol Ba(OH), Ba(OH), limiting

Because the HCI reagent produces the smaller amount of heat released, HCI is limiting and
2.95 kJ of heat are released by this reaction.

4.18]

Heat gained by solution = 2.95 x 10°J = x 400.0 g x AT
g

0
AT =1.76°C=T;-T;=T¢—25.0°C, T¢ =26.8°C

1molCH, 8 802 kJ
16.04 g mol
= 340. kJ

67. a. Heat gain by calorimeter = heat loss by CH, =6.79 g CH, x

340.kJ

0o

Heat capacity of calorimeter = =315kJ°C

b. Heat loss by C,H, = heat gain by calorimeter = 16.9°C x =532 kJ

31.5kJ
0

A bomb calorimeter is at constant volume, so the heat released/gained = qy = AE:

~532kJ 26.04 ¢

x =-1.10 x 10° kJ/mol
126 gC,H, molC,H,

AEcomb =

68. First, we need to get the heat capacity of the calorimeter from the combustion of benzoic
acid. Heat lost by combustion = heat gained by calorimeter.

26.42 kJ

Heat loss = 0.1584 g x =4.185KJ
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_ 4.185kJ

Heat gain = 4.185 k] = Cy X AT, Cey = =1.65 kJ/°C
2.54°C

Now we can calculate the heat of combustion of vanillin. Heat loss = heat gain.
1.65 kJ

°C

Heat gain by calorimeter = x 3.25°C =5.36 kJ

Heat loss = 5.36 kJ, which is the heat evolved by combustion of the vanillin.

AEomp = =536k _ -25.2KJg; AEcmp= —252k x 152.149 _ —3830 kJ/mol
0.2130¢g g mol
Hess's Law
69. Information given:
C(s) + Ox(g) = CO4(g) AH =-393.7 kJ
CO(g) + 1/2 O4(g) —> CO4(g) AH =-283.3 kJ
Using Hess’s law:
2 C(s) + 2 0,5(g) — 2 CO4(9) AH; = 2(-393.7 kJ)
2 CO,(g) > 2 CO(g) + O2(9) AH, = -2(-283.3 kJ)
2 C(s) + Oy(g) > 2 CO(0) AH = AH; + AH, = -220.8 kJ

Note: When an equation is reversed, the sign on AH is reversed. When the coefficients in a
balanced equation are multiplied by an integer, then the value of AH is multiplied by the
same integer.

70. Given:
CaHa(g) + 5 05(g) — 4 CO,(g) + 2 H,O(1) AHgoms = —2341 kJ
C4Hs(g) + 6 O2(g) — 4 COx(g) + 4 HO(I) AHeomp = —2755 kJ
Ha(g) + 1/2 O4(g) — H.0(l) AHeoms = —286 kJ

By convention, H,O(l) is produced when enthalpies of combustion are given, and because
per-mole gquantities are given, the combustion reaction refers to 1 mole of that quantity
reacting with O,(g).

Using Hess’s law to solve:

CaHa(g) + 5 0x(g) — 4 CO,(g) + 2 H,0() AH, = —2341 KJ
4 COz(g) +4 HZO(I) —> C4H3(g) +6 Oz(g) AH, = — (—2755 k\])
2 Ha(g) + O2(g) — 2 H0(1) AHz = 2(-286 kJ)

C4H4(9) + 2 Ha(g) — CaHs(0) AH = AH; + AH, + AH; = —158 kJ
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71. 2 No(g) + 6 Ha(g) — 4 NHs(g) AH =-2(92 kJ)
6 H0(g) = 6 Ha(Q) + 3 0x(g)  AH = —3(-484 kJ)

2 N3(9) + 6 H,0(g) > 3 02(g) + 4 NH3(g) AH =1268 kJ

No, because the reaction is very endothermic (requires a lot of heat to react), it would not be a
practical way of making ammonia because of the high energy costs required.

72. CIF+120,— 12CLO+12F,0  AH=1/2(167.4 kJ)
1/2 CLO + 312 F,0 — CIF;+ 0, AH=—1/2(341.4 kJ)
F,+1/20, > F,0 AH = 1/2(-43.4 KJ)
CIF(g) + Fo(g) — CIFs AH = ~108.7 kJ
73. NO + O3 — NO, + O, AH =-199 kJ
3/2 0, — Os AH = —1/2(-427 kJ)
0120, AH = -1/2(495 kJ)
NO(g) + O(g) — NOx(g) AH =233 kJ

74. We want AH for NoH4(1) + Ox(g) — Na(g) + 2 H,O(1). Tt will be easier to calculate AH for
the combustion of four moles of N,H, because we will avoid fractions.

9H,+9/20, > 9H,0 AH =9(-286 kJ)
3 NzHs +3H,0 - 3N,O+9H, AH =-3(-317 kJ)
2NH;+3N,O—>4N,+3H,0 AH =-1010. kJ
NzH; + H,O — 2 NH; + 1/2 O, AH = — (-143 kJ)

4 NoHy(l) + 4 05(g) — 4 Ny(g) + 8 H,0(1) AH = -2490. k]

For NoHa(l) + 0x(g) — Na(g) + 2 H,O0(1) AH = #O'kj = 623 kJ

Note: By the significant figure rules, we could report this answer to four significant figures.
However, because the AH values given in the problem are only known to £1 kJ, our final

answer will at best be +1 kJ.

75. CaC,—> Ca+2C AH = — (-62.8 kJ)
CaO + H,0 — Ca(OH), AH =-653.1 kJ
2CO,+H;0 — C,H,+5/20, AH = — (~1300. kJ)
Ca+1/20, — CaO AH = 6355 kJ
2C+20, —» 2CO, AH = 2(~393.5 kJ)

CaC,(s) + 2 H,O(l) —» Ca(OH),(aq) + C,H2(9) AH =-713 KJ
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76. P,O10— P4+ 50, AH = — (-2967.3 k)
10 PCl; + 5 0,— 10 CLI;PO AH = 10(~285.7 kJ)
6 PCls— 6 PCl; + 6 Cl, AH = —6(-84.2 kJ)
P,+6Cl, — 4 PCl; AH =-12256
P,O10(s) + 6 PCls(g) — 10 CLLPO(g) AH =-610.1 kJ

Standard Enthalpies of Formation

77. The change in enthalpy that accompanies the formation of 1 mole of a compound from its
elements, with all substances in their standard states, is the standard enthalpy of formation for
a compound. The reactions that refer to AH ¢ are:

Na(s) + 1/2 Cly(g) — NaCl(s); Ha(g) + 1/2 Ox(g) — H,0(l)
6 C(graphite, s) + 6 Ha(g) + 3 Ox(g) — CeH1206(S)
Pb(s) + S(rhombic, s) + 2 Ox(g) — PbSO4(S)
78. a. Aluminum oxide = Al,O3; 2 Al(S) + 3/2 Ox(g) — Al,03(S)
b. CaHsOH(I) + 3 Ox(g) — 2 CO(g) + 3 H0(l)
c. NaOH(aq) + HCl(aq) — HO(l) + NaCl(aq)
d. 2 C(graphite, s) + 3/2 H,(g) + 1/2 Cl,(g) — C,H3CI(g)

Note: AHgmp Values assume 1 mole of compound combusted.
f. NH,Br(s) — NH,"(aq) + Br (aq)

79. Ingeneral, AH®°=XnyAH{ | o — 2N AH; oo, @nd all elements in their standard
state have AH; = 0 by definition.

a. The balanced equation is 2 NH3(g) + 3 O,(g) + 2 CH4(g) — 2 HCN(g) + 6 H,O(g).
AH® = (2 mol HCN x AHg |, + 6 mol HO(g) x AH;’HZO)
— (2 mol NH3 % AH;’NH3 + 2 mol CH, x AH;'CH“)

AHC = [2(135.1) + 6(-242)] - [2(-46) + 2(~75)] = —940. k]
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b. Cag(PO4)2(S) +3 HZSO4(I) —3 CaSO4(S) +2 H3PO4(|)

mol mol

- {1 mol Cas(PO,), (s)(#zjkq +3mol sto4(|)[‘814 kJJ }

mol
AH° = —6833 kJ — (—6568 kJ) = —265 kJ

c. NHs(g) + HCI(g) — NH4CI(s)

AH® = (1 mol NH,CI x AH¢ ) — (L mol NHz x AH{ , + 1 mol HCI x AH{ )

AH°® = |1mol —814kJ) | _ 1 mol —46kJ +1mol —92K]
mol mol mol

AH°® =-314 kJ + 138 kJ = -176 kJ

80. a. The balanced equation is C,HsOH(l) + 3 Ox(g) — 2 CO2(g) + 3 H.0(0).

ARC = | 2 mol —393.5kJ 3 mol —242KkJ _1mol - 278 kJ
mol mol mol

AH® =-1513 kJ — (-278 kJ) = -1235 kJ

b. SiCla(l) + 2 H0(1) — SiOx(s) + 4 HCI(aq)

Because HCl(aq) is H(aqg) + CI"(ag), AH;=0 - 167 =-167 kJ/mol.

are = | 4mol| ZX87K) g ot [ IR g ot Z88TKI ) | 5 ot 288K
mol mol mol mol

AH® = -1579 kJ — (-1259 kJ) = —-320. kJ

. MgO(s) + H20(1) — Mg(OH)(s)
AH® = {1 mol(_925 kJH - {1 mol(_602 kjj +1mol(_286 kjﬂ
mol mol mol

AHP = 925 kJ — (—888 kJ) = —37 kJ

81. a. 4 NH3(g) +5 Oz(g) —4 NO(g) +6 HzO(g), AH® = Z np AH; products Z N AH; reactants

AH° = | 4 mol 90.kJ +6mol —242K) )| 4 mol —46kJ =-908 kJ
mol mol mol
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82.

4 Na(s) + Ox(g) > 2 Na,O(s) AH°=2 mol(

2 NO(g) + O2(9) — 2 NO2(9)

AH° = 2mo|(34kjj - 2mol[90'kJJ =-112 kJ
mol mol

3 NOx(g) + H,O(I) — 2 HNO3(aq) + NO(g)

AH° = | 2 mol — 207K +1mol 0.k _ 3 mol 34Kk
mol mol mol

Note: All AH; values are assumed +1 kJ.

12 NHs(g) + 15 O,(g) — 12 NO(g) + 18 H,0(g)
12 NO(g) + 6 O5(g) —> 12 NO(g)
12 NO4(g) + 4 H,0(l) — 8 HNOs(aq) + 4 NO(g)
4 H,0(g) — 4 H,0(l)

Jamaf 225K

-140. kKJ

12 NHs(g) + 21 O4(g) — 8 HNOs(aq) + 4 NO(g) + 14 H,0(g)

The overall reaction is exothermic because each step is exothermic.

—416 kJ
mol

2 Na(s) + 2 H,O(l) > 2 NaOH(aq) + Hx(9)

AH® = | 2 mol [Mj | 2mol (‘286 kJJ = 368 kJ
mol mol

2Na(s) + CO,(g) — Na,O(s) + CO(g)

AH® = 1mo|(_416kjj +1mol(ﬂj - 1mo|(
mol mol

j =-832 kJ

-393.5kJ

ﬂ =-133 kJ
mol

In Reactions 2 and 3, sodium metal reacts with the "extinguishing agent.” Both reactions are
exothermic, and each reaction produces a flammable gas, H, and CO, respectively.

83. 3 AI(s)+ 3 NH.CIO4(s) — AlOs(s) + AICIs(s) + 3 NO(g) + 6 H,0(q)

AH° = | 6 mol (_242 kJj+3 mol [90' kJj+1mol(
mol mol

j (—1676 kJﬂ
+1mol] ——
mol

- {3 mol (_ 295K] H = 2677 kJ
mol
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84.

85.

86.

5 N204(|) +4 N2H3CH3(|) — 12 HQO(g) +9 Nz(g) +4 COz(g)
At = |12mol [ 222K g ol Z3935K
mol mol
— |5mol (_20' ij+ 4 mol (54 kjj = 4594 kJ
mol mol

2 CIF3(g) + 2 NHy(g) — N(g) + 6 HF(g) + Cl(g)  AH° = 1196 kJ

AH® = (6 AH ) — (2AHY R, + 2AHF NH,)

—271kJ
mol

-1196 kJ =6 mol(

j —2AH{ ¢ -2 mol(_46 kjj

mol

(-1626 + 92 +1196) kJ _ —169 kJ

—-1196 kJ = -1626 k] — 2 AH? +92kJ, AH? =
f, CIF, f, CIF, > mol mol

CaHa(g) + 3 Ox(g) — 2 COx(g) + 2 HO(l)  AH® = —1411.1 kJ
AH° = -1411.1 k] = 2(-393.5) k] + 2(-285.8) Kl — AH; . ,,.

~1411.1k) =-1358.6 k) — AH; o ,, , AH; ., =52.5 ki/mol

Energy Consumption and Sources

87.

88.

89.

90.

C(s) + H,O(g) > Ha(g) + CO(g) AH° =-110.5 kJ — (-242 kJ) = 132 kJ
CO(g) + 2 Hy(g) — CHiOH(l) AH® =239 kJ — (~110.5 kJ) = 129 kJ

AHP = [2(~393.5 kJ) + 3(~286 kJ)] — (~278 kJ) = —1367 ki/mol ethanol

—1367 kJ 1 mol

x =-29.67 ki/g
mol 46.07 g

CH3OH(I) + 3/2 Oy(g) — CO(9) + 2 Hz0(l)

AHP = [-393.5 ki + 2(~286 kJ)] — (~239 kJ) = —727 kJ/mol CH,OH

—727 kJ 1 mol

X = —22.7 kJ/g versus —29.67 kJ/g for ethanol (from Exercise 89)
mol 32.04¢

Ethanol has a slightly higher fuel value per gram than methanol.
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AHP = [3(~393.5 ki) + 4(-286 kJ)] — (~104 kJ) = —2221 kJ/mol C5Hs

_ —-50.37 kJ
2221k X tmol _ versus —47.7 kJ/g for octane (Example 6.11)
mol 44.09¢ g

The fuel values are very close. An advantage of propane is that it burns more cleanly. The

boiling point of propane is —42°C. Thus it is more difficult to store propane, and there are
extra safety hazards associated with using high-pressure compressed-gas tanks.

92. 1 mole of C,H,(g) and 1 mole of C4H10(g) have equivalent volumes at the same T and P.

Enthalpy of combustion per volume of C,H, _ enthalpy of combustion per mol of C,H,

Enthalpy of combustion per volume of C,H;, enthalpy of combustion per mol of C,H,,

—49.9k]  26.04gC,H,
Enthalpy of combustion per volumeof C,H, _ g CyH, molC,H,  _ 0.452
Enthalpy of combustion per volume of C4H, —49.5kJ y 58.129 C,Hy, '

g CyHyg mol C4Hyj

More than twice the volume of acetylene is needed to furnish the same energy as a given
volume of butane.

93. The molar volume of a gas at STP is 22.42 L (from Chapter 5).

1molCH,  22.42LCH,

4.19 x 10° kJ x x
891 kJ mol CH,

=1.05x 10° L CH,

3.785L 5 1000 mL 8 1.00¢9

94, Mass of H,O = 1.00 gal x
gal L mL

=3790 g H,0

Energy required (theoretical) =s x m x AT = 402':8 :
9

For an actual (80.0% efficient) process, more than this quantity of energy is needed since heat
is always lost in any transfer of energy. The energy required is:

x 3790 g x 10.0 °C = 1.58 x 10° J

158 x 10°J x 1993 _ 1 98 x 10°
80.0J

1molC,H,  26.04gC,H,

Mass of CoH, = 1.98 x 10° ] x ;
1300.x10°J  mol C,H,

=3.97 g CoH,

Additional Exercises

8 5500 kJ 5 1mol H,0 5 18.02g H,0
h 40.6 kJ mol

95. 20h

= 4900 g = 4.9 kg H,0
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96.

97.

98.

99.

From the problem, walking 4.0 miles consumes 400 kcal of energy.

1 1b fat x

a.

4549 8 7.7 kcal N 4mi 1h

x -=87h=9h
g 400 kcal 4 mi

2 SO5(9) + O4(g) = 2 SO4(g); w = —PAYV; because the volume of the piston apparatus
decreased as reactants were converted to products (AV < 0), w is positive (w > 0).

COCly(g) — CO(g) + Cly(qg); because the volume increased (AV > 0), w is negative
(w<0).

N2(g) + O2(g) —> 2 NO(g); because the volume did not change (AV = 0), no PV work is
done (w = 0).

In order to predict the sign of w for a reaction, compare the coefficients of all the product
gases in the balanced equation to the coefficients of all the reactant gases. When a balanced
reaction has more moles of product gases than moles of reactant gases (as in b), the reaction
will expand in volume (AV positive), and the system does work on the surroundings. When
a balanced reaction has a decrease in the moles of gas from reactants to products (as in a), the
reaction will contract in volume (AV negative), and the surroundings will do compression
work on the system. When there is no change in the moles of gas from reactants to products
(asinc), AV=0and w=0.

a.

N2(g) + 3 Hx(g) — 2 NHs(g); from the balanced equation, 1 molecule of N, will react
with 3 molecules of H, to produce 2 molecules of NH;. So the picture after the reaction
should only have 2 molecules of NH; present. Another important part of your drawing
will be the relative volume of the product container. The volume of a gas is directly
proportional to the number of gas molecules present (at constant T and P). In this
problem, 4 total molecules of gas were present initially (1 N, + 3 H,). After reaction,
only 2 molecules are present (2 NH;). Because the number of gas molecules decreases
by a factor of 2 (from 4 total to 2 total), the volume of the product gas must decrease by a
factor of 2 as compared to the initial volume of the reactant gases. Summarizing, the
picture of the product container should have 2 molecules of NH; and should be at a
volume which is one-half the original reactant container volume.

w = —PAV; here the volume decreased, so AV is negative. When AV is negative, w is
positive. As the reactants were converted to products, a compression occurred which is
associated with work flowing into the system (w is positive).

C12H22011(S) +12 Oz(g) — 12 COz(g) +11 HZO(I)
A bomb calorimeter is at constant volume, so heat released = gy = AE:

E= —24.00 kJ 8 342309 _

—5630 kJ/mol C;,H,,0
1469 mol Sl

PV =nRT; atconstant P and T, PAV = RTAn, where An = moles of gaseous products —
moles of gaseous reactants.

At constant P and T: AH = AE + PAV = AE + RTAn
For this reaction, An= 12 — 12 =0, so AH = AE = -5630 kJ/mol.
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100.

101.

102.

103.

w = -PAV; An = moles of gaseous products — moles of gaseous reactants. Only gases can do
PV work (we ignore solids and liquids). When a balanced reaction has more moles of
product gases than moles of reactant gases (An positive), the reaction will expand in volume
(AV positive), and the system will do work on the surroundings. For example, in reaction c,
An =2 — 0 =2 moles, and this reaction would do expansion work against the surroundings.
When a balanced reaction has a decrease in the moles of gas from reactants to products (An
negative), the reaction will contract in volume (AV negative), and the surroundings will do
compression work on the system, e.g., reaction a, where An =0 — 1 = -1. When there is no
change in the moles of gas from reactants to products, AV = 0 and w = 0, e.g., reaction b,
where An=2 -2 =0.

When AV > 0 (An > 0), then w < 0, and the system does work on the surroundings (c and e).
When AV <0 (An < 0), then w > 0, and the surroundings do work on the system (a and d).
When AV =0 (An = 0), then w = 0 (b).

AEoveran = AEgiep1 + AEgep 2; this is a cyclic process, which means that the overall initial state
and final state are the same. Because AE is a state function, AEgeran = 0 and AEgep1 = —
AEstep 2-

AEgep1=q+w=45J+(-10.J) =35

AEstepz = _AEstepl = _35 \] = q + W, _35 \] = _60 \] + W, W= 25\]

2 K(s) + 2 H,O(l) — 2 KOH(aq) + Ha(g) AH® = 2(~481 kJ) — 2(~286 kJ) = -390. kJ

Imol K —390. kJ

5.00g K x x
39.10g K 2mol K

=-249KJ

24.9 kJ of heat is released on reaction of 5.00 g K.
4.18)
g°C

Final temperature = 24.0 + 5.96 = 30.0°C

24,900

24,900 J =
4.18 x 1.00x10°

x (1.00 x 10° g) x AT, AT = =5.96°C

HNO3(aq) + KOH(ag) — H.O(l) + KNO3(aq) AH =-56 kJ

0.400 mol HNO, »« 96 kJ heat released
L mol HNO,

0.2000 L x

= 4.5 kJ heat released if HNO; limiting

0.500 mol KOH » 56 kJ heat released
mol KOH

0.1500 L x

= 4.2 kJ heat released if KOH limiting

Because the KOH reagent produces the smaller quantity of heat released, KOH is limiting
and 4.2 kJ of heat released.
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104.

105.

106.

107.

Na,SO4(aqg) + Ba(NOs)2(ag) — BaSO4(s) + 2 NaNOs(ag) AH=?

2.00 mol Na,SO, y 1mol BaSO,
L mol Na,SO,

1.00 L x

= 2.00 mol BaSQ, if Na,SO, limiting

0.750 mol Ba(NO;), y 1mol BaSO,
L mol Ba(NO;),

2.00 L x

= 1.50 mol BaSQ, if Ba(NO3), limiting

The Ba(NO;), reagent produces the smaller quantity of product, so Ba(NOs), is limiting and
1.50 mol BaSO, can form.

Heat gain by solution = heat loss by reaction

) 1000mL  2.00¢ 3
Mass of solution =3.00 L x X oL =6.00x10°¢g
. . 637 3 _ 5
Heat gain by solution = oc % 6.00 x 10° g % (42.0 — 30.0)°C =4.59 x 10°J
g

Because the solution gained heat, the reaction is exothermic; q = —4.59 x 10° J for the
reaction.
~4.59 x 10°J

= = -3.06 x 10° J/mol = —306 kJ/mol
1.50 mol BaSO,

|Gsurr] = |Gsotution + Jear|; We normally assume that gy is zero (no heat gain/loss by the calori-
meter). However, if the calorimeter has a nonzero heat capacity, then some of the heat
absorbed by the endothermic reaction came from the calorimeter. If we ignore gca, then Qsyr is
too small, giving a calculated AH value that is less positive (smaller) than it should be.

The specific heat of water is 4.18 J/°Ceg, which is equal to 4.18 kJ/°Cekg.

4.18 kJ

We have 1.00 kg of H,O, so: 1.00 kg x =4.18 kJ/°C
g

This is the portion of the heat capacity that can be attributed to H,O.

Total heat capacity = Cy + CHzo , Ce1=10.84-4.18=6.66 ki/°C

Heat released = 1.056 g x 26.42 kJ/g = 27.90 kJ = heat gain by water and calorimeter

0 0

Heat gain = 27.90 kJ = (4'18kkj x 0.987 kg x AT] + (6'66 k) X AT]
g

27.90 = (4.13 + 6.66)AT = (10.79)AT, AT = 2.586°C

2.586°C =T¢ —23.32°C, T¢=25.91°C



206 CHAPTER6 THERMOCHEMISTRY

108.  For Exercise 83, a mixture of 3 mol Al and 3 mol NH,CIO, yields 2677 kJ of energy. The
mass of the stoichiometric reactant mixture is:

(3 mol x 26989) + (3 mol x wj =433.41¢

mol mol
For 1.000 kg of fuel: 1.000 x 10° g x Z2677K _ —6177 kJ
433.419

In Exercise 84, we get 4594 kJ of energy from 5 mol of N,O, and 4 mol of N,H3;CH;. The
mass is (5 mol x 92'02|gj + (4 mol x %) = 644.42 kJ.

mo mo
For 1.000 kg of fuel: 1.000 x 10° g x —4594K _ —7129 KJ
644.429

Thus we get more energy per kilogram from the N,O,/N,H3;CH3 mixture.

109. 12D - 1/2A + B AH =-1/6(—-403 kJ)
12E + F - 12A AH = 1/2(-105.2 kJ)
12C —> 1/2E + 3/2D AH 1/2(64.8 kJ)

F+12C > A +B+D AH

47.0 kJ
110. To avoid fractions, let's first calculate AH for the reaction:

6 FeO(s) + 6 CO(g) — 6 Fe(s) + 6 CO(g)

6 FeO+2CO, > 2Fe;0,+2CO AH° =-2(18 kJ)
2 Fes0,4 + CO, —» 3Fe,03 + CO AH° = - (-39 KJ)
3Fe,0;+9CO -6 Fe+9CO;, AH° = 3(-23 kJ)
6 FeO(s) + 6 CO(g) — 6 Fe(s) + 6 CO,(g) AH° = —-66 kJ
-66kJ _

So for FeO(s) + CO(g) — Fe(s) + CO,(g), AH°= =-11kJ.

111.  a. AH° =3 mol(227 kJ/mol) — 1 mol(49 ki/mol) = 632 kJ

b. Because 3 C,H(g) is higher in energy than CgHg(l), acetylene will release more energy
per gram when burned in air. Note that 3 moles of C,H; has the same mass as 1 mole of
CsHe.
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112. I(9) + Cl(g) — ICI(9) AH = - (211.3 KJ)
1/2 Cly(g) —> CI(9) AH = 1/2(242.3 kJ)
1/2 1,(g) — 1(9) AH = 1/2(151.0 kJ)
12 1,(s) — 1/215(g) AH = 1/2(62.8 kJ)
1/2 15(s) + 1/2 Cly(g) — ICI(g) AH = 16.8 kJ/mol = AH? |,
113.  Heat gained by water = heat lost by nickel = s x m x AT, where s = specific heat capacity.
Heat gain = jéBJ x 150.0 g % (25.0°C —23.5°C) =940 J
g
A common error in calorimetry problems is sign errors. Keeping all quantities positive helps
to eliminate sign errors.
Heat loss = 940 J = 04447 mass X (99.8 — 25.0) °C, mass = 90 28¢
°Cg 0.444 x74.8
. . _ 156kJ o _ _ -
114.  Heat gain by calorimeter = ———x 3.2°C = 5.0 kJ = heat loss by quinine
Heat loss = 5.0 kJ, which is the heat evolved (exothermic reaction) by the combustion of
0.1964 g of quinone. Because we are at constant volume, gy = AE.
ABms = —20K _ o5 kil ABem = — 22K 108099 _ o760 ka/mol
0.1964 ¢ g mol
115.  a. C,H4(g) + O3(g) » CH3CHO(g) + O2(g) AH° =-166 kJ — [143 kJ + 52 kJ] = -361 kJ
b. Os(g) + NO(g) > NO,(g) + Ox(g) AH°® =34 kJ —[90. kJ + 143 kJ] =—199 kJ
c. SOs(g) + H.0(l) > HSO4(aq) AH® =-909 kJ — [-396 kJ + (—286 kJ)] = —227 kJ
d. 2NO(Q) + O2g) > 2 NOy(g) AH°=2(34) kJ—2(90.) ki =-112 kJ
ChemWork Problems

The answers to the problems 116-123 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

124,

Only when there is a volume change can PV work be done. In pathway 1 (steps 1 + 2), only
the first step does PV work (step 2 has a constant volume of 30.0 L). In pathway 2 (steps 3 +
4), only step 4 does PV work (step 3 has a constant volume of 10.0 L).
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. 101.3J
Pathway 1: w = -PAV =-2.00 atm(30.0 L — 10.0 L) =—40.0 L atm x L at
atm
=-4.05x 10°J
. 101.3J
Pathway 2: w = —PAV =-1.00atm(30.0 L — 10.0 L) =-20.0 L atm x ot
atm
=-2.03x10°J
Note: The sign is negative because the system is doing work on the surroundings (an
expansion). We get different values of work for the two pathways; both pathways have the
same initial and final states. Because w depends on the pathway, work cannot be a state
function.
125.  A(l) > A(9)  AHysp = 30.7 KJ; at constant pressure, AH = ¢, = 30.7 kJ
Because PV = nRT, at constant pressure and temperature: w = —-PAV = —RTAn, where:
An = moles of gaseous products — moles of gaseous reactants =1 -0=1
w = —RTAn = —8.3145 J/Kemol(80. + 273 K)(1 mol) = -2940 J = —2.94 kJ
AE=q+w=30.7kJ+(-2.94 kJ) =27.8 kJ
3
126.  Energy needed = 20. x 1079 CypH0p 1mol C,,H,0, . 2040 K _ 3.3 x 10° kJ/h
h 342.39C,H,,0,; mol
Energy from sun = 1.0 kW/m? = 1000 W/m’ = 10002J _ 10 sz
sm sm
10,000 m? x 2 kj . B0 B0MIN _ 56« 107Ky
sm min
5
Percent efficiency = energy used per hour x 100 = 33 x10°KJ x 100 = 0.92%
total energy per hour 3.6 x 10" kJ
127.  Energy used in 8.0 hours = 40. kWh = 40.kIh X 3600s _ 1.4 x 10° kJ
S
Energy from the sun in 8.0 hours = 10. kZJ x 60_5 « 80MIN . 80h=29x 10" ki/m?
sm min
Only 19% of the sunlight is converted into electricity:
0.19 x (2.9 x 10" kJ/m?) x area = 1.4 x 10° kJ, area =25 m’
128. a. 2 HNOs(aq) + NaCOs(s) — 2 NaNOs(aq) + H,O(l) + CO2(Q)

AHP = [2(—467 kJ) + (=286 kJ) + (~393.5 kJ)] — [2(~207 kJ) + (~1131 k)] = —69 kJ
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129.

130.

131.

4qt X 946 mL X 1429 _ 1.1 x 10° g of concentrated nitric
gal qt mL acid solution

70.0g HNO,
100.0 g solution

2.0 x 10" gallons x

1.1 x 10° g solution x =7.7x 10" g HNO;
1mol HNO, 1mol Na,CO, y 105.99 g Na,CO,

X
63.02 g HNO, 2 mol HNO, mol Na,CO,
= 6.5 x 10" g Na,COs

7.7 x 10’ g HNO; x

1mol HNO, —69 kJ

x =-4.2x10"kJ
63.02g HNO, 2 mol HNO,

7.7 x 10" g HNO; x

4.2 x 10" kJ of heat was released.

b. They feared the heat generated by the neutralization reaction would vaporize the
unreacted nitric acid, causing widespread airborne contamination.

4.18kJ
kcal

400 kcal x =1.7x10°kI~2 x 10° kJ

PE = mgz = [180|b NEEL Jx o8lm [Sin . 2odem _im

2.2051b 2 in 100 cm

j=160\] ~ 2001
S

200 J of energy is needed to climb one step. The total number of steps to climb are:

2 x 10° ) x LSteP =1 x 10" steps
200
H,(g) + 1/2 O,(g) —> HO(l) AH° = AH?’HZO(,) = —285.8 kJ; we want the reverse reaction:

H,0(I) — Ha(g) + 1/2 0x(g) AH° =285.8 ki

w = —PAV; because PV = nRT, at constant T and P, PAV = RTAn, where An = moles of
gaseous products — moles of gaseous reactants. Here, An= (1 mol H, + 0.5 mol O,) — (0) =
1.50 mol.

AE° = AH° - PAV = AH° — RTAn

AE° = 285.8 k] — | 8.3145J/K.mol x 298 K x LK)
1000 J

x 1.50 moIJ

AE° =285.8kJ —-3.72 k] =282.1 kJ
There are five parts to this problem. We need to calculate:
(1) g required to heat H,O(s) from —30. °C to 0°C; use the specific heat capacity of H,O(s)

(2) qrequired to convert 1 mol H,O(s) at 0°C into 1 mol H,O(l) at 0°C; use AHsysion
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132.

(3) qrequired to heat H,O(l) from 0°C to 100.°C; use the specific heat capacity of HO(l)

(4) qrequired to convert 1 mol H,O(l) at 100.°C into 1 mol H,0(g) at 100.°C;
use AHvaporization

(5) qrequired to heat H,O(g) from 100.°C to 140.°C; use the specific heat capacity of
H,0(g)

We will sum up the heat required for all five parts, and this will be the total amount of heat
required to convert 1.00 mol of H,O(s) at —30.°C to H,O(g) at 140.°C.

Gy = 2.03 J/°Ceg x 18.02 g x [0 — (=30.)]°C = 1.1 x 10°J

g2 = 1.00 mol x 6.02 x 10° J/mol = 6.02 x 10° J

(s = 4.18 J/°Ceg x 18.02 g x (100. — 0)°C = 7.53 x 10°J

s = 1.00 mol x 40.7 x 10% J/mol = 4.07 x 10*J

Gs = 2.02 J/°Ceg x 18.02 g x (140. — 100.)°C = 1.5 x 10°J

Grotal = 01 + 02 + 3 + G + G5 = 5.69 x 10* J = 56.9 kJ

When a mixture of ice and water exists, the temperature of the mixture remains at 0°C until
all of the ice has melted. Because an ice-water mixture exists at the end of the process, the
temperature remains at 0°C. All of the energy released by the element goes to convert ice into

water. The energy required to do this is related to AHyyion = 6.02 kd/mol (from Exercise 131).

Heat loss by element = heat gain by ice cubes at 0°C

1molH,0 ~ 6.02kJ

Heat gain = 109.5 g H,0 x
18.02¢g mol H,0

=36.6 kJ

Specific heat of element = g = 36,600 =0.375J/°Ceg

massx AT~ 500.0g x (195—0)°C

Integrative Problems

133.

Ny(g) + 2 0x(g) > 2NOJg) AH=67.7k]

q =PV _ 350atmx0250L
“+” RT 008206 Latm
K mol

=2.86 x 1072 mol N,

x 373K

_ ﬂ _ 3.50atm x 0.450 L
% RT 0.08206 L atm
K mol

n =5.15 x 1072 mol O,

x 373K
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2.86 x 1072 mol N, x M =5.72 x 1072 mol NO, produced if N is limiting.
1mol N,

5.15 x 1072 mol O, x M =5.15% 1072 mol NO, produced if O is limiting.
2mol O,

O, is limiting because it produces the smaller quantity of product. The heat required is:

5.15 x 102 mol NO, x _67TK 1.74 kJ

2mol NO,
134.  a. 4 CH3NOy(I) + 3 05(g) — 4 CO4(g) + 2 N2(g) + 6 H,0(Q)

AH? . =-1288.5 k] = [4 mol(-393.5 kJ/mol) + 6 mol(-242 kJ/mol)] —

[4 moI(AH?’ CH,NO, )]
Solving: AH{ ¢y no, = —434 ki/mol

b.  Pita = 950. torr x Latm
0 torr

=125atm; Py, = Py X 7N, = 1.25atm x 0.134
=0.168 atm

0.168atm x 15.0 L

- = 0.0823 mol N
"N: = 008206 Latm _ 3k Motz
K mol
0.0823 mol N, x % =231gN,
mol N,

135.  Heat loss by U = heat gain by heavy water; volume of cube = (cube edge)®

Mass of heavy water = 1.00 x 10° mL x 111g

=1110g

4.211)

°C

Heat gain by heavy water = x 1110 g x (28.5 - 25.5)°C = 1.4 x 10"

0.117J
OCg

Heat loss by U= 1.4 x 10*J = x mass x (200.0 — 28.5)°C, mass =7.0x 10°gU

3
l1cm 13

7.0x10*°g U x 9050 - 37 cm®; cube edge = (37 cm?)
Vo g

=3.3cm
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Marathon Problems
136.  Pathway I:

Step 1: (5.00 mol, 3.00 atm, 15.0 L) — (5.00 mol, 3.00 atm, 55.0 L)

W = —PAV = —(3.00 atm)(55.0 L — 15.0 L) = —120. L atm

101.3J y 1kJ
Latm  1000J

w =-120. L atm x =-122KJ

Step 1 is at constant pressure. The heat released/gained at constant pressure = ¢, = AH.
From the problem, AH = nCyAT for an ideal gas. Using the ideal gas law, let’s substitute
for AT.

A(PV)

A(PV) = A(RT) = nRAT for a specific gas sample. So: AT = R
n

APPV) _ CARY)

AH = g, = nC,AT = nC, x
o p p R

Note: A(PV) = (Psz — P1V1)

. . 5 T .
For an ideal monatomic gas, C, = ER; substituting into the above equation:

RLLIN N
2 R 2

AH=q,= EA(PV) = E(3.00 atm x 55.0 L — 3.00 atm x 15.0 L) = 300. L atm
P2 2

101.3J y 1kJ
Latm  1000J

AH = g, = 300. L atm x =30.4 kJ

AE=q+w=304%k]-122kJ=18.2kJ

Note: We could have used AE = nC,AT to calculate the same answer (AE = 18.2 kJ).
Step 2: (5.00 mol, 3.00 atm, 55.0 L) — (5.00 mol, 6.00 atm, 20.0 L)

In this step, neither pressure nor volume are constant. We will need to determine g in a

different way. However, it will always hold for an ideal gas that AE = nC,AT and AH =
NC,AT.

AE =nC\,AT = n(%RJ (A(PV)) = gAPV

nkR

AE = 2(120. —165) L atm = —67.5 L atm (Carry an extra significant figure.)

101.3J y 1kJ
Latm 1000

AE =-67.5 L atm x =-6.8 kJ
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AH =nC,AT = n ER M ZEAPV
2 nR 2

AH = 2(120. —165) L atm =-113 L atm (Carry an extra significant figure.)

w = —PAV = —(6.00 atm)(20.0 — 55.0) L = 210. L atm

101.3J y 1kJ
Latm 1000

w = 210. L atm x =21.3kJ

AE=q+w, —6.8kl=q+21.3kJ, q=—-28.1kJ

Summary: Path | Step 1 Step 2 Total
q 304k) —-28.1kJ 2.3KJ
w -12.2 kJ 21.3kJ 9.1kJ
AE 18.2 kJ —6.8 kJ 11.4 kJ
AH 304k) -11kJ 19 kJ
Pathway II:

Step 3: (5.00 mol, 3.00 atm, 15.0 L) — (5.00 mol, 6.00 atm, 15.0L)

Step 3 is at constant volume. The heat released/gained at constant volume = g, = AE.

AE =nC,AT =n ER m ZEAPV
2 nR 2

AE =g, = SAPV) = > (6.00 atm x 15.0 L — 3.00 atm x 15.0 L)
2 2

AE=q,= %(90.0 —45.0)Latm=67.5 L atm

101.3J 1kJ

AE =q, =67.5Latm x X
Latm 1000J

=6.84 kJ

W = —-PAV = 0 because AV =0
AH=AE+ A(PV)=67.5Latm+45.0L atm=112.5L atm= 11.40 kJ
Step 4: (5.00 mol, 6.00 atm, 15.0 L) — (5.00 mol, 6.00 atm, 20.0 L)

Step 4 is at constant pressure so g, = AH.

AH = g, = nC,AT = SR|[APVY) _ 5 py
2 nR 2
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137.

AH = 2(120. —90.0) Latm=75L atm

101.3J 1kJ

AH=q, =75 L atm x X
Latm 1000J

=7.6KJ

w = —PAV = — (6.00 atm)(20.0 — 15.0) L = —30. L atm
10130 1kJ

w = -30. L atm x X =-3.0kJ
Latm 1000
AE=q+w=7.6k]-3.0k]l=4.6kJ
Summary: Path 11 Step 3 Step4  Total
q 6.84 kJ 76kl 144K
w 0 -3.0k] -3.0kJ
AE 6.84 kJ 46kl 114K
AH 11.40 kJ 76kl  19.0kJ

State functions are independent of the particular pathway taken between two states; path
functions are dependent on the particular pathway. In this problem, the overall values of AH
and AE for the two pathways are the same (See the two summaries of results); hence AH and
AE are state functions. However, the overall values of q and w for the two pathways are
different; hence q and w are path functions.

2X + yI2

CXHy +( jOQ - XCOz+y/2 Hzo

[X(-393.5) + y/2 (-242)] - AHZ ,, = -20445, — (393.5)x — 121y — AH,, =-2044.5

Agas = P-MM , Where MM = average molar mass of CO,/H,O mixture
0751 g/ = —00aM X MM “ vy 1 o cO,H,0 mixture = 29.1 g/mol
0.08206 L atm
———— —— x 473K
K mol

Let a = mol CO; and 1.00 — a = mol H,O (assuming 1.00 total moles of mixture)

(44.01)a + (1.00 — a) x 18.02 = 29.1; solving: a = 0.426 mol CO,; mol H,0 = 0.574 mol

0574
0426 X

For whole numbers, multiply by three, which givesy = 8, x = 3. Note thaty = 16, X =6 is
possible, along with other combinations. Because the hydrocarbon has a lower density than
Kr, the molar mass of C,H, must be less than the molar mass of Kr (83.80 g/mol). Only CsHg
works.

N <

Thus:

c269=2, y=(2.60)x
X
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~2044.5 = -393.5(3) — 121(8) — AHZ ,, , AHZ,, =-104 k/mol
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Questions

19.

20.

21.

22.

23.

The equations relating the terms are vA = ¢, E = hv, and E = hc/A. From the equations,
wavelength and frequency are inversely related, photon energy and frequency are directly
related, and photon energy and wavelength are inversely related. The unit of 1 Joule (J) =1
kg m?/s®. This is why you must change mass units to kg when using the deBroglie equation.

Frequency is the number of waves (cycles) of electromagnetic radiation per second that pass
a given point in space. Speed refers to the distance a wave travels per unit time. All
electromagnetic radiation (EMR) travels at the same speed (c, the speed of light = 2.998 x 10°
m/s). However, each wavelength of EMR has its own unique frequency,

The photoelectric effect refers to the phenomenon in which electrons are emitted from the
surface of a metal when light strikes it. The light must have a certain minimum frequency
(energy) in order to remove electrons from the surface of a metal. Light having a frequency
below the minimum value results in no electrons being emitted, whereas light at or higher
than the minimum frequency does cause electrons to be emitted. For light having a frequency
higher than the minimum frequency, the excess energy is transferred into kinetic energy for
the emitted electron. Albert Einstein explained the photoelectric effect by applying quantum
theory.

The emission of light by excited atoms has been the key interconnection between the
macroscopic world we can observe and measure, and what is happening on a microscopic
basis within an atom. Excited atoms emit light (which we can observe and measure) because
of changes in the microscopic structure of the atom. By studying the emissions of atoms, we
can trace back to what happened inside the atom. Specifically, our current model of the atom
relates the energy of light emitted to electrons in the atom moving from higher allowed
energy states to lower allowed energy states.

Example 7.3 calculates the deBroglie wavelength of a ball and of an electron. The ball has a

wavelength on the order of 107**m. This is incredibly short and, as far as the wave- particle
duality is concerned, the wave properties of large objects are insignificant. The electron, with

its tiny mass, also has a short wavelength; on the order of 107m. However, this wavelength
is significant because it is on the same order as the spacing between atoms in a typical crystal.
For very tiny objects like electrons, the wave properties are important. The wave properties
must be considered, along with the particle properties, when hypothesizing about the electron
motion in an atom.

215
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24. a. For hydrogen (Z = 1), the energy levels in units of joules are given by the equation E, =
—2.178 x 10¥(1/n®. As n increases, the differences between 1/n for consecutive energy
levels becomes smaller and smaller. Consider the difference between 1/n® values for n = 1
and n =2 as comparedton=3and n=4.

Forn=21andn=2: Forn=3and n=4:
i - i =1-0.25=0.75 i - i =0.1111 - 0.0625 = 0.0486
12 92 32 42

Because the energy differences between 1/n® values for consecutive energy levels decrease as
n increases, the energy levels get closer together as n increases.

b. For a spectral transition for hydrogen, AE = E¢ — E;:

1 1

AE=-2.178 x 107* ] (—2 - —ZJ
ng n

where n; and n¢ are the levels of the initial and final states, respectively. A positive value of
AE always corresponds to an absorption of light, and a negative value of AE always
corresponds to an emission of light.

In the diagram, the red line is for the n; = 3 to n¢ = 2 transition.

AE=-2.178 x 107 J[iz - izj =-2.178x 107" J(l - 1)
2 3 4 9
AE = -2.178 x 107%8] x (0.2500 — 0.1111) = ~3.025 x 107}
The photon of light must have precisely this energy (3.025 x 107*°J).
hc
‘AE| = Ephoton = hV = T

hc _ 6.6261x 107 Js x 2.9979 x 10% m/s

= = =6.567 x 10" m = 656.7 nm
|AE| 3.025 x 10719 J

From Figure 7.2, A = 656.7 nmis red light so the diagram is correct for the red line.

In the diagram, the green line is for the n;= 4 to n¢ = 2 transition.

L ij =-4.084 x 107"

AE=-2.178 x 1078 ] (2—2 vy

hc _ 6.6261x 107>* Js x 2.9979 x 10® m/s

= = = 4.864 x 10”7 m = 486.4 nm
|AE | 4.084 x 10719 J

From Figure 7.2, A = 486.4 nm is green-blue light. The diagram is consistent with this
line.
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25.

26.

27.

28.

In the diagram, the blue line is for the n; = 5 to n¢= 2 transition.

1 1
—j =-4574x 10719 ]

AE =-2.178 x 1078 3[2—2 -2

hc _ 6.6261x 107>* Js x 2.9979 x 10® m/s

_ _ =4.343x 107" m= 434.3nm
|AE | 4574 x 1070 )

From Figure 7.2, A = 434.3 nm is blue or blue-violet light. The diagram is consistent
with this line also.

The Bohr model was an important step in the development of the current quantum
mechanical model of the atom. The idea that electrons can only occupy certain, allowed
energy levels is illustrated nicely (and relatively easily). We talk about the Bohr model to
present the idea of quantized energy levels.

The figure on the left tells us that the probability of finding the electron in the 1s orbital at
points along a line drawn outward from the nucleus in any direction. This probability is
greatest close to the nucleus and drops off rapidly as the distance from the nucleus increases.

The figure on the right represents the total probability of finding the electron at a particular
distance from the nucleus for a 1s hydrogen orbital. For this distribution, the hydrogen 1s
orbital is divided into successive thin spherical shells and the total probability of finding the
electron in each spherical shell is plotted versus distance from the nucleus. This graph is
called the radial probability distribution.

The radial probability distribution initially shows a steady increase with distance from the
nucleus, reaches a maximum, then shows a steady decrease. Even though it is likely to find an
electron near the nucleus, the volume of the spherical shell close to the nucleus is tiny,
resulting in a low radial probability. The maximum radial probability distribution occurs at a
distance of 5.29 x 1072 nm from the nucleus; the electron is most likely to be found in the
volume of the shell centered at this distance from the nucleus. The 5.29 x 1072 nm distance is
the exact radius of innermost (n = 1) orbit in the Bohr model.

When the p and d orbital functions are evaluated at various points in space, the results
sometimes have positive values and sometimes have negative values. The term phase is often
associated with the + and — signs. For example, a sine wave has alternating positive and
negative phases. This is analogous to the positive and negative values (phases) in the p and d
orbitals.

The widths of the various blocks in the periodic table are determined by the number of
electrons that can occupy the specific orbital(s). In the s block, we have one orbital (¢ =0, m,
= 0) that can hold two electrons; the s block is two elements wide. For the f block, there are 7
degenerate f orbitals (¢ = 3, m, = -3, -2, -1, 0, 1, 2, 3), so the f block is 14 elements wide.
The g block corresponds to € = 4. The number of degenerate g orbitals is 9. This comes from
the 9 possible m, values when € =4 (m, = -4, -3, -2, -1, 0, 1, 2, 3, 4). With 9 orbitals, each
orbital holding two electrons, the g block would be 18 elements wide. The h block has € = 5,
m, = -5, -4, -3, -2, -1, 0, 1, 2, 3, 4, 5. With 11 degenerate h orbitals, the h block would be
22 elements wide.



218

CHAPTER 7 ATOMIC STRUCTURE AND PERIODICITY

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

If one more electron is added to a half-filled subshell, electron-electron repulsions will
increase because two electrons must now occupy the same atomic orbital. This may slightly
decrease the stability of the atom.

Size decreases from left to right and increases going down the periodic table. Thus, going one
element right and one element down would result in a similar size for the two elements
diagonal to each other. The ionization energies will be similar for the diagonal elements since
the periodic trends also oppose each other. Electron affinities are harder to predict, but atoms
with similar sizes and ionization energies should also have similar electron affinities.

The valence electrons are strongly attracted to the nucleus for elements with large ionization
energies. One would expect these species to readily accept another electron and have very
exothermic electron affinities. The noble gases are an exception; they have a large ionization
energy but have an endothermic electron affinity. Noble gases have a filled valence shell of
electrons. The added electron in a noble gas must go into a higher n value atomic orbital,
having a significantly higher energy, and this is very unfavorable.

Electron-electron repulsions become more important when we try to add electrons to an atom.
From the standpoint of electron-electron repulsions, larger atoms would have more favorable
(more exothermic) electron affinities. Considering only electron-nucleus attractions, smaller
atoms would be expected to have the more favorable (more exothermic) electron affinities.
These trends are exactly the opposite of each other. Thus the overall variation in electron
affinity is not as great as ionization energy in which attractions to the nucleus dominate.

For hydrogen and hydrogen-like (one-electron ions), all atomic orbitals with the same n value
have the same energy. For polyatomic atoms/ions, the energy of the atomic orbitals also
depends on €. Because there are more nondegenerate energy levels for polyatomic atoms/ions
as compared to hydrogen, there are many more possible electronic transitions resulting in
more complicated line spectra.

Each element has a characteristic spectrum because each element has unique energy levels.
Thus the presence of the characteristic spectral lines of an element confirms its presence in
any particular sample.

Yes, the maximum number of unpaired electrons in any configuration corresponds to a
minimum in electron-electron repulsions.

The electron is no longer part of that atom. The proton and electron are completely separated.

lonization energy applies to the removal of the electron from an atom in the gas phase. The
work function applies to the removal of an electron from the surface of a solid element.

M(g) - M*(g) + & ionization energy; M(s) — M*(s) + &~ work function

Li* ions are the smallest of the alkali metal cations and will be most strongly attracted to the
water molecules.
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Exercises

Light and Matter

8
¢ _ 2998 x10MS _ 50051015

39. vV = — 5
A 780. x 107" m

8
40.  99.5MHz=99.5x 10° Hz = 99.5 x 10° s: = & = 2298 x10°m/s _ 50

Vv  995x10%st

8
_ 3.00 x 10° m/s =30 x 1010 Sil

4, v=2 .
A 1.0x10“m
E=hv=6.63x10*Jsx3.0x 10" s = 2.0 x 102 J/photon

2.0 x1072) , 6.02x 102 photons
photon mol

=12 J/mol

-34 8
2. Eeopye S B83x107 s x300x10°mIs _ g i ko

25nmx17n;
1 x 107 nm

_18 23
80x1077J  6.02 x 107 photons _ , o 106 300

photon mol
8
43, 280nm: v= S - 300x10 1";:]5 =1.1x10% st
A 280nm x L
1x10° nm
8
320 nm: v = 200 X10° s _ g 10M g

320 x 10~° nm

The compounds in the sunscreen absorb ultraviolet B (UVB) electromagnetic radiation
having a frequency from 9.4 x 10 s to 1.1 x 10" s*.

8
44, S-type cone receptors: A = L 2:998 x 10" m/s =5.00 x 10~ m=500. nm
14

6.00 x 10** s

5 - 2.998 x 108 m/s

1o 4.00 x 10~" m = 400. nm
. X S

S-type cone receptors detect 400-500 nm light. From Figure 7.2 in the text, this is violet
to green light, respectively.
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8
M-type cone receptors: A = 2.998 x 124 m/ls =6.30 x 107" m=630. nm
476 x 10™ s~
8
j = 2998 x 1?4 m’f’ =453 % 10”7 m = 453 nm
6.62 x 10" s~
M-type cone receptors detect 450-630 nm light. From Figure 7.2 in the text, this is blue
to orange light, respectively.
8
L-type cone receptors: A = 2.998 x 124 m/ls =7.00 x 10~ m=700. nm
4.28 x 10" s~
8
j =238 X108 _500x 107 m=500.nm
6.00 x 10" s~
L-type cone receptors detect 500-700 nm light. This represents green to red light,
respectively.
45, The wavelength is the distance between consecutive wave peaks. Wave a shows 4 wave-
lengths, and wave b shows 8 wavelengths.
-3
Wave a: A= w =4.0x10"m
-3
Wave b: %= w =20x10"m
Wave a has the longer wavelength. Because frequency and photon energy are both inversely
proportional to wavelength, wave b will have the higher frequency and larger photon energy
since it has the shorter wavelength.
8
_ E _ 2.998 x 1O4m/S =15 x 1012 S_l
A 20 x 107" m
-34 8
E = hc _ 6.626 x 107 Js x 2;1998 x 10 m/s —99x102]
A 20 x 107" m
Because both waves are examples of electromagnetic radiation, both waves travel at the same
speed, c, the speed of light. From Figure 7.2 of the text, both of these waves represent
infrared electromagnetic radiation.
46. Referencing Figure 7.2 of the text, 2.12 x 107 m electromagnetic radiation is X rays.

C 29979 x 10° m/s

=2.799m
v 107.1 x 10% s*

From the wavelength calculated above, 107.1 MHz electromagnetic radiation is FM radio-
waves.
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_ hc _ 6.626 x 10°* Js x 2.998 x 10° m/s

E 3.97 x 107 =500 107 m
. X

A

The 3.97 x 107" J/photon electromagnetic radiation is visible (green) light.

The photon energy and frequency order will be the exact opposite of the wavelength ordering
because E and v are both inversely related to L. From the previously calculated wavelengths,
the order of photon energy and frequency is:

FM radiowaves < visible (green) light < X rays

longest A shortest A
lowest v highest v
smallest E largest E
-34 8
1 Epans hc _ 6.626 x 10 Js x 2.19?ns x10°Mis _ ) or s
4 150.nm x ———o——
1x 107 nm
1.98 x 10°J x 1ph°t°“18  L810MC ) 50 x 102 atoms C
1.32x107"J photon
-34 8
48, Epoon=hv=1C, E photon = 6.626 x 10 ° Js x 36998 x10°mS _ 5 5% 1015 )
A 1.0x10" m

2.0x1071% , 6.02 102% photons LK
photon mol 1000J

=1.2 x 10° kd/mol

-34 8
Enoon = 6.626 x 107" Js x 2.998 x 10° m/s —20x102 J

1.0 x 10* m

2.0x107%°) , 6.02x 102% photons LY
photon mol 1000J

= 1.2 x10°® kJ/mol

X rays do have an energy greater than the carbon-carbon bond energy. Therefore, X rays
could conceivably break carbon-carbon bonds in organic compounds and thereby disrupt the
function of an organic molecule. Radiowaves, however, do not have sufficient energy to
break carbon-carbon bonds and are therefore relatively harmless.

49. The energy needed to remove a single electron is:

279.7 kJ y 1 mol

| S 091 % 107 =4.645 % 107%k] = 4.645 x 107 J
mo . X

-34 8
h d= he _ 6.6261 x 10" Js x 2.9979 x 10" m/s _ 4977 x 10" m = 427.7 nm

E=—, 19
A E 4645 x 107 J
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50. 2084k L mol = =3.461x 107 kJ=3.461 x 107" J to remove one electron
mol 6.0221 x 10
-34 8
E- h_ P he _ 6.6261 x 107" Js x 2.&3379 x10°m/s _ 5.739 x 10~ m = 573.9 nm
A E 3.461x 107 J
51. lonization energy = energy to remove an electron = 7.21 x 10 = Ephoton
Ephoton = hV and }\,V =C. SOV = % and E = %
-34 8
- hc _ 6.626 x10™ Js x 2.15398 x10° m/s _ 276 x 107 m = 276 nm
E proton 7.21%x 107
- 890.1kJ 1mol 1478 x107% k) 1.478 x 1078
' mol ~ 6.0221 x 10% atoms atom atom
= ionization energy per atom
-34 8
E = h_ 4= he _ 6.626 x 10" Js x 2.919879 x 10° m/s 1344 x 10”7 m = 134.4 nm
A E 1.478 x 10°J
No, it will take light having a wavelength of 134.4 nm or less to ionize gold. A photon of
light having a wavelength of 225 nm is longer wavelength and thus lower energy than 134.4
nm light.
53.  a. 10.% of speed of light = 0.10 x 3.00 x 10° m/s = 3.0 x 10" m/s
-34
A= 4= 6.211">><10 Js ——— =24x10"m=24x107nm
mv 9.11x 10" kg x 3.0 x10" m/s
. : : _ 1kgm?
Note: For units to come out, the mass must be in kg because 1 J = -
S
-34
b a= - 888x107 IS 0 %m=34x10% nm
mv  0.055kg x 35m/s
This number is so small that it is insignificant. We cannot detect a wavelength this small.
The meaning of this number is that we do not have to worry about the wave properties of
large objects.
—34
54, a A== 0620107 Js —— =132x10"%"m
mv  1.675 x 107" kg x (0.0100 x 2.998 x 10° m/s)
-34
b A= v= 6626 10~ Js =53 % 10° m/s

mv AM 75 x 102 m x 1.675 x 10 2 kg
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34
55 k:iy m :L _ - 6.63 x 10 Js - :1.6)(10727 kg
mv AV 1.5x 107 m x (0.90 x 3.00 x 10° m/s)

This particle is probably a proton or a neutron.

56. k=—,v:kl; forA=1.0x10°nm=1.0x 10~ m:

6.63 x 107 Js
VvV =
9.11 x 10 kg x 1.0 x 107" m

=7.3x10°m/s

-34
ForA=1.0nm=1.0x10°m; v= 6.63 <107 Js =7.3x10°m/s

9.11x 10 kg x 1.0 x 10° m

Hydrogen Atom: The Bohr Model

57.  Forthe H atom (Z = 1): E,=-2.178 x 10 J/n %, for a spectral transition, AE = E; — E;:

2 2

AE=-2.178 x 1078 ] 1
Ng N

where n; and n¢ are the levels of the initial and final states, respectively. A positive value of
AE always corresponds to an absorption of light, and a negative value of AE always
corresponds to an emission of light.

a. AE=-2.178x 1078 J(i - ij =_2178x 10718 \](1 _ 1)
22 3 4 9

AE =-2.178 x 1078 x (0.2500 — 0.1111) = —3.025 x 107°]

The photon of light must have precisely this energy (3.025 x 107°J).

AE| = Epn = by = he . _ he _ 6.6261x 10734 Js x 2.9979 x 108 m/s
— Lphoton — - T

TN 3.025 x 10719 J
=6.567 x 10" m = 656.7 nm

From Figure 7.2, this is visible electromagnetic radiation (red light).

b. AE=-2.178x107*J [iz - iz} =-4.084x 107°)
2° 4

hc _ 6.6261 x 1072* Js x 2.9979 x 108 m/s

_ = = 4.864 x 10" m = 486.4 nm
|AE | 4.084 x 107 ]

This is visible electromagnetic radiation (green-blue light).
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1

c. AE=-2.178x107"*) (iz - _Zj =-1.634x 107*%J
1“2

_ 6.6261x 107 Js x 2.9979 x 10° m/s

o3 < 108 3 =1.216 x 107" m=121.6 nm
. X

A

This is ultraviolet electromagnetic radiation.

58. a. AE=-2.178 x 1078} [i - ij =-1.059x 107 J

32 42
hc _ 6.6261x107>*Js x 2.9979 x 10® m/s

_ - =1.876 x 10® m= 1876 nm
|AE] 1.059 x 10719 J

From Figure 7.2, this is infrared electromagnetic radiation.

b. AE=-2.178 x 107*%) (iz - i?j =-4.901 x 1072 J
4 5
-34 8
_ hc _ 6.6261 x10™" Js x 2.92%79 x10°m/s _ 4.053 x 10-°m
|AE| 4901 x 107" )
= 4053 nm (infrared)
c. AE=-2.178x107"%J (iz - izj =-1549 x 107 J
3 5
-34 8
4= hc _ 6.6261x 10" Js x 2.91279 x10°m/s _ 1282 x 10-°m
|AE| 1.549 x 1077 ] .
= 1282 nm (infrared)
59.
5
A 4 a. 3—-2
E 2
c. 2—1
c Energy levels are not to scale.
n=1 )
60.
2 b] a. 43
) la c
b. 5—-4
E 2
| c. 5—-3
N=1 Energy levels are not to scale.
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61.

62.

63.

64.

The longest wavelength light emitted will correspond to the transition with the smallest
energy change (smallest AE). This is the transition fromn=6ton=5.

AE=-2.178 x 1078 (iz - izj =-2.662x10%°)
52 6
hc  6.6261x 10" Js x 2.9979 x 10% m/s

" |AE| 2662 x 102 J

=7.462 x 10°° m = 7462 nm

The shortest wavelength emitted will correspond to the largest AE; thisisn=6 ->n=1.

AE=-2.178 x 1078 ] (iz - izj =-2.118x 10
12 6
_ hc  6.6261x 107 Js x 2.9979 x 10° m/s
|AE| 2.118 x 10718 J

=9.379 x 10 m = 93.79 nm

There are 4 possible transitions for an electroninthen=5level (5> 4,5—>3,5—>2,and 5
— 1). Ifan electron initially drops to the n = 4 level, three additional transitions can occur (4
— 3,4 —> 2,and 4 — 1). Similarly, there are two more transitions from the n = 3 level (3 —
2, 3 — 1) and one more transition for the n = 2 level (2 — 1). There are a total of 10 possible
transitions for an electron in the n = 5 level for a possible total of 10 different wavelength
emissions.

AE=-2178 x 107 ) iz - iz =-2.178x 107" iz - 12 =2.091 x 107 J = Epnoton
nfoon 0 1
-34 8
o - hc _ 66261 x 10 Js x 2.??879 x10°M/s o 00 % 10 m = 95.00 nm
E 2.091 x 1078

Because wavelength and energy are inversely related, visible light (A ~ 400—700 nm) is not
energetic enough to excite an electron in hydrogen fromn=1to n=5.

1

AE=-2.178 x 1078 (6% - ?J =4.840x 107"

-34 8
) = E _ 6.6261 x 10" Js x 2.93)79 x 10° m/s ~ 4104 x 10 m = 410.4 nm
E 4,840 x 107 J

Visible light with A = 410.4 nm will excite an electron from the n = 2 to the n = 6 energy
level.

a. False; ittakes less energy to ionize an electron from n = 3 than from the ground state.

b. True
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c. False; the energy difference between n = 3 and n = 2 is smaller than the energy
difference between n = 3 and n = 1; thus the wavelength is larger for the n=3 > n =2
electronic transition than for the n = 3 — n = 1 transition. E and A are inversely
proportional to each other (E = hc/A).

d. True

e. False; n=2is the first excited state, and n = 3 is the second excited state.

65. lonization from n = 1 corresponds to the transition n; = 1 — n; = oo, where E,, = 0.
AE=E,—E,=-E;=2178x107*® (1%} =2.178 x 10" J = Epnoton
-34 8
1= he _ 6.6261 x 107" Js x 2.51279 x 10°m/s 9120 x10-® m = 91.20 nm
E 2.178 x 107°J
Toionize fromn=2, AE=E, - E,=-E,=2.178 x107*® (%} =5.445x1071°)
-34 8
P 6.6261 x 107" Js x 2.9979 x 10° m/s — 3,648 x10-"m = 364.8 nm

5.445 x 1079 J

66. AE=E,.-E,=-E,=2178 X1018J(i2j
n

34 8
oo = % _ 6.626 x 107 Js x 2.9979 x 10°mis _ oo 0 o g

1460 x 10~ m

Epnoton = AE = 1.36 x107° ] = 2.178 x10** (%J n*=16.0, n=4
n

67.  |AE| = Epoton = hv = 6.662 x10™*J s x 6.90 x 10"*s=4.57 x107° J
AE =-4.57 x 107*° J because we have an emission.

—457x107® J=E,-Es=-2.178 x107%8 J (iz - iz j
n 5

L1 o0 iz =0.250, n’=4, n=2
n2 25 n

The electronic transition is fromn=5ton = 2.

-34 8
68. IAE| = Epon = m _ 6.6261 x 107" Js x 2.9979 x 10° m/s = 5.001 x10°% J

A 3972 x10 % m

AE =-5.001 x 107*° J because we have an emission.
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22 2

~5.001 x 10 °J=E,~E,=-2.178 x 1078 (i - ij
n

_ 1 1
0.2296=~ - =, —

1 =0.0204, n=7
4 n n

Quantum Mechanics, Quantum Numbers, and Orbitals

9.11 x 10 kg m

69. a Ap=mAv=09.11x 10" kg x 0.100 m/s =

S
34
Apax > 1 Ax =D o 0.620 x 10~ Js =579x10*m
4x 4nAp 4 x 3.142 x(9.11x 10 kgm/s)
_34
N h 6.626 x 10 Js a6 x10F m

T 4mAp 4 x 3.142 x 0.145 kg x 0.100m/s

c. The diameter of an H atom is roughly ~10® cm. The uncertainty in position is much
larger than the size of the atom.

d. The uncertainty is insignificant compared to the size of a baseball.

70. Units of AE ¢ At=] x s, the same as the units of Planck's constant.

2 2
UnitsofA(mV)-Ax=kg><mxm=kgm :kg;n xS=JxS§
S S S
71. n=1,2,3,..; €=0,1,2,..(n-1); m=-0..-2,-1,0,1,2, ... +L
72. a. This general shape represents a p orbital (£ = 1) and because there is a node in each of the

lobes, this figure represents a 3p orbital (n=3, £ =1)

b. This is an s orbital (£ =0). And because there is one node present, this is a 2s orbital
(n=2,0=0).

c. This is the shape of a specific d oriented orbital (¢ = 2). This orbital is designated as a
dzz . Because no additional nodes are present inside any of the boundary surfaces, this is
a 3d . orbital (=3, £=2).

73. a. allowed b. For £ =3, m, can range from —3 to +3; thus +4 is not allowed.
c. ncannot equal zero. d. € cannot be a negative number.

74. a. Forn=3, =3 is not possible.
d. mscannot equal 1.

e. [ cannot be a negative number.
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f. For £ =1, m, cannot equal 2.
The quantum numbers in parts b and c are allowed.

75. y” gives the probability of finding the electron at that point.

76. The diagrams of the orbitals in the text give only 90% probabilities of where the electron may

reside. We can never be 100% certain of the location of the electrons due to Heisenberg’s
uncertainty principle.

Polyelectronic Atoms

77.

78.

He: 1s% Ne: 1s2s%2p% Ar: 1s5°2s°2p°3s?3p®; each peak in the diagram corresponds to a
subshell with different values of n. Corresponding subshells are closer to the nucleus for
heavier elements because of the increased nuclear charge.

In polyelectronic atoms, the orbitals of a given principal quantum level are not degenerate. In
polyelectronic atoms, the energy order of the n =1, 2, and 3 orbitals are (not to scale):

2p
2

1s

In general, the lower the n value for an orbital, the closer on average the electron can be to the
nucleus, and the lower the energy. Within a specific n value orbital (like 2s vs. 2p or 3s vs.
3p vs. 3d), itis generally true that Egs < Enp < Eng < Enr.

To rationalize this order, we utilize the radial probability distributions. In the 2s and 2p
distribution, notice that the 2s orbital has a small hump of electron density very near the
nucleus. This indicates that an electron in the 2s orbital can be very close to the nucleus some
of the time. The 2s electron penetrates to the nucleus more than a 2p electron, and with this
penetration comes a lower overall energy for the 2s orbital as compared to the 2p orbital.

In the n = 3 radial probability distribution, the 3s electron has two humps of electron density

very close to the nucleus, and the 3p orbital has one hump very close to the nucleus. The 3s
orbital electron is most penetrating, with the 3p orbital electron the next most penetrating,
followed by the least penetrating 3d orbital electron. The more penetrating the electron, the
lower the overall energy. Hence the 3s orbital is lower energy than the 3p orbitals which is
lower energy than the 3d orbitals.
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79.

80.

81.

82.

83.

5p: three orbitals 3d . : one orbital 4d: five orbitals

n=>5: £=0(1 orbital), £ =1 (3 orbitals), £ =2 (5 orbitals), £ =3 (7 orbitals),
€ =4 (9 orbitals); total for n =5 is 25 orbitals.

n=4: £=0(1), £=1(@3), £=2(5), £=3(7); total for n =4 is 16 orbitals.

Ip, 0 electrons (¢ # 1 whenn = 1); 6d , Ly 2 electrons (specifies one atomic orbital); 4f, 14
electrons (7 orbitals have 4f designation); 7py, 2 electrons (specifies one atomic orbital); 2s,
2 electrons (specifies one atomic orbital); n = 3, 18 electrons (3s, 3p, and 3d orbitals are
possible; there are one 3s orbital, three 3p orbitals, and five 3d orbitals).

a. n=4: fcanbe0,1,2,0or3. Thuswe haves (2e ),p(6e ),d(10e ),andf (14¢e)
orbitals present. Total number of electrons to fill these orbitals is 32.

b. n=5 m=+1:Forn=5,0=0,1,2,3,4. For L =1, 2, 3, 4, all can have m; = +1. There
are four distinct orbitals having these quantum numbers, which can hold 8 electrons.

C. n=5 mg=+1/2:Forn=35, £=0, 1,2, 3,4. Number of orbitals =1, 3, 5, 7, 9 for each
value of €, respectively. There are 25 orbitals with n = 5. They can hold 50 electrons, and
25 of these electrons can have mg = +1/2.

d. n=3, £=2:These quantum numbers define a set of 3d orbitals. There are 5 degenerate
3d orbitals that can hold a total of 10 electrons.

e. n=2, £=1:These define a set of 2p orbitals. There are 3 degenerate 2p orbitals that can
hold a total of 6 electrons.

a. Itisimpossible to have n = 0. Thus no electrons can have this set of quantum numbers.
b. The four quantum numbers completely specify a single electron in a 2p orbital.

c. n=3,mg=+1/2: 3s, 3p, and 3d orbitals all have n = 3. These nine orbitals can each hold
one electron with ms = +1/2; 9 electrons can have these quantum numbers

d. n=2,£=2: this combination is not possible (¢ # 2 for n = 2). Zero electrons in an atom
can have these quantum numbers.

e. n=1,£=0,m,=0: these define a 1s orbital that can hold 2 electrons.

a. Na: 1s°2s°2p®3s’; Na has 1 unpaired electron.

f f AL f o |}

1s 2s 2p 3s 3s
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b. Co: 1s°2s°2p°3s°3p®4s?3d”; Co has 3 unpaired electrons.

f f ]| f )4 |4
1s 2s 2p 3s 3p

fop ([ o] ]

4s 3d 3d

c. Kr: 1s°25°2p°3s”3p®4s?3d'°4p®; Kr has 0 unpaired electrons.

f f fpa | f frpa |
1s 2s 2p 3s 3p
f ol fpah |
4s 3d 4p
84. The two exceptions are Cr and Cu.

Cr: 15°25°2p®3s%3p°4s'3p®; Cr has 6 unpaired electrons.

f f (MR f i |

1s 2s 2p 3s 3p
flor | LA o L
4s 4s 3d 3d

Cu: 1s%25°2p°3s°3p®4s'3d™; Cu has 1 unpaired electron.

f f ]| f i |4

1s 2s 2p 3s 3p
f |or| | R R
4s 4s 3d

85.  Si: 1s°25°2p°3s”3p® or [Ne]3s’3p?; Ga: 15°25°2p°3s°3p°®4s?3d™4p! or [Ar]4s*3d™%4p!
As: [Ar]4s?3d™%4p® Ge: [Ar]4s?3d'%4p® Al: [Ne]3s?3p'; Cd: [Kr]5s%4d™

S: [Ne]3s?3p*; Se: [Ar]4s’3d™%4p*
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86.

87.

88.

89.

Cu: [Ar]4s?3d° (using periodic table), [Ar]4s'3d™ (actual)
0: 1s%2s%2p* La: [Xe]6s’5d"; Y: [Kr]5s%4d"; Ba: [Xe]6s?
TI: [Xe]6s?4f*5d™6p"; Bi: [Xe]6s’4f**5d"%p*

The following are complete electron configurations. Noble gas shorthand notation could also
be used.

Sc: 15°25°2p®3s%3p°4s?3d";  Fe: 15%25%2p°35°3p®4s%3d°

P:  1s%2s%2p°3s?3p°; Cs: 15°25°2p®3s%3p°45°3d'4p°5s24d %5p%6s*

Eu: 1s°25°2p°3s”3p°4s?3d'%4p®5s%4d'°5p®6s24f°5d"*

Pt: 15°25%2p°3s?3p®4s°3d°4p°5s°4d'%5p 65?4 450>

Xe: 15%25°2p°3s°3p%4s23d™%4p®5s%4d™°5p®;  Br: 1s%2s%2p°3s°3p®4s?3d'%4p°

*Note: These electron configurations were predicted using only the periodic table.
The actual electron configurations are: Eu: [Xe]6s*4f’ and Pt: [Xe]6s'4f**50°

Cl: Is?25°2p®3s3p° or [Ne]3s*3p° Sh: [Kr]5s%4d%p*
Sr: 15%25%2p°3s°3p®4s%3d™°4p®5s? or [Kr]5s? W: [Xe]6s%4f**5d*
Pb: [Xe]6s*4f**5d"°6p? Cf: [Rn]7s%5f'%*

*Note: Predicting electron configurations for lanthanide and actinide elements is difficult
since they have 0, 1, or 2 electrons in d orbitals. This is the actual Cf electron configuration.

a. Both In and I have one unpaired 5p electron, but only the nonmetal |1 would be expected
to form a covalent compound with the nonmetal F. One would predict an ionic
compound to form between the metal In and the nonmetal F.

I: [Kr]5s%4d"%p° 1| SLL 1
p

b. From the periodic table, this will be element 120. Element 120: [Rn]7s*5f**6d"°7p®8s’

c. Rn: [Xe]6s’4f**5d'%p® note that the next discovered noble gas will also have 4f electrons
(as well as 5f electrons).

d. This is chromium, which is an exception to the predicted filling order. Cr has 6 unpaired
electrons, and the next most is 5 unpaired electrons for Mn.

Cri[Arl4s'ad® ¢+ 11111
4s 3d



232

CHAPTER 7 ATOMIC STRUCTURE AND PERIODICITY

90.

91.

92.

93.

94.

d.

As: 15°25°2p°3s%3p°4s°3d"%4p*
Element 116 will be below Po in the periodic table: [Rn]7s*5f**6d"°7p*
Ta: [Xe]6s’4f5d® or Ir: [Xe]6s?4f5d’

At: [Xe]6s°4f*5d™°6p°; note that element 117 will also have electrons in the 6p atomic
orbitals (as well as electrons in the 7p orbitals).

The complete ground state electron for this neutral atom is 1s°2s°2p®3s?3p*. This
atomhas 2+ 2+ 6+ 2+ 4 =16 electrons. Because the atom is neutral, it also has 16
protons, making the atom sulfur, S.

Complete excited state electron configuration: 1s°2s'2p*; this neutral atom has 2 + 1 + 4
= 7 electrons, which means it has 7 protons, which identifies it as nitrogen, N.

Complete ground state electron configuration: 1s?2s?2p®3s*3p°4s°3d'%4p®; this 1-
charged ion has 35 electrons. Because the overall charge is 1—, this ion has 34 protons
which identifies it as selenium. The ionis Se".

This atom has 10 electrons. Ne b. S

The predicted ground state configuration is [Kr]5s°4d°. From the periodic table, the
element is Ag. Note: [Kr]5s'4d™ is the actual ground state electron configuration for Ag.

Bi: [Xe]6s*4f**5d'°6p®; the three unpaired electrons are in the 6p orbitals.

Hg: 1s%25°2p°3s°3p®4s23d'°4p®5s24d'°5p°6s°4f 4540

a.

From the electron configuration for Hg, we have 3s?, 3p° and 3d' electrons; 18 total
electrons with n = 3.

3d'° 4d™, 5d'° 30 electrons are in the d atomic orbitals.
2p°, 3p°, 4p°, 5p°; each set of np orbitals contain one p, atomic orbital. Because we have
4 sets of np orbitals and two electrons can occupy the p, orbital, there are 4(2) = 8

electrons in p, atomic orbitals.

All the electrons are paired in Hg, so one-half of the electrons are spin up (ms = +1/2) and
the other half are spin down (ms = —1/2). 40 electrons have spin up.

Element 115, Uup, is in Group 5A under Bi (bismuth):

a.

b.

Uup: 15%2s%2p°3s?3p®4s23d™°4p°5s°4d'%5p°6s24f*5d 6 p®7s%5f6d " 7p*
5s%, 5p°, 5d'°, and 5f*; 32 electrons have n = 5 as one of their quantum numbers.

¢ =3 are f orbitals. 4f** and 5f' are the f orbitals used. They are all filled, so 28 electrons
have £ = 3.
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95.

96.

p, d, and f orbitals all have one of the degenerate orbitals with m; = 1. There are 6 orbitals
with m, = 1 for the various p orbitals used; there are 4 orbitals with m =1 for the various
d orbitals used; and there are 2 orbitals with m, = 1 for the various f orbitals used. We
have a total of 6 + 4 + 2 = 12 orbitals with m; = 1. Eleven of these orbitals are filled with
2 electrons, and the 7p orbitals are only half-filled. The number of electrons with m, = 1
is1lx (2e)+1x(1e)=23electrons.

The first 112 electrons are all paired; one-half of these electrons (56 €7) will have m, =
—1/2. The 3 electrons in the 7p orbitals singly occupy each of the three degenerate 7p
orbitals; the three electrons are spin parallel, so the 7p electrons either have ms = +1/2 or
ms = —1/2. Therefore, either 56 electrons have ms = —1/2 or 59 electrons have ms = —1/2.

B: 1s°2s’2p’

n
1s 1
1s 1
2s 2
2s 2
2p* 2

O OO Oo

me

O oo o

-1

M

+1/2
-1/2
+1/2
-1/2
+1/2

*This is only one of several possibilities for the 2p electron. The 2p electron in B could have
m, = -1, 0 or +1 and m, = +1/2 or —1/2 for a total of six possibilities.

N: 1s°2s°2p®

1s
1s
25
25

2p
2p
Ti
4s

43
3d

ad

n
1
1
2
2
2
2
2
. [Ar]4s°3d?
n ¢
4 0
4 0
3 2
3 2

PP, PP OOOOoO

+1/2
-1/2
+1/2

+1/2

ms

+1/2
-1/2
+1/2
-1/2
+1/2

+1/2 } (Or all 2p electrons could have mg = —-1/2.)
+1/2

Only one of 10 possible combinations of m; and ms for the first d
electron. For the ground state, the second d electron should be in
a different orbital with spin parallel; 4 possibilities.
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97. Group 1A: 1 valence electron; ns®; Li: [He]2s"; 2s'is the valence electron configuration for
Li.
Group 2A: 2 valence electrons; ns®; Ra: [Rn]7s% 7s’ is the valence electron configuration
for Ra.
Group 3A: 3 valence electrons; ns’np'; Ga: [Ar]4s°3d%p’; 4s’4p’ is the valence electron
configuration for Ga. Note that valence electrons for the representative elements of Groups
1A-8A are considered those electrons in the highest n value, which for Ga is n = 4. We do
not include the 3d electrons as valence electrons because they are not in n = 4 level.
Group 4A: 4 valence electrons; ns’np%  Si: [Ne]3s?3p% 3s°3p” is the valence electron
configuration for Si.
Group 5A: 5 valence electrons; ns’np® Sb: [Kr]5s?4d'%5p® 5s°5p® is the valence electron
configuration for Sh.
Group 6A: 6 valence electrons; ns’np*; Po: [Xe]6s4f5d'%p*; 6s°%6p” is the valence
electron configuration for Po.
Group 7A: 7 valence electrons; ns’np®; 117: [Rn]7s°5f6d'°7p>; 7s°7p° is the valence
electron configuration for 117.
Group 8A: 8 valence electrons; ns’np®; Ne: [He]2s?2p% 2s°2p° is the valence electron
configuration for Ne.

08. a. 2 valence electrons; 4s? b. 6 valence electrons; 2s°2p*
c. 7 valence electrons; 7s°7p° d. 3 valence electrons; 5s°5p*
e. 8valence electrons; 3s?3p° f. 5 valence electrons; 6s°6p’

99.  0:1s%2s2p2py (L 1L _); thereare no unpaired electrons in this oxygen atom. This
configuration would be an excited state, and in going to the more stable ground state
(1l 1 1), energy would be released.

100.  The number of unpaired electrons is in parentheses.

a. excited state of boron 1) b. ground state of neon )
B ground state: 1s?2s°2p* (1) Ne ground state: 1s°2s°2p°® (0)
c. exited state of fluorine 3) d. excited state of iron (6)
F ground state: 1s°2s°2p° (1) Fe ground state: [Ar]4s’3d° (4)
T nr r1r1z
2p 3d
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101.

102.

103.

104.

None of the s block elements have 2 unpaired electrons. In the p block, the elements with
either ns’np® or ns’np® valence electron configurations have 2 unpaired electrons. For
elements 1-36, these are elements C, Si, and Ge (with nsznpz) and elements O, S, and Se (with
ns’np®). For the d block, the elements with configurations nd” or nd® have two unpaired
electrons. For elements 1-36, these are Ti (3d°) and Ni (3d®). A total of 8 elements from the
first 36 elements have two unpaired electrons in the ground state.

The s block elements with ns' for a valence electron configuration have one unpaired
electron. These are elements H, Li, Na, and K for the first 36 elements. The p block elements
with ns’np* or ns’np® valence electron configurations have one unpaired electron. These are
elements B, Al, and Ga (ns°np") and elements F, Cl, and Br (ns’np°) for the first 36 elements.
In the d block, Sc ([Ar]4s®3d") and Cu ([Ar]4s'3d°) each have one unpaired electron. A total
of 12 elements from the first 36 elements have one unpaired electron in the ground state.

We get the number of unpaired electrons by examining the incompletely filled subshells. The
paramagnetic substances have unpaired electrons, and the ones with no unpaired electrons are
not paramagnetic (they are called diamagnetic).

Li: 1s?2s' 1 ; paramagnetic with 1 unpaired electron.

2s
N: 1s°2s”2p® 1 1 1 ; paramagnetic with 3 unpaired electrons.
2p
Ni: [Ar]4s’3d® 1) 1L 1l 1 1 ; paramagnetic with 2 unpaired electrons.
3d
Te: [Kr]5s°4d'%p* 1|1 1 ; paramagnetic with 2 unpaired electrons.

5p

Ba: [Xe]6s® 1| ; not paramagnetic because no unpaired electrons are present.
6s

Hg: [Xe]6s*4f“5d" 1| 1] 11 1] 11 ; not paramagnetic because no unpaired electrons.
5d

We get the number of unpaired electrons by examining the incompletely filled subshells.

O: [He]2s*2p* 2p L1t two unpaired e
O": [He]2s2p* 2p 111 three unpaired e~
O": [He]2s2p° 2p> 1L 1Lt one unpaired e

Os: [Xe]6s°4f*5d° 5d: 1Lt 1t 1 1 four unpaired e
Zr: [Kr]5s%4d? ad> two unpaired e

S: [Ne]J3s*3p* 3ph LTt two unpaired e
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F: [He]2s2p° 2p> 1L 1Lt one unpaired e

Ar: [Ne]3s%3p° 3p° 1L 1L 1L zero unpaired e

The Periodic Table and Periodic Properties

105.  Size (radius) decreases left to right across the periodic table, and size increases from top to
bottom of the periodic table.

a. S<Se<Te b. Br<Ni<K c. F<Si<Ba
All follow the general radius trend.

106. a. Be<Na<Rb b. Ne<Se<S§Sr c. O<P<Fe
All follow the general radius trend.

107.  The ionization energy trend is the opposite of the radius trend; ionization energy (IE), in
general, increases left to right across the periodic table and decreases from top to bottom of
the periodic table.

a. Te<Se<S b. K<Ni<Br c. Ba<Si<F
All follow the general ionization energy trend.
108. a. Rb<Na<Be b. Sr<Se<Ne c. Fe<P<O
All follow the general ionization energy trend.
109. a. He (From the general radius trend.) b. CI
c. Element 116 is the next oxygen family member to be discovered (under Po), element 119
is the next alkali metal to be discovered (under Fr), and element 120 is the next alkaline
earth metal to be discovered (under Ra). From the general radius trend, element 116 will
be the smallest.

d. Si

e. Na'; this ion has the fewest electrons as compared to the other sodium species present.
Na* has the smallest number of electron-electron repulsions, which makes it the smallest
ion with the largest ionization energy.

110. a. Ba (From the general ionization energy trend.) h. K
c. O; in general, Group 6A elements have a lower ionization energy than neighboring

Group 5A elements. This is an exception to the general ionization energy trend across
the periodic table.
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111.

112.

113.

114,

115.

d. S*: this ion has the most electrons compared to the other sulfur species present. S* has
the largest number of electron-electron repulsions, which leads to S** having the largest
size and smallest ionization energy.

e. Cs; this follows the general ionization energy trend.
a. Sg: [Rn]7s*5f**6d"* b. W

c. Sgis inthe same group as chromium and would be expected to form compounds and ions
similar to that of chromium. CrOs, Cr,0;, CrO,*, Cr,0;% are some know chromium
compounds/ions, so SgO3, Sg.0s3, SgO42’, and Sg2072’ are some likely possibilities.

a. Uus will have 117 electrons. [Rn]7s°5f**6d'°7p°
b. It will be in the halogen family and will be most similar to astatine (At).

c. Uus should form 1- charged anions like the other halogens. Like the other halogens,
some possibilities are NaUus, Mg(Uus),, C(Uus),, and O(Uus),

d. Assuming Uus is like the other halogens, some possibilities are UusO’, UusO,’, UusOs’,
and UusOy".

As: [Ar]4s?3d'%4p® Se: [Ar]4s*3d™°4p”; the general ionization energy trend predicts that Se
should have a higher ionization energy than As. Se is an exception to the general ionization
energy trend. There are extra electron-electron repulsions in Se because two electrons are in
the same 4p orbital, resulting in a lower ionization energy for Se than predicted.

Expected order from the ionization energy trend: Be<B<C<N<O

B and O are exceptions to the general ionization energy trend. The ionization energy of O is
lower because of the extra electron-electron repulsions present when two electrons are paired
in the same orbital. This makes it slightly easier to remove an electron from O compared to
N. B is an exception because of the smaller penetrating ability of the 2p electron in B
compared to the 2s electrons in Be. The smaller penetrating ability makes it slightly easier to
remove an electron from B compared to Be. The correct ionization energy ordering, taking
into account the two exceptions, is B<Be<C <O <N.

a. As we remove succeeding electrons, the electron being removed is closer to the nucleus,
and there are fewer electrons left repelling it. The remaining electrons are more strongly
attracted to the nucleus, and it takes more energy to remove these electrons.

b. Al: 1s*2s°2p®3s”3p*; for l,, we begin removing an electron with n = 2. For I3, we remove
an electron with n = 3 (the last valence electron). In going fromn=3ton =2, thereisa
big jump in ionization energy because the n = 2 electrons are closer to the nucleus on
average than the n = 3 electrons. Since the n = 2 electrons are closer, on average, to the
nucleus, they are held more tightly and require a much larger amount of energy to remove
compared to the n = 3 electrons. In general, valence electrons are much easier to remove
than inner-core electrons.
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116.

117.

118.

119.

120.

The general ionization energy trend says that ionization energy increases going left to right
across the periodic table. However, one of the exceptions to this trend occurs between
Groups 2A and 3A. Between these two groups, Group 3A elements usually have a lower
ionization energy than Group 2A elements. Therefore, Al should have the lowest first
ionization energy value, followed by Mg, with Si having the largest ionization energy.
Looking at the values for the first ionization energy in the graph, the green plot is Al, the blue
plot is Mg, and the red plot is Si.

Mg (the blue plot) is the element with the huge jump between I, and I;. Mg has two valence
electrons, so the third electron removed is an inner core electron. Inner core electrons are
always much more difficult to remove than valence electrons since they are closer to the
nucleus, on average, than the valence electrons.

a. More favorable electron affinity: C and Br; the electron affinity trend is very erratic.
Both N and Ar have positive electron affinity values (unfavorable) due to their electron
configurations (see text for detailed explanation).

b. Higher ionization energy: N and Ar (follows the ionization energy trend)
c. Larger size: C and Br (follows the radius trend)

a. More favorable electron affinity: K and Cl; Mg has a positive electron affinity value,
and F has a more positive electron affinity value than expected from its position relative
to Cl.

b. Higher ionization energy: Mg and F c. Larger radius: K and Cl

Al(-44), Si(-120), P(-74), S(-200.4), Cl(-348.7); based on the increasing nuclear charge,
we would expect the electron affinity values to become more exothermic as we go from left
to right in the period. Phosphorus is out of line. The reaction for the electron affinity of P is:

P(g) + e — P(g)
[Ne]3s?3p®  [Ne]3s*3p*

The additional electron in P~ will have to go into an orbital that already has one electron.
There will be greater repulsions between the paired electrons in P~, causing the electron
affinity of P to be less favorable than predicted based solely on attractions to the nucleus.

Electron affinity refers to the energy associated with the process of adding an electron to a
gaseous substance. Be, N, and Ne all have endothermic (unfavorable) electron affinity values.
In order to add an electron to Be, N, or Ne, energy must be added. Another way of saying
this is that Be, N, and Ne become less stable (have a higher energy) when an electron is
added to each. To rationalize why those three atoms have endothermic (unfavorable) electron
affinity values, let’s see what happens to the electron configuration as an electron is added.

Be(g) + €& — Be(g) N(@ + e — N{(g)
[He]2s? [He]2s*2p! [He]2s%2p® [He]2s*2p*

Ne(g) + &€ — Ne(9)
[He]2s%2p® [He]2s*2p°3s!
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In each case something energetically unfavorable occurs when an electron is added. For Be,
the added electron must go into a higher-energy 2p atomic orbital because the 2s orbital is
full. In N, the added electron must pair up with another electron in one of the 2p atomic
orbitals; this adds electron-electron repulsions. In Ne, the added electron must be added to a
much higher 3s atomic orbital because the n = 2 orbitals are full.

121.  The electron affinity trend is very erratic. In general, electron affinity decreases down the
periodic table, and the trend across the table is too erratic to be of much use.
a. Se<S:; Sis mostexothermic. b. 1<Br<F<Cl; Clismostexothermic.
(F is an exception).
122. a. N<O<F, Fismostexothermic. b. Al <P <Si; Siis most exothermic.
123.  Electron-electron repulsions are much greater in O™ than in S~ because the electron goes into
a smaller 2p orbital versus the larger 3p orbital in sulfur. This results in a more favorable
(more exothermic) electron affinity for sulfur.
124.  O; the electron-electron repulsions will be much more severefor O +e — O’ than for O
+e — O, resulting in O having the more exothermic (favorable) electron affinity.
125. a. Se*(g) —» Se™(g)+e b. S(g)+e — S*(9)
c. Fe¥(g)+e — Fe*(g) d. Mg(g) > Mg'(g) +e
126. a. The electron affinity (EA) of Mg®* is AH for Mg*'(g) + € — Mg*(g); this is just the
reverse of the second ionization energy (l,) for Mg. EA(Mg®) = —I,(Mg) = -1445
kd/mol (Table 7.5). Note that when an equation is reversed, the sign on the equation is
also reversed.
b. 1, 0f CI"is AH for CI'(g) — CI(g) +e7; 1(ClI") =—EA(CI) = 348.7 k/mol (Table 7.7)
c. CI'(@+e — Cl(g) AH=-1y(Cl)=-1255 kd/mol = EA(CI") (Table 7.5)
d Mg(g — Mg(@Q) +e AH=-EA(Mg)=-230 kJ/mol =1,(Mg")
Alkali Metals
127. It should be potassium peroxide (K,0,) because K* ions are stable in ionic compounds. K*
ions are not stable; the second ionization energy of K is very large compared to the first.
128. a. LisN; lithium nitride b. NaBr; sodium bromide c. K.;S; potassium sulfide
8
120, y=C - 299 XIOMS _ g 55 ggiest

C
A 4555x107%m

E=hv=6.6261 x 10**J s x 6.582 x 10%*s=4.361 x 107° J



240 CHAPTER 7 ATOMIC STRUCTURE AND PERIODICITY
8
130.  For589.0 nm: y= S = 229X M _ 5595, 1quegs
A 589.0 x 10" m
E=hv=6.6261 x 10 Jsx5.090 x 10*s™* =3.373 x 10*J
For 589.6 nm: v=c/L=15.085x 10*s™; E=hv=3.369x 10
The energies in kJ/mol are:
23
3373 x 1070 x K, 802213107 _ 53 4 gimol
1000 mol
23
3369 x 1070 x K, 802213107 _ 5 o kyimol
1000 mol
131.  Yes; the ionization energy general trend is to decrease down a group, and the atomic radius
trend is to increase down a group. The data in Table 7.8 confirm both of these general trends.
132. It should be element 119 with the ground state electron configuration [Rn]7s’5f*6d'°7p°®8s™.
133. a. 6 Li(s) + Na(g) — 2 LisN(s) b. 2 RDb(s) + S(s) — Rb,S(s)
134. a. 2Cs(s) + 2 H,O(l) > 2 CsOH(aq) + H,(g) b. 2 Na(s) + Clx(g) — 2 NaCl(s)

Additional Exercises

135.

136.

No; lithium metal is very reactive. It will react somewhat violently with water, making it
completely unsuitable for human consumption. Lithium has a small first ionization energy,
so it is more likely that the lithium prescribed will be in the form of a soluble lithium salt (a
soluble ionic compound with Li* as the cation).

8
a 2=0300x10ME 54,400 m
v 60x108s

b. From Figure 7.2, this is infrared electromagnetic radiation.

c. E=hv=6.63x10"* Jsx6.0x 10" s =4.0 x 10 J/photon

40x107%) . 6.022 x 10% photons
photon mol

=2.4 x 10* J/mol

d. Frequency and photon energy are directly related (E = hv). Because 5.4 x 10% st

electromagnetic radiation (EMR) has a lower frequency than 6.0 x 10" s™* EMR, the 5.4
x 10" st EMR will have less energetic photons.
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137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

_ 310 kJ g 1mol

| 5022 x 107 =5.15x102?kJ =5.15 x107*°J
mo . X

E

hc hc _ 6.626 x 10734 Js x 2.998 x 10% m/s

1 =3.86 x107"m =386 nm
A E 515 x 107 J

4.18)
OC g
_hc  6.626 x 1073* J's x 2.998 x 10° m/s

B = = = =2.04x 10
Photon = 73 9.75x 1072 m

Energy to make water boil =s x m x AT = x 50.0 g x 75.0°C = 1.57 x 10*J

1s 1photon

=2009s; 1.57 x 10*J x —
2.04 x 107%* ]

1.57 x 10* J x

=7.70 x 10" photons

1000 m 1s
X

60 x 10° km x -
km 3.00 x 108 m

=200s (about 3 minutes)

-34 8
- he _ 6.626 x 107" Js x 2.998 x 10° m/s ~ 553x 107 mx 100 cm

E 359 x 10719 m
=5.53 x 10°cm

From the spectrum, A = 5.53 x 10~>cm is greenish-yellow light.

AE = —Ry iz - iz =-2178x107*® J [iz - iZJ =-4.840 x107*°)
ng n 2 6
-34 8
_ hc _ 6.6261x10""Js x 2.91279 x 10° m/s _ 4104 x 107 m x 100 cm
| AE | 4.840 x 107 m

=4.104 x 10°cm

From the spectrum, . = 4.104 x 10~°cm is violet light, so the n = 6 to n = 2 visible spectrum
line is violet.

Exceptions: Cr, Cu, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Pt, and Au; Tc, Ru, Rh, Pd, and Pt do not
correspond to the supposed extra stability of half-filled and filled subshells as normally
applied.

a. True for H only. b. True for all atoms. c. True for all atoms.

n=>5 mg=-4,-3,-2,-1,0,1, 2, 3, 4; 18 electrons

1p:n=1, £ =1 is not possible; 3f: n =3, £ =3 is not possible; 2d: n =2, £ =2 is not
possible; in all three incorrect cases, n = £. The maximum value £ can have is n — 1, not n.

0: 1s%2s°2p*; C:1s°2s2p% H: 1s'; N: 1s%2s%2p*; Ca: [Ar]4s®; P: [Ne]3s’2p®
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147.

148.

149.

150.

151.

Mg: [Ne]3s% K: [Ar]4st

From the radii trend, the smallest-size element (excluding hydrogen) would be the one in the
most upper right corner of the periodic table. This would be O. The largest-size element
would be the one in the most lower left of the periodic table. Thus K would be the largest.
The ionization energy trend is the exact opposite of the radii trend. So K, with the largest
size, would have the smallest ionization energy. From the general ionization energy trend, O
should have the largest ionization energy. However, there is an exception to the general
ionization energy trend between N and O. Due to this exception, N would have the largest
ionization energy of the elements examined.

a. The 4+ ion contains 20 electrons. Thus the electrically neutral atom will contain 24
electrons. The atomic number is 24, which identifies it as chromium.

b. The ground state electron configuration of the ion must be 1s°2s°2p®3s?3p®4s°3d*; there
are 6 electrons in s orbitals.

c. 12 d 2

e. From the mass, this is the isotope 53 Cr. There are 26 neutrons in the nucleus.

f.  1s°25°2p®3s”3p°4s'3d°® is the ground state electron configuration for Cr. Cr is an
exception to the normal filling order.

Valence electrons are easier to remove than inner-core electrons. The large difference in
energy between I, and I3 indicates that this element has two valence electrons. This element
is most likely an alkaline earth metal since alkaline earth metal elements all have two valence
electrons.

All oxygen family elements have ns’np* valence electron configurations, so this nonmetal is
from the oxygen family.

a. 2+ 4 =6 valence electrons.
b. O, S, Se, and Te are the nonmetals from the oxygen family (Po is a metal).

c. Because oxygen family nonmetals form 2— charged ions in ionic compounds, K;X would
be the predicted formula, where X is the unknown nonmetal.

d. From the size trend, this element would have a smaller radius than barium.

e. From the ionization energy trend, this element would have a smaller ionization energy
than fluorine.

a. Na(g) — Na'(g) + e I =495 kJ
Cl(g) + e — CI(g) EA=-348.7kJ

Na(g) + Cl(g) — Na*(g) + CIg) AH = 146 kJ
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b. Mg(g) - Mg™(g) + € l, = 735 kJ
F(g) +e— F(9) EA = -327.8 kJ
Mg(g) + F(g) > Mg'(g) + F (9) AH =407 kJ
C. Mg'(g) - Mg**(g) + & l,= 1445 kJ
F(g) +e — F(9) EA = -327.8 kJ

Mg'(g) + F(g) > Mg™(@) +F (@)  AH=1117kJ
d. Using parts b and c, we get:

Mg(g) + F(g) » Mg*(g) + F(g) AH =407 kJ
Mg*(g) + F(g) - Mg*(g) + F(g) AH=1117kJ

Mg(g) + 2 F(g) > Mg (g) +2F (g) AH=1524KkJ

152.  Sc: [Ar]4s?3d", 1 unpaired electron; Ti: [Ar]4s®3d® 2 unpaired e; V: [Ar]4s?3d’, 3 unpaired
e; Cr: [Ar]4s'3d°, 6 unpaired electrons (Cr is an exception to the normal filling order);
Mn: [Ar]4s?3d°, 5 unpaired e; Fe: [Ar]4s°3d®, 4 unpaired e”; Co: [Ar]4s?3d’, 3 unpaired € ;
Ni: [Ar]4s?3d®, 2 unpaired e; Cu: [Ar] 4s'3d", 1 unpaired e* (Cu is also an exception to
the normal filling order); Zn: [Ar]4s°3d", 0 unpaired e

ChemWork Problems

The answers to the problems 153-162 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

163. A= L where m = mass and v = velocity; v . = ?’R—T A= h = h
mv \ m . 3RT  +/3RTm
m
For one atom, R = 251499 L mol = 1.381 x 102 J/Ksatom

Kmol  6.022 x 10% atoms

6.626 x 104 Js

231x10"m=
Jm |/3(1.381 x 10 ?)(373K)

, mM=532x10%kg=5.32x10%g

532 x 102 g . 6.022 x 10% atoms
atom mol

Molar mass = = 32.0 g/mol

The atom is sulfur (S).
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-34 8
164, Epon = he _ 6.6261 x 10 Js x 2.2979 x10°m/fs _ 7839 x 1019 ]
A 2534 x107° m
AE = 7.839 x 107*°J; the general energy equation for one-electron ions is E, = —2.178 x
1078 J (Z%)/n? where Z = atomic number.
-18 2 1 1 — 3+
AE=-2178x10"" J(2)" | 5 - — |, Z=4forBe
ng N
-19 7 — s 2| 1 1
AE=-7.839x 1077 J=-2.178 x 10°° (4) [— - —J
n{ 5°
f
-19
183910 " 11 1 - 006249, =4
-18 20 2
2178 x107°x16 25 n; ng
This emission line corresponds to the n =5 — n = 4 electronic transition.
165. a. Because wavelength is inversely proportional to energy, the spectral line to the right of B

(at a larger wavelength) represents the lowest possible energy transition; thisisn=4ton
= 3. The B line represents the next lowest energy transition, which isn =5 to n = 3, and
the A line corresponds to the n = 6 to n = 3 electronic transition.

b. Because this spectrum is for a one-electron ion, E, = —2.178 x 107*® J (Z%n?. To
determine AE and, in turn, the wavelength of spectral line A, we must determine Z, the
atomic number of the one electron species. Use spectral line B data to determine Z.

2 2 2
AEs_,3=-2.178 x 10 2—2 - 2—2 = 2178 x 10% | 202
3 5 9 x 25

-34 8
E= E _ 6.6261 x 10 JS(2.9929 x 10° m/s) 1394 x 10-# ]
A 1425 x 107° m

Because an emission occurs, AEs_, 3 = —1.394 x 1078 ).

2
162 SJ . Z2=9.001, Z=3; theionis Li*".

AE=-1394x108])=-2178x 10 (

X

Solving for the wavelength of line A:

ABg_,3=-2.178 x 10-18(3)2(3%2 - 6%

j: -1.634 x 1078
hc _ 6.6261 x 10 15(2.9979 x 10° m/s)

A= = & =1.216 x 107" m = 121.6 nm
|AE| 1.634 x 10
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166.  For hydrogen: AE =-2.178 x 10™® J (le - 5%) =-4574x10% )

For a similar blue light emission, He" will need about the same AE value.

For He": E,=-2.178 x 107%8J (Z%n%), where Z = 2:

22 22
AE=-4574 x 107° J=-2.178 x 108 J (_ - _J

nZ 42
02100= 2 - 2 04600= 2, n=2949
nf2 16 N

The transition from n = 4 to n = 3 for He" should emit a similar colored blue light as the n
= 5 to n = 2 hydrogen transition; both these transitions correspond to very nearly the
same energy change.

167.  For one-electron species, E, = — RHZZIn2. The ground state ionization energy is the energy
change for then =1 — n = oo transition. So:

ionization energy = E,, — E; = —E; = R,,Z*/n* =RyZ°

4.72 x 10* kJ y 1mol 1000J

x =2.178x 107" J (Z?); solving: Z=6
mol 6.022 x 10% kJ

Element 6 is carbon (X = carbon), and the charge for a one-electron carbon ion is
5+ (m = 5). The one-electron ion is C*.

168. A node occurs when y = 0. s = 0 when 27 — 18c + 262=0.

Solving using the quadratic formula: ¢ =

18+/(18)? — 4(2)(27) _ 184108
4 4

6 =7.10 or 6 = 1.90; because c = r/a,, the nodes occur at r = (7.10)a, = 3.76 x 10™° m and at
r = (1.90)a, = 1.01 x 10 m, where r is the distance from the nucleus.

169. Forr=a,and 6 =0°(Z=1 for H):

3/2

1 1 -1/2 14 2 28

VY, = (1) e cos 0 =157 x 10", y"=2.46 x 10
P an)? (5.29 x 10—“]

For r =a, and 6 = 90°, y,, =0 since cos 90° = 0; y? = 0; there is no probability of finding
an electron in the 2p, orbital with 6 = 0°. As expected, the Xy plane, which corresponds to 6
= 0°, is a node for the 2p, atomic orbital.
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170.

171.

Each orbital could hold 3 electrons.

The first period corresponds to n = 1 which can only have 1s orbitals. The 1s orbital
could hold 3 electrons; hence the first period would have three elements. The second
period corresponds to n = 2, which has 2s and 2p orbitals. These four orbitals can each
hold three electrons. A total of 12 elements would be in the second period.

15 d 21

1st period: p=1 q=1, r=0, s=%1/2 (2 elements)

2nd period: p=2, q=1, r=0, s==1/2 (2 elements)

3rd period: p=3, =1, r=0, s==1/2 (2 elements)
p=3, q=3, r=-2, s==*1/2 (2 elements)
p=3,g=3, r=0, s=%1/2(2 elements)
p=3, q=3, r=+2,s=1%1/2 (2 elements)

4th period: p =4; qand r values are the same as with p = 3 (8 total elements)
1 2
3 4

5 6|7 ]8|9/|10|11 12
13 /14 115 16 |17 |18 |19 | 20

Elements 2, 4, 12, and 20 all have filled shells and will be least reactive.
Draw similarities to the modern periodic table.
XY could be XY™, X*'Y?, or X*Y*. Possible ions for each are:
X* could be elements 1, 3, 5, or 13; Y could be 11 or 19.
X% could be 6 or 14; Y? could be 10 or 18.
X3 could be 7 or 15; Y* could be 9 or 17.
Note: X** and Y* ions probably won’t form.
XY, will be X2+(Y’ )2; See above for possible ions.
X,Y will be (X*),Y* See above for possible ions.
XY3 will be X3+(Y’ )s; See above for possible ions.

X5Y3 will be (X*)2(Y?* )s; See above for possible ions.
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172.

d p=4,q9=3, r=-2,s==%1/2 (2 electrons)
p=4, q=3, r=0, s==1/2 (2 electrons)
p=4, q=3, r=+2, s==1/2 (2 electrons)

A total of 6 electrons can havep=4and q = 3.

e. p=3, q=0, r=0;this is not allowed; q must be odd. Zero electrons can have these
guantum numbers.

f. p=6, q=1, r=0, s=+1/2 (2 electrons)

p=6, q=3, r=-2,0, +2; s=1/2 (6 electrons)
p=6, q=5, r=-4,-2,0, +2, +4; s=£1/2 (10 electrons)
Eighteen electrons can have p = 6.

The third ionization energy refers to the following process: E*(g) — E*(g) + € AH =,
The electron configurations for the 2+ charged ions of Na to Ar are:

Na*": 1s2s%2p°
Mg”": 1s2s%2p°
Al [Ne]3s*

Si*": [Ne]3s®

P?*:  [Ne]3s°3p*
S**: [Ne]3s%3p
CI*": [Ne]3s*3p®
Ar®*: [Ne]3s*3p*

I; for sodium and magnesium should be extremely large compared with the others because n
= 2 electrons are much more difficult to remove than n = 3 electrons. Between Na** and
Mg”*, one would expect to have the same trend as seen with 13(F) versus I;(Ne); these neutral
atoms have identical electron configurations to Na** and Mg?**. Therefore, the 1s°2s°2p° ion
(Na*") should have a lower ionization energy than the 1s°2s2p°® ion (Mg®").

The remaining 2+ ions (AI** to Ar®") should follow the same trend as the neutral atoms
having the same electron configurations. The general ionization energy trend predicts an
increase from [Ne]3s' to [Ne]3s?3p*. The exceptions occur between [Ne]3s® and [Ne]3s?3p*
and between [Ne]3s?3p® and [Ne]3s?3p*. [Ne]3s?3p" is out of order because of the small
penetrating ability of the 3p electron as compared with the 3s electrons. [Ne]3s%3p” is out of
order because of the extra electron-electron repulsions present when two electrons are paired
in the same orbital. Therefore, the correct ordering for AI** to Ar** should be AI** < P?* < Si**
< S* < Ar?* < CI*, where P?* and Ar?* are out of line for the same reasons that Al and S are
out of line in the general ionization energy trend for neutral atoms. A qualitative plot of the
third ionization energies for elements Na through Ar follows.
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173.

174.

175.

176.

Na®*  mg2 AR st pr st CPY A

Note: The actual numbers in Table 7.5 support most of this plot. No I3 is given for Na*, so
you cannot check this. The only deviation from our discussion is Is for Ar** which is greater
than I for CI** instead of less than.

The ratios for Mg, Si, P, Cl, and Ar are about the same. However, the ratios for Na, Al, and S
are higher. For Na, the second ionization energy is extremely high because the electron is
taken from n = 2 (the first electron is taken from n = 3). For Al, the first electron requires a
bit less energy than expected by the trend due to the fact it is a 3p electron versus a 3s
electron. For S, the first electron requires a bit less energy than expected by the trend due to
electrons being paired in one of the p orbitals.

Size also decreases going across a period. Sc and Ti along with Y and Zr are adjacent
elements. There are 14 elements (the lanthanides) between La and Hf, making Hf
considerably smaller.

a. Assuming the Bohr model applies to the 1s electron, E;; = —RnuZ%/n?= —RuZ%s, where
n=1. lonization energy = E., — Exs = 0 — Ex = RyZ .

2.462 x 10° kJ y 1mol  1000J
mol 6.0221 x 10% kJ

b. Silver is element 47, so Z = 47 for silver. Our calculated Z.+ value is less than 47.
Electrons in other orbitals can penetrate the 1s orbital. Thus a 1s electron can be slightly
shielded from the nucleus by these penetrating electrons, giving a Z. close to but less
than Z.

=2.178 x 107 ) (Ze)?, Zetr = 43.33

None of the noble gases and no subatomic particles had been discovered when Mendeleev
published his periodic table. Thus there was no known element out of place in terms of
reactivity and there was no reason to predict an entire family of elements. Mendeleev ordered
his table by mass; he had no way of knowing there were gaps in atomic numbers (they hadn't
been discovered yet).
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_34 2
_ 6.626 x 107" kg m*/s = 6.68 x 1072 kg/atom

177. m= h o 5
Av 3.31x 107" m x (0.0100 x 2.998 x 10° m/s)

6.68 x 1072 kg 6022 x 102 atoms . 1000g

=40.2 g/mol
atom mol 1kg

The element is calcium, Ca.

Integrated Problems

-19
178. a v= == 22x10 )y ganqpm
h 6626 x10%Js

8
p= 8 o 29BXATMIS ) 6o 107 m= 265 nm
v 1.13 x 107s

b. Epnoton and A are inversely related (E = hc/A). Any wavelength of electromagnetic
radiation less than or equal to 265 nm (A < 265) will have sufficient energy to eject an
electron. So, yes, 259-nm EMR will eject an electron.

c. This is the electron configuration for copper, Cu, an exception to the expected filling
order.

179. a. Anatom of francium has 87 protons and 87 electrons. Francium is an alkali metal and
forms stable 1+ cations in ionic compounds. This cation would have 86 electrons. The
electron configurations will be:

Fr: [Rn]7s; Fr': [Rn] = [Xe]6s%4f**5d"6p°
b~ 1kg  1000g 1molFr  6.02x 10% atoms
160z 2.205Ib 1kg 2239 Fr 1mol Fr

= 7.7 x 10% atoms Fr

b. 1.00zFr x

c. **Fris element 87, so it has 223 — 87 = 136 neutrons.

1.67493 x 102" kg . 1000g
1neutron 1kg

136 neutrons x

= 2.27790 x 10722 g neutrons

180. a. [Kr]5s%4d'5p® = Xe; [Kr]5s%4d'%5p" = In; [Kr]5s%4d"5p® = Sb
From the general radii trend, the increasing size order is Xe < Sb < In.
b. [Ne]3s’3p° = Cl; [Ar]4s°3d'%4p® = As; [Ar]4s*3d™%4p° = Br

From the general ionization energy trend, the decreasing ionization energy order is: Cl >
Br > As.



CHAPTER 8

BONDING: GENERAL CONCEPTS

Questions

15.

16.

17.

18.

a. This diagram represents a polar covalent bond as in HCI. In a polar covalent bond,
there is an electron rich region (indicated by the red color) and an electron poor region
(indicated by the blue color). In HCI, the more electronegative Cl atom (on the red side
of the diagram) has a slightly greater ability to attract the bonding electrons than does H
(on the blue side of the diagram), which in turn produces a dipole moment.

b. This diagram represents an ionic bond as in NaCl. Here, the electronegativity differences
between the Na and Cl are so great that the valence electron of sodium is transferred to
the chlorine atom. This results in the formation of a cation, an anion, and an ionic bond.

c. This diagram represents a pure covalent bond as in H,. Both atoms attract the bonding
electrons equally, so there is no bond dipole formed. This is illustrated in the
electrostatic potential diagram as the various red and blue colors are equally distributed
about the molecule. The diagram shows no one region that is red nor one region that is
blue (there is no specific partial negative end and no specific partial positive end), so the
molecule is nonpolar.

In F, the bonding is pure covalent, with the bonding electrons shared equally between the two
fluorine atoms. In HF, there is also a shared pair of bonding electrons, but the shared pair is
drawn more closely to the fluorine atom. This is called a polar covalent bond as opposed to
the pure covalent bond in F,.

Of the compounds listed, P,Os is the only compound containing only covalent bonds.
(NH4),S0,, Cas(PO,),, K0, and KCI are all compounds composed of ions, so they exhibit
ionic bonding. The polyatomic ions in (NH,4),SO, are NH," and S0,%. Covalent bonds exist
between the N and H atoms in NH," and between the S and O atoms in SO,%. Therefore,
(NH4),SO, contains both ionic and covalent bonds. The same is true for Caz(PO,),. The
bonding is ionic between the Ca* and PO,* ions and covalent between the P and O atoms in
PO,>. Therefore, (NH,),S0,4 and Ca3(PO,), are the compounds with both ionic and covalent
bonds.

lonic solids are held together by strong electrostatic forces that are omnidirectional.

i.  For electrical conductivity, charged species must be free to move. In ionic solids, the
charged ions are held rigidly in place. Once the forces are disrupted (melting or
dissolution), the ions can move about (conduct).

ii. Melting and boiling disrupts the attractions of the ions for each other. Because these
electrostatic forces are strong, it will take a lot of energy (high temperature) to
accomplish this.

250
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iv.

These

If we try to bend a piece of material, the ions must slide across each other. For an
ionic solid the following might happen:

e ccoate
etacece

strong attraction strong repulsion

Just as the layers begin to slide, there will be very strong repulsions causing the solid
to snap across a fairly clean plane.

Polar molecules are attracted to ions and can break up the lattice.

properties and their correlation to chemical forces will be discussed in detail in

Chapters 10 and 11.

19. Electronegativity increases left to right across the periodic table and decreases from top to
bottom. Hydrogen has an electronegativity value between B and C in the second row and
identical to P in the third row. Going further down the periodic table, H has an electro-
negativity value between As and Se (row 4) and identical to Te (row 5). It is important to
know where hydrogen fits into the electronegativity trend, especially for rows 2 and 3. If you
know where H fits into the trend, then you can predict bond dipole directions for nonmetals
bonded to hydrogen.

20. Linear structure (180° bond angle)

S—Cc=—0 O=C=O

Polar; bond dipoles do not cancel. Nonpolar; bond dipoles cancel.

Trigonal planar structure (120° bond angle)

:0: $0:
+ 2 other resonance
. . structures
T NY O/ \O:
Polar; bond dipoles do not cancel. Nonpolar; bond dipoles cancel.

Tetrahedral structure (109.5° bond angles)

:F: :F:
gl T

Polar; bond dipoles do not cancel. Nonpolar; bond dipoles cancel.
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21.

22.

23.

24,

For ions, concentrate on the number of protons and the number of electrons present. The
species whose nucleus holds the electrons most tightly will be smallest. For example, anions
are larger than the neutral atom. The anion has more electrons held by the same number of
protons in the nucleus. These electrons will not be held as tightly, resulting in a bigger size
for the anion as compared to the neutral atom. For isoelectronic ions, the same number of
electrons are held by different numbers of protons in the various ions. The ion with the most
protons holds the electrons tightest and is smallest in size.

Two other factors that must be considered are the ionization energy needed to produce more
positively charged ions and the electron affinity needed to produce more negatively charged
ions. The favorable lattice energy more than compensates for the unfavorable ionization
energy of the metal and for the unfavorable electron affinity of the nonmetal as long as
electrons are added to or removed from the valence shell. Once the valence shell is empty, the
ionization energy required to remove the next (inner-core) electron is extremely unfavorable;
the same is true for electron affinity when an electron is added to a higher n shell. These two
quantities are so unfavorable after the valence shell is complete that they overshadow the
favorable lattice energy, and the higher charged ionic compounds do not form.

Fossil fuels contain a lot of carbon and hydrogen atoms. Combustion of fossil fuels (reaction
with O,) produces CO, and H,O. Both these compounds have very strong bonds. Because
stronger product bonds are formed than reactant bonds broken, combustion reactions are very
exothermic.

Statements a and c are true. For statement a, XeF, has 22 valence electrons, and it is
impossible to satisfy the octet rule for all atoms with this number of electrons. The best Lewis
structure is:

F—Xé__F.

For statement ¢, NO* has 10 valence electrons, whereas NO~ has 12 valence electrons. The
Lewis structures are:

+ Ve -
[ :N=o0;] N=29

Because a triple bond is stronger than a double bond, NO* has a stronger bond.

For statement b, SF, has five electron pairs around the sulfur in the best Lewis structure; it is
an exception to the octet rule. Because OF, has the same number of valence electrons as SF,,
OF, would also have to be an exception to the octet rule. However, row 2 elements such as O
never have more than 8 electrons around them, so OF, does not exist. For statement d, two
resonance structures can be drawn for ozone:
Cj -~ ©
‘O/ \O ;6/ \O‘

When resonance structures can be drawn, the actual bond lengths and strengths are all equal
to each other. Even though each Lewis structure implies the two O—O bonds are different,
this is not the case in real life. In real life, both of the O—O bonds are equivalent. When
resonance structures can be drawn, you can think of the bonding as an average of all of the
resonance structures.
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25.

26.

CO,, 4 + 2(6) = 16 valence electrons
0 0 0 1 i} #1 #1 0 1
9=—6=—=0 = :p—c=06: =—> 0=c—"b:

The formal charges are shown above the atoms in the three Lewis structures. The best Lewis
structure for CO, from a formal charge standpoint is the first structure having each oxygen
double bonded to carbon. This structure has a formal charge of zero on all atoms (which is
preferred). The other two resonance structures have nonzero formal charges on the oxygens,
making them less reasonable. For CO,, we usually ignore the last two resonance structures
and think of the first structure as the true Lewis structure for CO,.

Only statement c is true. The bond dipoles in CF, and KrF, are arranged in a manner that they
all cancel each other out, making them nonpolar molecules (CF, has a tetrahedral molecular
structure, whereas KrF, has a square planar molecular structure). In SeF,, the bond dipoles in
this see-saw molecule do not cancel each other out, so SeF, is polar. For statement a, all the
molecules have either a trigonal planar geometry or a trigonal bipyramid geometry, both of
which have 120° bond angles. However, XeCl, has three lone pairs and two bonded chlorine
atoms around it. XeCl, has a linear molecular structure with a 180° bond angle. With three
lone pairs, we no longer have a 120° bond angle in XeCl,. For statement b, SO, has a V-
shaped molecular structure with a bond angle of about 120°. CS, is linear with a 180° bond
angle, and SCI, is V-shaped but with an approximate 109.5° bond angle. The three com-
pounds do not have the same bond angle. For statement d, central atoms adopt a geometry to
minimize electron repulsions, not maximize them.

Exercises

Chemical Bonds and Electronegativity

27.

28.

29.

30.

Using the periodic table, the general trend for electronegativity is:
(1) Increase as we go from left to right across a period
(2) Decrease as we go down a group
Using these trends, the expected orders are:
a. C<N<O b. Se<S<Cl C. Sn<Ge<Si d Tl<Ge<S
a. Rb<K<Na b. Ga<B<O ¢ Br<CI<F d S<O<F

The most polar bond will have the greatest difference in electronegativity between the two
atoms. From positions in the periodic table, we would predict:

a. Ge-F b. P-CI c. S—F d. Ti-Cl

a. Sn—H b. TI-Br c. Si-O d O-F



254

CHAPTER 8 BONDING: GENERAL CONCEPTS

31.

32,

33.

The general trends in electronegativity used in Exercises 27 and 29 are only rules of
thumb. In this exercise, we use experimental values of electronegativities and can begin to
see several exceptions. The order of EN from Figure 8.3 is:

a. C(25)<N(3.00<0(3.5) same as predicted

b. Se(2.4)<S (25)<CI(3.0) same

Si=Ge=S5n(1.8) different

d TI(1.8)=Ge(1.8)<S(2.5) different

o

Most polar bonds using actual EN values:

a. Si—F and Ge—F have equal polarity (Ge—F predicted).
b. P—CI (same as predicted)

c. S—F (same as predicted) d. Ti—ClI (same as predicted)

The order of EN from Figure 8.3 is:
a. RDb(0.8) =K (0.8) < Na (0.9), different b. Ga(1.6) <B (2.0) <0 (3.5), same
c. Br(2.8)<Cl(3.0) <F (4.0), same d. S(25)<0(3.5)<F(4.0), same

Most polar bonds using actual EN values:

a. C—H most polar (Sn—H predicted)

b. AIl-Br most polar (TI-Br predicted). c. Si—O (same as predicted).

d. Each bond has the same polarity, but the bond dipoles point in opposite directions.
Oxygen is the positive end in the O—F bond dipole, and oxygen is the negative end in the
O—Cl bond dipole (O—F predicted).

Use the electronegativity trend to predict the partial negative end and the partial positive end
of the bond dipole (if there is one). To do this, you need to remember that H has electro-
negativity between B and C and identical to P. Answers b, d, and e are incorrect. For d (Br,),
the bond between two Br atoms will be a pure covalent bond, where there is equal sharing of
the bonding electrons, and no dipole moment exists. For b and e, the bond polarities are
reversed. In Cl-I, the more electronegative Cl atom will be the partial negative end of the
bond dipole, with | having the partial positive end. In O—P, the more electronegative oxygen
will be the partial negative end of the bond dipole, with P having the partial positive end. In
the following, we used arrows to indicate the bond dipole. The arrow always points to the
partial negative end of a bond dipole (which always is the most electronegative atom in the
bond).

Cl—I O—FP
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34,

35.

36.

37.

38.

See Exercise 33 for a discussion on bond dipoles. We will use arrows to indicate the bond
dipoles. The arrow always points to the partial negative end of the bond dipole, which will
always be to the more electronegative atom. The tail of the arrow indicates the partial positive
end of the bond dipole.

a. —— b. P-H is a pure covalent (nonpolar) bond because
C—=oO0 P and H have identical electronegativities.
—_— -

¢ H—cl d Br—Te

e. Se—3§ The actual electronegativity difference between Se and S is so small that

this bond is probably best characterized as a pure covalent bond having
no bond dipole.

Bonding between a metal and a nonmetal is generally ionic. Bonding between two nonmetals
is covalent, and in general, the bonding between two different nonmetals is usually polar
covalent. When two different nonmetals have very similar electronegativities, the bonding is
pure covalent or just covalent.

a. ionic b. covalent c. polar covalent
d. ionic e. polar covalent f. covalent

The possible ionic bonds that can form are between the metal Cs and the nonmetals P, O, and
H. These ionic compounds are Cs3P, Cs,0O, and CsH. The bonding between the various
nonmetals will be covalent. P4, O,, and H, are all pure covalent (or just covalent) with equal
sharing of the bonding electrons. P—H will also be a covalent bond because P and H have
identical electronegativities. The other possible covalent bonds that can form will all be polar
covalent because the nonmetals involved in the bonds all have intermediate differences in
electronegativities. The possible polar covalent bonds are P—O and O—H.

Note: The bonding among cesium atoms is called metallic. This type of bonding between
metals will be discussed in Chapter 10.

Electronegativity values increase from left to right across the periodic table. The order of
electronegativities for the atoms from smallest to largest electronegativity willbe H =P <C <
N < O < F. The most polar bond will be F—H since it will have the largest difference in
electronegativities, and the least polar bond will be P—H since it will have the smallest
difference in electronegativities (AEN = 0). The order of the bonds in decreasing polarity will
be F-H > O—H > N-H > C-H > P-H.

lonic character is proportional to the difference in electronegativity values between the two
elements forming the bond. Using the trend in electronegativity, the order will be:

Br—Br < N-O < C-F < Ca-0O < K-F
least most
ionic character ionic character
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39.

40.

Note that Br—Br, N—O, and C—F bonds are all covalent bonds since the elements are all non-
metals. The Ca—O and K—F bonds are ionic, as is generally the case when a metal forms a
bond with a nonmetal.

A permanent dipole moment exists in a molecule if the molecule has one specific area with a
partial negative end (a red end in an electrostatic potential diagram) and a different specific
region with a partial positive end (a blue end in an electrostatic potential diagram). If the
blue and red colors are equally distributed in the electrostatic potential diagrams, then no
permanent dipole exists.

a. Has a permanent dipole. b. Has no permanent dipole.
c. Has no permanent dipole. d. Has a permanent dipole.
e. Has no permanent dipole. f. Has no permanent dipole.

a. H,0; both H,0 and NH; have permanent dipole moments in part due to the polar O-H
and N—-H bonds. But because oxygen is more electronegative than nitrogen, one would
expect H,O to have a slightly greater dipole moment. This diagram has the more intense
red color on one end and the more intense blue color at the other end indicating a larger
dipole moment.

b. NHjs; this diagram is for a polar molecule, but the colors are not as intense as the diagram
in part a. Hence, this diagram is for a molecule which is not as polar as H,O. Since N is
less electronegative than O, NH; will not be as polar as H,0.

c. CHy; this diagram has no one specific red region and has four blue regions arranged
symmetrically about the molecule. This diagram is for a molecule which has no dipole
moment. This is only true for CH,. The C—H bonds are at best, slightly polar because
carbon and hydrogen have similar electronegativity values. In addition, the slightly polar
C—H bond dipoles are arranged about carbon so that they cancel each other out, making
CH, a nonpolar molecule. See Example 8.2.

lons and lonic Compounds

41.

42.

43.

44,

AP [He]2s?2p® Ba®": [Kr]5s%4d™5p°%; Se”: [Ar]4s?3d™4p®; I [Kr]5s%4d"%5p°
Te?: [Kr]5s%4d™5p®% CI7: [Ne]3s”3p% Sr*: [Ar]4s”3d™4p% Li*: 1s?

a. Li"and N* are the expected ions. The formula of the compound would be LisN (lithium
nitride).

b. Ga’ and O*; Ga,0s gallium(l1l) oxide or gallium oxide
c. Rb"and CI; RbCI, rubidium chloride d. Ba* and S*; BaS, barium sulfide

a. AP and CI; AICIs, aluminum chloride b. Na*and O*; Na,O, sodium oxide
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45,

46.

47.

48.

49.

50.

51.

C.

C.

d.

Sr** and F~; SrF,, strontium fluoride d. Ca? and S*; CasS, calcium sulfide
Mg™": 1s2s%2p% K*: 1s%25%2p°3s%3p% AIP*: 1s5°2s72p°

N*, 0%, and F: 1s%2s%2p® Te®: [Kr]5s%4d'"5p®

Sr*: [Ar]4s®3d%4p® Cs": [Kr]5s°4d'%p® In*: [Kr]5s%4d™; Pb*: [Xe]6s’4f**5d"
P* and S*: [Ne]3s’3p° Br: [Ar]4s*3d"%4p°

Sc¥: [Ar] b. Te*: [Xe] c. Ce*: [Xe] and Ti*": [Ar] d. Ba*: [Xe]
these ions have the noble gas electron configuration shown in brackets.

Cs,S is composed of Cs* and S%°. Cs" has the same electron configuration as Xe, and g%
has the same configuration as Ar.

SrF,; Sr¥ has the Kr electron configuration, and F~ has the Ne configuration.

CasN,; Ca®* has the Ar electron configuration, and N>~ has the Ne configuration.

AlIBr3; AP has the Ne electron configuration, and Br™ has the Kr configuration.

Na' has 10 electrons. F~, 0%, and N* are some possible anions also having 10 electrons.
Ca* has 18 electrons. CI-, S%7, and P* also have 18 electrons.

AP has 10 electrons. F-, 0%, and N>~ also have 10 electrons.

Rb* has 36 electrons. Br, Se’”, and As> also have 36 electrons.

Ne has 10 electrons. AIN, MgF,, and Na,O are some possible ionic compounds where
each ion has 10 electrons.

CaS, KsP, and KCI are some examples where each ion is isoelectronic with Ar; i.e., each
ion has 18 electrons.

Each ion in SrsAs,, SrBr,, and Rb,Se is isoelectronic with Kr.

Each ion in BaTe and Csl is isoelectronic with Xe.

Neon has 10 electrons; there are many possible ions with 10 electrons. Some are N>, O%,

F,

Na‘, Mg®, and AI**. In terms of size, the ion with the most protons will hold the

electrons the tightest and will be the smallest. The largest ion will be the ion with the fewest
protons. The size trend is:

AP < Mg* < Na" < F < 0 < N*
smallest largest
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52. All these ions have 18 e7; the smallest ion (Sc**) has the most protons attracting the 18 e,
and the largest ion has the fewest protons (S%). The order in terms of increasing size is Sc**
< Ca®* < K*< CI" < S%. In terms of the atom size indicated in the question:

K* ca® Scd* s* CI

53. a. Cu>Cu'>Cu* b. Pt*>Pd™ > Ni* c. 0©>0>0
d. La*>Eu® >Gd* > Yb* e. Te” > >Cs">Ba*>La*

For answer a, as electrons are removed from an atom, size decreases. Answers b and d follow
the radius trend. For answer ¢, as electrons are added to an atom, size increases. Answer e
follows the trend for an isoelectronic series; i.e., the smallest ion has the most protons.

54.  a. V>V¥>V¥s>v b. Cs">Rb">K">Na" c. Te¥>1 >Cs'>Ba*

d P¥*>P*>p >P e. Te¥ >Se" >S5 >0"

55. Lattice energy is proportional to —Q:Q./r, where Q is the charge of the ions and r is the
distance between the centers of the ions. The more negative the lattice energy, the more
stable the ionic compound. So greater charged ions as well as smaller sized ions lead to more
negative lattice energy values and more stable ionic compounds.

a. NaCl; Na" is smaller than K*. b. LiF; F is smaller than CI".

c. MgO; O% has a greater charge than OH". d. Fe(OH)s; Fe** has a greater charge than
Fe®*.

e. Na,O; O has a greater charge than CI". f. MgO; both ions are smaller in MgO.

56. a. LiF; Li" is smaller than Cs". b. NaBr: Br is smaller than I".

c. BaO; O” has a greater charge than CI.  d. CaSO,; Ca®* has a greater charge than Na".
e. K,0:0% hasa greater charge than F". f. Li,O; both ions are smaller in Li,O.
57. K(s) — K(9) AH =90.kJ (sublimation)
K(g) — K'(g) + e AH =419 kJ (ionization energy)
1/2 Cly(g) — Cl(9) AH =239/2 kJ (bond energy)
Cl(g) + e —> Cl(g) AH =-349 kJ (electron affinity)
K*(g) + CI'(g) — KCI(s) AH =-690. kJ (lattice energy)

K(s) + 1/2 Cly(g) — KCI(s) AH? = -411 kJ/mol
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58.

59.

60.

61.

62.

Mg(s) — Mg(9) AH = 150. kJ (sublimation)
Mg(g) - Mg'(g) + & AH=735Kk] (IE,)
Mg*(g) > Mg*(g) +&  AH=1445k] (IEy)
F2(g) — 2 F(9) AH =154 k] (BE)
2F(@) +2e ->2F(9) AH=2(-328) k] (EA)
Mg*(g) + 2 F(g) > MgF5(s) AH=-2913k]  (LE)
Mg(s) + F2(g) — MgFa(s) AH? = —1085 kJ/mol

From the data given, it takes less energy to produce Mg*(g) + O(g) than to produce

Mg”(g) + O*(g). However, the lattice energy for Mg**O* will be much more exothermic
than that for Mg*O™ due to the greater charges in Mg®*O*". The favorable lattice energy term
dominates, and Mg* 0% forms.

Na(g) — Na'(g) + e AH = IE =495 kJ (Table 7.5)
F(@) +e — F(g) AH=EA =-327.8 kJ (Table 7.7)
Na(g) + F(g) — Na*(g) + F(g) AH= 167 kJ

The described process is endothermic. What we haven’t accounted for is the extremely favor-
able lattice energy. Here, the lattice energy is a large negative (exothermic) value, making the
overall formation of NaF a favorable exothermic process.

Use Figure 8.11 as a template for this problem.

Li(s) — Li(g) AHgyp = ?
Li(g) —» Li'(g)+e AH =520. kJ
1/21,(g) — 1(9) AH=151/2kJ
(@) +e — 17(g) AH =-295KkJ
Li*(g) + I'(g) — Lil(s) AH =-753 KJ
Li(s) + 1/2 1,(g) — Lil(s) AH = -292 kJ

AHgy + 520. + 151/2 — 295 — 753 = -292, AHgy, = 161 kJ

Let us look at the complete cycle for Na,S.

2 Na(s) — 2 Na(g) 2AHgyp, na = 2(109) kJ
2Na(g) > 2Na'(g) +2 € 21E = 2(495) kJ
S(s) — S(9) AHgp, s = 277 KJ
S(g) +e > S(9) EA; = —200. kJ
S(g) +e — S*(g) EA,=?
2 Na'(g) + S*(g) - Na,S(s) LE = —2203 kJ
2 Na(s) + S(s) — NayS(s) AH? =-365kJ

AH? = 2AH, \, +2IE + AHgp s + EA; + EA, + LE, 365 = —918 + EA,, EA, = 553 k]
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For each salt: AH? =2AHgp m + 2IE + 277 — 200. + LE + EA;

K,S: —381=2(90.) +2(419) + 277 — 200. — 2052 + EA,, EA, =576 kJ
Rb,S: =361 = 2(82) + 2(409) + 277 — 200. — 1949 + EA,, EA, =529 kJ
Cs,S: —360. = 2(78) + 2(382) + 277 — 200. — 1850. + EA,, EA, =493 kJ
We get values from 493 to 576 kJ.

553 +576 + 529 + 493

The mean value is: 2 = 538 kJ. We can represent the results as EA, =
540 +50 kJ.
63. Ca®* has a greater charge than Na*, and Se*” is smaller than Te*". The effect of charge on the

lattice energy is greater than the effect of size. We expect the trend from most exothermic
lattice energy to least exothermic to be:

CaSe > CaTe > Na,Se > Na,Te
(-2862) (—2721) (-2130) (-2095) This is what we observe.

64. Lattice energy is proportional to the charge of the cation times the charge of the anion Q;Q..
Compound Q19 Lattice Energy
FeCl, (+2)(-1)=-2 —2631 kd/mol
FeCls (+3)(-1)=-3 —5359 kJ/mol
Fe,03 (+3)(-2)=-6 —14,744 ki/mol

Bond Energies

65. a H—H + Cl—Cl — 3 2H—CI
Bonds broken: Bonds formed:
1 H-H (432 kJ/mol) 2 H—CI (427 kd/mol)

1 CI-ClI (239 kJ/mol)

b. N=N+ 3 H—H——> 2 H—N—H
H
Bonds broken: Bonds formed:
1 N=N (941 kJ/mol) 6 N—H (391 kJ/mol)

3 H—H (432 k3/mol)

AH =941 kJ + 3(432) kJ — 6(391) kJ = —109 kJ
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66. Sometimes some of the bonds remain the same between reactants and products. To save
time, only break and form bonds that are involved in the reaction.

H

H
) H—C=N+2 H—H —> H—C|:—+
H

H
Bonds broken: Bonds formed:
1 C=N (891 kJ/mol) 1 C-N (305 kJ/mol)
2 H-H (432 kJ/mol) 2 C—H (413 kJ/mol)

2 N—H (391 kJ/mol)

AH = 891 kJ + 2(432 kJ) — [305 kJ + 2(413 k) + 2(391 kJ)] = —158 kJ

b. H H

\N—N/ +2 F—F —>> 4 H—F + N=N
e AN
H H
Bonds broken: Bonds formed:
1 N—N (160. kd/mol) 4 H-F (565 kJ/mol)
4 N-H (391 kJ/mol) 1 N =N (941 kJ/mol)

2 F-F (154 kd/mol)

AH = 160. kJ + 4(391 kJ) + 2(154 kJ) — [4(565 kJ) + 941 kJ] = 1169 kJ

67. H H
H—C—N=C —>> H—C—C=N
H H

Bonds broken: 1 C—N (305 kJ/mol) Bonds formed: 1 C-C (347 kJ/mol)

AH = ZDbroken - ZDformed, AH = 305 - 347 = _42 k\]

Note: Sometimes some of the bonds remain the same between reactants and products.
To save time, only break and form bonds that are involved in the reaction.

H—C—O—H + =0 ——> H—(—C—O—H
H H
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Bonds broken: Bonds formed:
1 C=0 (1072 kJ/mol) 1 C—C (347 ki/mol)
1 C-0 (358 kJ/mol) 1 C=0 (745 kJ/mol)

1 C—O (358 ki/mol)

AH = 1072 + 358 — [347 + 745 + 358] = —20. kJ

E
69. é
H—S§—H + 8F—F —> F—S§—F + 2H—F
Bonds broken: Bonds formed:
2 S—H (347 kJ/mol) 4 S—F (327 kJ/mol)
3 F—F (154 kJ/mol) 2 H-F (565 kJ/mol)
AH = 2(347) + 3(154) — [4(327) + 2(565)] = -1282 kJ
70.

H

H—J:—H + H-O—H_— 5 C=0 +3H—H

H
Bonds broken: Bonds formed:
4 C-H (413 kJ/mol) 1 C=0 (1072 kJ/mol)
2 O—H (467 kJ/mol) 3 H-H (432 kJ/mol)

AH = 4(413) + 2(467) — [1072 + 3(432)] = 218 kJ

71. H-C=C-H + 520=-0 — 20=C=0 + H-O-H

Bonds broken: Bonds formed:
2 C—H (413 kJ/mol) 2 x 2 C=0 (799 kJ/mol)
1 C=C (839 kJ/mol) 2 O-H (467 kJ/mol)

5/2 0=0 (495 kd/mol)

AH = 2(413 kJ) + 839 kJ + 5/2 (495 kJ) — [4(799 kJ) + 2(467 kJ)] = —1228 kJ
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72.

73.

74.

75.

76.

77.

CH, + 20=0 —» 0=C=0 + 2H-O-H

Bonds broken: Bonds formed:
4 C-H (413 kJ/mol) 2 C=0 (799 kJ/mol)
2 0=0 (495 kJ/mol) 2 x 2 O—H (467 kJ/mol)

AH = 4(413 KJ) + 2(495 kJ) — [2(799 KJ) + 4(467 kJ)] = —824 k]

H H P

\N__ 7
=c_ * F—F —> H—(IZ—Cll—H AH = -549 kJ
H H

H H
Bonds broken: Bonds formed:

1 C=C (614 kJ/mol) 1 C—C (347 ki/mol)

1 F—F (154 kJ/mol) 2 C—F (Dcr = C—F bond energy)

AH =-549 kJ = 614 kJ + 154 kJ — [347 ki + 2Dcg], 2Dce = 970., Dce = 485 kd/mol
Let x = bond energy for A,, so 2x = bond energy for AB.

AH = 285 kJ = x + 432 ki - [2(2X)], 3x =717, x =239 kJ/mol

The bond energy for A; is 239 kJ/mol.

a. AH°= 2AHf‘? wer = 2 mol(=92 kJ/mol) = -184 kJ (-183 kJ from bond energies)
b. AH°= 2AHf‘? NH, = 2 mol(—46 kJ/mol) = -92 kJ (109 kJ from bond energies)

Comparing the values for each reaction, bond energies seem to give a reasonably good
estimate for the enthalpy change of a reaction. The estimate is especially good for gas phase

reactions.

CH;OH(g) + CO(g) — CHsCOOH(l) AH® = —484 kJ — [(~201 kJ) + (~110.5 kJ)] = —173 k]

Using bond energies, AH = —-20. kJ. For this reaction, bond energies give a much poorer

estimate for AH as compared with gas-phase reactions (see Exercise 75). The major reason
for the large discrepancy is that not all species are gases in Exercise 68. Bond energies do not

account for the energy changes that occur when liquids and solids form instead of gases.

These energy changes are due to intermolecular forces and will be discussed in Chapter 10.

a. Using SF, data: SF4(g) — S(g) + 4 F(g)

AH® = 4Dg; = 278.8 + 4 (79.0) — (~775) = 1370. k]

Dgr = ﬂ = 342.5 kJ/mol = S—F bond energy
4 mol SF bonds
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Using SF¢ data: SF¢(g) — S(g) + 6 F(9)
AH® = 6Dgr = 278.8 + 6 (79.0) — (—1209) = 1962 kJ
D = 1962 kJ = 327.0 kJ/mol = S—F bond energy
6 mo
b. The S—F bond energy in Table 8.4 is 327 kd/mol. The value in the table was based on the
S—F bond in SFs.
c. S(g) and F(g) are not the most stable forms of the elements at 25°C and 1 atm. The most
stable forms are Sg(s) and F,(g); AH; = 0 for these two species.
78. NH;(g) > N(g) + 3H(g) AH° =3Dyy =472.7 + 3(216.0) — (—46.1) = 1166.8 kJ
NH = 1166.8 kJ = 388.93 kJ/mol =~ 389 kJ/mol
3 mol NH bonds
Dcaic = 389 kJ/mol as compared with 391 kiJ/mol in Table 8.4. There is good agreement.
N —N\ > 2N(g) + 4H(9) AH =Dr-y + 4Dyt = Dyen + 4(388.9)
H H
AH® = 2A0HE \ +4AHS | = AHS L = 2(472.7 KI) +4(216.0 kJ) — 95.4 K]
AH° =1714.0 kJ = Dn—n + 4(388.9)
Dn-n = 158.4 kd/mol (versus 160. kJ/mol in Table 8.4)
80. 1/2 Ny(g) + 1/2 Ox(g) — NO(g) AH=90.kJ

Bonds broken: Bonds formed:

1/2 N=N (941 kJ/mol) 1 NO (Dno= NO bond energy)
1/2 O=0 (495 kJ/mol)

AH = 90. kJ = 1/2(941) + 1/2(495) — (Do), Do = 628 ki/mol

From this data, the calculated NO bond energy is 628 kJ/mol.
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Lewis Structures and Resonance

81. Drawing Lewis structures is mostly trial and error. However, the first two steps are always
the same. These steps are (1) count the valence electrons available in the molecule/ion, and
(2) attach all atoms to each other with single bonds (called the skeletal structure). Unless
noted otherwise, the atom listed first is assumed to be the atom in the middle, called the
central atom, and all other atoms in the formula are attached to this atom. The most notable
exceptions to the rule are formulas that begin with H, e.g., H,O, H,CO, etc. Hydrogen can
never be a central atom since this would require H to have more than two electrons. In these
compounds, the atom listed second is assumed to be the central atom.

After counting valence electrons and drawing the skeletal structure, the rest is trial and error.
We place the remaining electrons around the various atoms in an attempt to satisfy the octet
rule (or duet rule for H). Keep in mind that practice makes perfect. After practicing, you can
(and will) become very adept at drawing Lewis structures.

a. F,has 2(7) = 14 valence electrons.
F—F  F—F
Skeletal Lewis
strueture strueture

c. CO has 4 + 6 =10 valence electrons.

c—o0O :C=—=0:
Skeletal Lewis
structure structure

e. NH;has5 + 3(1) = 8 valence electrons.

H—N—H H— N—H
H H
Skeletal Lewis
structure structure

b.

O, has 2(6) = 12 valence electrons.

0—o 0=0
Skeletal Lewis
strueture strueture

d. CH,has 4 + 4(1) = 8 valence electrons.

H H
H _l_ H H _l— H
) )
Skeletal Lewis
structure structure

f. H,O has 2(1) + 6 = 8 valence electrons.

H—O0—H H—O—H
Skeletal Lewis
structure structure
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g. HF has 1 + 7 = 8 valence electrons.
H—F H—F:
Skeletal Lewis
structure structure
82. a. H,COhas 2(1) +4 + 6 =12 valence b. CO; has 4 + 2(6) = 16 valence electrons.
electrons.
O : O 0—C—0 0—C—0
H_(I:_H H_u_ H Skeletal Lewis
structure structure
Skeletal Lewis
structure structure
c. HCN has1+4+5 =10 valence electrons.
H—C——N H—C=—=N:
Skeletal Lewis
structure structure
83. Drawing Lewis structures is mostly trial and error. However, the first two steps are always

the same. These steps are (1) count the valence electrons available in the molecule/ion, and
(2) attach all atoms to each other with single bonds (called the skeletal structure). Unless
noted otherwise, the atom listed first is assumed to be the atom in the middle, called the
central atom, and all other atoms in the formula are attached to this atom. The most notable
exceptions to the rule are formulas that begin with H, e.g., H,O, H,CO, etc. Hydrogen can
never be a central atom since this would require H to have more than two electrons. In these
compounds, the atom listed second is assumed to be the central atom.

After counting valence electrons and drawing the skeletal structure, the rest is trial and error.
We place the remaining electrons around the various atoms in an attempt to satisfy the octet

rule (or duet rule for H).

a. CCl,has 4 + 4(7) = 32 valence

electrons.
:Cl:
Cl—l—CI :'c'|_l_t:'| :

J:I :(.Il.lz

Skeletal
structure

Lewis
structure

b. NCIz has 5 + 3(7) = 26 valence

electrons.
Cl—N——Cl  :Cl—N—ClI:
L : L:
Skeletal Lewis
structure structure
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c. SeCl, has 6 + 2(7) = 20 valence d. IClhas 7 + 7 =14 valence electrons.
electrons.
Cl—sSe——cCl  :Cl—8e—Cl: |—Cl :[I—Cl:
Skeletal Lewis Skeletal Lewis
structure structure structure structure

84. a. POCI; has 5+ 6 + 3(7) = 32 valence electrons.

O 0.
Cl—p—cCl :Cl—P—=CI: Note: This structure uses all 32 e  while
satisfying the octet rule for all atoms. This is
cl :Cle a valid Lewis structure.
Skeletal Lewis
structure structure

SO,* has 6 + 4(6) + 2 = 32 valence electrons.

‘O 2- Note: A negatively charged ion will have
.. | .. additional electrons to those that come from
:0—S—O0: the valence shell of the atoms. The magni-
D tude of the negative charge indicates the
:0: number of extra electrons to add in.
XeO,, 8 +4(6)=32¢ PO, 5+4(6)+3=32¢

o_i_o 3
s

ClO, has 7 + 4(6) + 1 = 32 valence electrons

9

:o—cL—:cé:

Note: All of these species have the same number of atoms and the same number of
valence electrons. They also have the same Lewis structure.
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b. NF;zhas5 + 3(7) = 26 valence electrons. SOs*,6+3(6)+2=26¢
F_N_F : F N F: oe . .o 2-
| .l FQ—S—0r
F ‘R N

Skeletal Lewis h

structure structure
POs*,5+3(6) +3=26¢ ClO;,7+3(6)+1=26¢

3- .

:O0—P___0: :0—C1—0:.
Note: Species with the same number of atoms and valence electrons have similar Lewis
structures.
ClO, has 7 + 2(6) + 1 = 20 valence

0—cl—0 |:6-0—5: |
Skeletal structure Lewis structure
SCl,, 6 +2(7)=20¢ PCl,, 5+2(7)+1=20¢"

Bl 5___&l: [=5I—'F*—C'l: _
Note: Species with the same number of atoms and valence electrons have similar Lewis
structures.
Molecules ions that have the same number of valence electrons and the same number of
atoms will have similar Lewis structures.
85. BeH,, 2+ 2(1) =4 valence electrons BH3, 3 + 3(1) = 6 valence electrons
H
H_—Be—H
B
PN

H H
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86. a. NO,5+2(6)=17¢ N,Og4, 2(5) + 4(6) =34 ¢
. (0] o]
N ‘e \N N/ ..
:b/ \\O" o ~o.
Plus others Plus other resonance structures
b. BH3; 3+3(1)=6¢" NH; 5+3(1) =8¢
H N
H | SH
B H
T K
BH3;NH;, 6 +8=14 ¢
H H
AN /

H B N H

/ N

H H

In reaction a, NO, has an odd number of electrons, so it is impossible to satisfy the octet
rule. By dimerizing to form N,O,, the odd electron on two NO, molecules can pair up,
giving a species whose Lewis structure can satisfy the octet rule. In general, odd-electron
species are very reactive. In reaction b, BHj; is electron-deficient. Boron has only six
electrons around it. By forming BH3NH3, the boron atom satisfies the octet rule by
accepting a lone pair of electrons from NHj; to form a fourth bond.

87. PFs, 5 +5(7) = 40 valence electrons SF,6+4(7)=34¢
:F: :'F:
F: :F
G .. SN :
. l 3 :.If/’l
ClF;, 7+ 3(7) =28 ¢ Brs, 3(7)+1=22¢
F:
l , [Br—r ;|
|_]:: .. .. .
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Row 3 and heavier nonmetals can have more than 8 electrons around them when they have to.
Row 3 and heavier elements have empty d orbitals that are close in energy to valence s and p
orbitals. These empty d orbitals can accept extra electrons.
For example, P in PFs has its five valence electrons in the 3s and 3p orbitals. These s and p
orbitals have room for three more electrons, and if it has to, P can use the empty 3d orbitals
for any electrons above 8.
88. SFe, 6 +6(7) =48 ¢ ClIFs, 7+5(7) =42 ¢
e E
:F F: . I
AN |
. o :F F:
XeF,, 8+4(7)=36¢e"
:F T—‘;
89. a. NO;, has5 + 2(6) + 1 = 18 valence electrons. The skeletal structure is O—N-O.

To get an octet about the nitrogen and only use 18 e, we must form a double bond to one
of the oxygen atoms.

[ i8] < [:8-i=g]

Because there is no reason to have the double bond to a particular oxygen atom, we can
draw two resonance structures. Each Lewis structure uses the correct number of electrons
and satisfies the octet rule, so each is a valid Lewis structure. Resonance structures occur
when you have multiple bonds that can be in various positions. We say the actual
structure is an average of these two resonance structures.

NO; has 5 + 3(6) + 1 = 24 valence electrons. We can draw three resonance structures for
NO;", with the double bond rotating among the three oxygen atoms.

:ﬁ: - :'c|5: - :'cli: -
. /N *e H l//N\ . H '/N\\'
0. .0, 07 .0! 0. 0
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N,O4 has 2(5) + 4(6) = 34 valence electrons. We can draw four resonance structures for

N,Oj,.
( .b ( ] .b..
\VNNZ N\ -
VAR /N
O.Q. I 090 .-C.)- I .
:: . ..O.. :.E)‘. o
\ - \ 7

b. OCN has6+4 +5+1=16 valence electrons. We can draw three resonance structures
for OCN".

« O=C—N:

> >

::Ci—CEN :

SCN has 6 +4 +5+ 1 =16 valence electrons. Three resonance structures can be drawn.

: S=C—N.

.S

<>

C=N: <>

N3~ has 3(5) + 1 = 16 valence electrons. As with OCN™~ and SCN-, three different
resonance structures can be drawn.

[::@—NEN:]_ -~ [N:N:N] -~ [:NEN—N_:]

90. Ozone: O3 has 3(6) = 18 valence electrons.

Sulfur dioxide: SO, has 6 + 2(6) = 18 valence electrons.

06— 0: <—» 0—5=—0
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Sulfur trioxide: SOj3 has 6 + 3(6) = 24 valence electrons.

:C|): :'c|3: :'(|5:
S e o S -~ S
. / \\ 0 . / \\ ° ‘. / \\ °
:9' '-O-'. ) 0.0/ 0.O.: ug '-O )
91. Benzene has 6(4) + 6(1) = 30 valence electrons. Two resonance structures can be drawn for

benzene. The actual structure of benzene is an average of these two resonance structures; i.e.,
all carbon-carbon bonds are equivalent with a bond length and bond strength somewhere
between a single and a double bond.

92. Borazine (BsN3Hg) has 3(3) + 3(5) + 6(1) = 30 valence electrons. The possible resonance
structures are similar to those of benzene in Exercise 91.

93. We will use a hexagon to represent the six-member carbon ring, and we will omit the four
hydrogen atoms and the three lone pairs of electrons on each chlorine. If no resonance
existed, we could draw four different molecules:

Y
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If the double bonds in the benzene ring exhibit resonance, then we can draw only three
different dichlorobenzenes. The circle in the hexagon represents the delocalization of the
three double bonds in the benzene ring (see Exercise 91).

Cl Cl Cl
o Q
Cl
Cl
With resonance, all carbon-carbon bonds are equivalent. We can’t distinguish between a
single and double bond between adjacent carbons that have a chlorine attached. That only

three isomers are observed supports the concept of resonance.

94. CO5* has 4 + 3(6) + 2 = 24 valence electrons.

: (|)| : z . 'CIS : z :'(li : 2
/C\ C\ /C\\
e NCY ‘07 o "ot o

Three resonance structures can be drawn for COs?". The actual structure for CO5*" is an
average of these three resonance structures. That is, the three C—O bond lengths are all
equivalent, with a length somewhere between a single and a double bond. The actual bond
length of 136 pm is consistent with this resonance view of CO5”".

95. CH3NCO has 4 + 3(1) + 5 + 4 + 6 = 22 valence electrons. Three resonance structures can be
drawn for methyl isocyanate.

H H H
H—C—N=C=0, «— H—C—N=C—0: ¢—> H—C—N—C=0:

H H H
96. PAN (H3C,NOs) has 3(1) + 2(4) + 5 + 5(6) = 46 valence electrons.

H

| .. O This is the skeletal structure with complete octets
H—T—C—O—.Q—N\ about oxygen atoms (46 electrons used).

H
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This structure has used all 46 electrons, but there are only six electrons around one of the
carbon atoms and the nitrogen atom. Two unshared pairs must become shared; i.e., we must
form double bonds. The three possible resonance structures for PAN are:

H :0: . H 0: .t
| 7o L o
H—C—C—O0—O0—N «— H—C—C—O0—O0—N
| No: | | No:
H .. .0 H ..
H .(|). ,'O-...
— H—C—C=6—6=N/ (last form not important)
N ..
H O
97. The Lewis structures for the various species are:
CO (10 ¢): :C=—0: Triple bond between C and O.
CO,(16¢); 9Q=—C=—0 Double bond between C and O.
Co2 e -): 19 2 :°c|'>: 2 :'c|'>: 2
. JAoN > N S N .
O O .O.' O.o . '.O

Average of 1 1/3 bond between C and O in CO5”.
H

CH;OH (14¢e): H c—O0 H Single bond between C and O.

H

As the number of bonds increases between two atoms, bond strength increases, and bond
length decreases. With this in mind, then:

Longest — shortest C — O bond: CH3;OH > C0O,> > C0O,>CO

Weakest — strongest C — O bond: CH3;0OH < C0Os> <C0O,<CO

98. H,NOH (14 ¢) e e
H—N—O—H

i Single bond between N and O
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N,O (16e): N=N=0 <—> IN=N—0: <—> :N—N=O:
Average of a double bond between N and O
+ .
NO* (10 e): [ :N=0: ] Triple bond between N and O
NO, (18e): [ 6:N—O:'] < O—N:O )

Average of 1 1/2 bond between N and O

NO; (24 e): :0: ; :'CIS: - :'c|3:
. /N\ o//N\ . ® /N\\
SAING o7 20 200 Yo

Average of 1 1/3 bond between N and O

From the Lewis structures, the order from shortest — longest N—O bond is:

NO" < N,O < NO, <NO; < H,NOH

Formal Charge

99. BF; has 3 + 3(7) = 24 valence electrons. The two Lewis structures to consider are:
“Er :F:o0
s bo
«/ \* 7/ N\
0‘-- -l:l:O O.I:': :'E:O

The formal charges for the various atoms are assigned in the Lewis structures. Formal charge
= number of valence electrons on free atom — number of lone pair electrons on atoms —

1/2 (number of shared electrons of atom). For B in the first Lewis structure, formal charge
(FC) =3-0-1/2(8) = -1. For F in the first structure with the double bond, FC =7 — 4 —
1/2(4) = +1. The others all have a formal charge equal to zero [FC =7 -6 — 1/2(2) = 0].

The first Lewis structure obeys the octet rule but has a +1 formal charge on the most
electronegative element there is, fluorine, and a negative formal charge on a much less
electronegative element, boron. This is just the opposite of what we expect: negative formal
charge on F and positive formal charge on B. The other Lewis structure does not obey the
octet rule for B but has a zero formal charge on each element in BF;. Because structures
generally want to minimize formal charge, then BF; with only single bonds is best from a
formal charge point of view.
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100. ‘C=0: Carbon: FC=4-2-1/2(6) =-1; oxygen: FC=6 -2 —-1/2(6) = +1

Electronegativity predicts the opposite polarization. The two opposing effects seem to
partially cancel to give a much less polar molecule than expected.

101. See Exercise 84 for the Lewis structures of POCl;, SO,*, ClO, and PO,>. All these
compounds/ions have similar Lewis structures to those of SO,Cl, and XeO, shown below.
Formal charge = [number of valence electrons on free atom] — [number of lone pair electrons
on atom + 1/2(number of shared electrons of atom)].

a. POCly: P,FC=5-1/2(8) = +1 b. SO S,FC=6—1/2(8) = +2
c. ClOs: Cl,FC=7—1/2(8) = +3 d. PO P,FC=5-1/2(8) = +1
e. SOCly, 6+2(6) +2(7)= 32 ¢ f. XeO,, 8+ 4(6)=32¢€
:0: :0:
tCl—s—Ci: : 9_>|<e_9 :
:0: 108
S, FC =6 — 1/2(8) = +2 Xe, FC =8 — 1/2(8) = +4
g. ClOs, 7+3(6)+1=26¢ h. NO&, 5+4(6)+3=32¢
) :0: 3
:6-G—9; =N —0:
:.O.: :év o
ClFC=7-2-1/2(6) = +2 N, FC = 5-1/2(8) = +1

102.  For SO,%, ClO,, PO,*> and CIO;, only one of the possible resonance structures is drawn.

a. Must have five bonds to P to minimize b. Must form six bonds to S to minimize
formal charge of P. The best choice is formal charge of S.
to form a double bond to O since this
will give O a formal charge of zero,
and single bonds to ClI for the same

reason.
loﬂ 2-
L e I _
:CI—I|3—CI : P,FC=0 -Q—E—Q- S,FC=0
Cl A e

:_C_I:
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c. Must form seven bonds to ClI d. Must form five bonds to P to
to minimize formal charge. to minimize formal charge.
B :0: 17
3-
e 0:
O—Cl—0 Cl,FC=0 O |
- | - +0—pP—0: P,FC=0
:0: O
e f. 0
oo :OI: (X S’ FC:O .._.” _.. X FC_O
: Cl—S—Cl : Cl,FC=0 Q=e=R e FC=
. . O, FC=0 :
:0:
g.

=R ClLFC=0

10

h. We can’t. The following structure has a zero formal charge for N:

3-

)
:0:
but N does not expand its octet. We wouldn’t expect this resonance form to exist.

103. O,F; has 2(6) + 2(7) = 26 valence . The formal charge and oxidation number (state) of
each atom is below the Lewis structure of O,F,.

‘F—0—0—F:
Formal Charge 0 0 0 0
Oxid. Number -1 +1 +1 -1
Oxidation states are more useful when accounting for the reactivity of O,F,. We are forced to

assign +1 as the oxidation state for oxygen due to the bonding to fluorine. Oxygen is very
electronegative, and +1 is not a stable oxidation state for this element.
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104. OCN has6+4+5+ 1 =16 valence electrons.

[::O:C:N:,':I_ -~ [:b:—CEN:]' -~ I::OEC—i_\l::]_

Formal
charge 0 0o -1 -1 0 0 +1 0o -2
Only the first two resonance structures should be important. The third places a positive
formal charge on the most electronegative atom in the ion and a —2 formal charge on N.
CNO™ will also have 16 valence electrons.
[::c=|\|=o_': ]' -— [ :C=N—0: ]' - [ : C—N=o0: ]'
Formal
charge -2 +1 0 -1+ -1 -3 +1 41

All the resonance structures for fulminate (CNO") involve greater formal charges than in
cyanate (OCN"), making fulminate more reactive (less stable).

105. SCI, 6 + 7 = 13; the formula could be SCI (13 valence electrons), S,Cl, (26 valence
electrons), S3Cl; (39 valence electrons), etc. For a formal charge of zero on S, we will need
each sulfur in the Lewis structure to have two bonds to it and two lone pairs [FC=6-4 -
1/2(4) = 0]. Cl will need one bond and three lone pairs for a formal charge of zero [FC =7 -
6 — 1/2(2) = 0]. Since chlorine wants only one bond to it, it will not be a central atom here.
With this in mind, only S,Cl,can have a Lewis structure with a formal charge of zero on all
atoms. The structure is:

Cl— 5 S oI,

106.  The nitrogen-nitrogen bond length of 112 pm is between a double (120 pm) and a triple (110
pm) bond. The nitrogen-oxygen bond length of 119 pm is between a single (147 pm) and a
double bond (115 pm). The third resonance structure shown below doesn’t appear to be as
important as the other two since there is no evidence from bond lengths for a nitrogen-oxygen
triple bond or a nitrogen-nitrogen single bond as in the third resonance form. We can
adequately describe the structure of N,O using the resonance forms:

N=—N—/0 <—> :NEN—.O':

Assigning formal charges for all three resonance forms:

N=N=0 <—> IN=N—0: <—> :N—N=O0:
-1 +1 0 0 +1 -1 -2 +1 +1
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107.

108.

For:

(N=) FC=5-4-1/2(4)=-1
(:N:), FC=5-1/2@)=+1, Samefor (=N—) and (—N=)
(N—) FC=5-6-1/2(2)=-2; (:N==), FC=5-2-1/2(6)=0

(:o) FC=6-4-1/2(4)=0; (—o) FC=6-6-1/2(2)=-1

(=o:), FC=6-2-1/2(6) = +1

We should eliminate N—N=O because it has a formal charge of +1 on the most
electronegative element (O). This is consistent with the observation that the N—N bond is

between a double and triple bond and that the N—O bond is between a single and double
bond.

For formal charge values of zero:

(1) each carbon in the structure has 4 bonding pairs of electrons and no lone pairs;
(2) each N has 3 bonding pairs of electrons and 1 lone pair of electrons;

(3) each O has 2 bonding pairs of electrons and 2 lone pairs of electrons;

(4) each H is attached by only a single bond (1 bonding pair of electrons).

Following these guidelines, the Lewis structure is:

H C—=N; H

TS S
LA

For a formal charge of zero, carbon atoms in the structure will all satisfy the octet rule by
forming four bonds (with no lone pairs). Oxygen atoms have a formal charge of zero by
forming two bonds and having two lone pairs of electrons. Hydrogen atoms have a formal
charge of zero by forming a single bond (with no lone pairs). Following these guidelines,
two resonance structures can be drawn for benzoic acid (see next page).
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:0: :0:

Molecular Structure and Polarity

109.

110.

The first step always is to draw a valid Lewis structure when predicting molecular structure.
When resonance is possible, only one of the possible resonance structures is necessary to
predict the correct structure because all resonance structures give the same structure. The
Lewis structures are in Exercises 83 and 89. The structures and bond angles for each follow.

83: a. CCl,: tetrahedral, 109.5° b. NClIs: trigonal pyramid, <109.5°
c. SeCly: V-shaped or bent, <109.5° d. ICl: linear, but there is no bond

angle present

Note: NCI; and SeCl, both have lone pairs of electrons on the central atom that result in bond
angles that are something less than predicted from a tetrahedral arrangement (109.5°).
However, we cannot predict the exact number. For the solutions manual, we will insert a less
than sign to indicate this phenomenon. For bond angles equal to 120°, the lone pair
phenomenon isn’t as significant as compared to smaller bond angles. For these molecules,
for example, NO, ", we will insert an approximate sign in front of the 120° to note that there
may be a slight distortion from the VSEPR predicted bond angle.

89: a. NO;: V-shaped, ~120°; NOj: trigonal planar, 120°
N,Q4: trigonal planar, 120° about both N atoms
b. OCN7, SCN7, and N3 are all linear with 180° bond angles.

See Exercises 84 and 90 for the Lewis structures.

84: a. All are tetrahedral; 109.5°
b. All are trigonal pyramid; <109.5°
c. Allare V-shaped; <109.5°

90: O3 and SO, are V-shaped (or bent) with a bond angle ~120°. SOs is trigonal planar
with 120° bond angles.
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111.  From the Lewis structures (see Exercise 87), Brs would have a linear molecular structure,
CIF; would have a T-shaped molecular structure, and SF, would have a see-saw molecular
structure. For example, consider CIF; (28 valence electrons):

Ky The central Cl atom is surrounded by five electron pairs, which
: | . requires a trigonal bipyramid geometry. Since there are three bonded

atoms and two lone pairs of electrons about Cl, we describe the
molecular structure of CIF; as T-shaped with predicted bond angles
of about 90°. The actual bond angles will be slightly less than 90°
due to the stronger repulsive effect of the lone-pair electrons as
compared to the bonding electrons.

112.  From the Lewis structures (see Exercise 88), XeF, would have a square planar molecular
structure, and CIFs would have a square pyramid molecular structure.

113. a. SeOs 6+3(6)=24¢

ﬁ: cl) :'c|>:
120° (/ Se) 120° <« » N -~ se
100 0, .0 ‘o0 .0
120°

SeO; has a trigonal planar molecular structure with all bond angles equal to 120°. Note
that any one of the resonance structures could be used to predict molecular structure and
bond angles.

b. SeO,, 6+2(6) =18 ¢

c LN KRR NIR
:.O'.\/._O O. LA
~120°

SeO; has a V-shaped molecular structure. We would expect the bond angle to be
approximately 120° as expected for trigonal planar geometry.

Note: Both SeO; and SeO, structures have three effective pairs of electrons about the central
atom. All of the structures are based on a trigonal planar geometry, but only SeOs is des-
cribed as having a trigonal planar structure. Molecular structure always describes the relative
positions of the atoms.

114. a. PClshas 5 + 3(7) = 26 valence electrons. b. SCI; has 6 + 2(7) = 20 valence
electrons.
LR .P. *e oe ..S.. L
o i a0 i

i :.(;I: °*

Trigonal pyramid; all angles are <109.5°. V-shaped; angle is <109.5°.
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c. SiF, has 4 + 4(7) = 32 valence electrons.

) | ) Tetrahedral; all angles are 109.5°.

Note: In PCl;, SCl,, and SiF,, there are four pairs of electrons about the central atom in each
case in this exercise. All of the structures are based on a tetrahedral geometry, but only SiF,
has a tetrahedral structure. We consider only the relative positions of the atoms when
describing the molecular structure.

115. a. XeClyhas 8 + 2(7) = 22 valence electrons.

*e

1800

::c:|

There are five pairs of electrons about the central Xe atom. The structure will be based
on a trigonal bipyramid geometry. The most stable arrangement of the atoms in XeCl; is
a linear molecular structure with a 180° bond angle.

b. ICl; has 7 + 3(7) = 28 valence electrons.

:Cl: L ggo T-shaped; the CIICI angles are =90°. Since the lone pairs will take
. .. up more space, the CIICI bond angles will probably be slightly less
w cle than 90°.
~ 900
:.C.ZI:
c. TeF,has6+4(7)=34 d. PClshas5 +5(7) =40
valence electrons. valence electrons.
.. tF: . 90°
~ 1200——I!CTe: 0 s A
st 120—: >P—C:
pati=: o
e . SZ.I:
~ 900
See-saw or teeter-totter Trigonal bipyramid

or distorted tetrahedron

All the species in this exercise have five pairs of electrons around the central atom. All
the structures are based on a trigonal bipyramid geometry, but only in PCls are all the
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116.

117.

118.

pairs, bonding pairs. Thus PCls is the only one for which we describe the molecular
structure as trigonal bipyramid. Still, we had to begin with the trigonal bipyramid
geometry to get to the structures (and bond angles) of the others.

a. ICls,7+5(7)=42¢ b. XeCl,,8+4(7)=36¢
~90°
. / 90°
:Cl: .s .o
ok Je N @Yot )
e o 90° .../)_('e 4.— 90
™ :Cl Cl:
Square pyramid, ~90° bond angles Square planar, 90° bond angles

c. SeClghas 6 + 6(7) = 48 valence electrons.

:Ci:
;Ej | CI Octahedral, 90° bond angles
'.'. sel o
7 | g:.
L °C.I

Note: All these species have six pairs of electrons around the central atom. All three
structures are based on the octahedron, but only SeClg has an octahedral molecular structure.

SeO; and SeO; both have polar bonds, but only SeO, has a dipole moment. The three bond
dipoles from the three polar Se—O bonds in SeO; will all cancel when summed together.
Hence SeOs; is nonpolar since the overall molecule has no resulting dipole moment. In SeO,,
the two Se—O bond dipoles do not cancel when summed together; hence SeO, has a net
dipole moment (is polar). Since O is more electronegative than Se, the negative end of the
dipole moment is between the two O atoms, and the positive end is around the Se atom. The
arrow in the following illustration represents the overall dipole moment in SeO,. Note that to
predict polarity for SeO,, either of the two resonance structures can be used.

- /N

All have polar bonds; in SiF,, the individual bond dipoles cancel when summed together, and
in PClzand SCl,, the individual bond dipoles do not cancel. Therefore, SiF, has no net dipole
moment (is nonpolar), and PCl; and SCI, have net dipole moments (are polar). For PCls, the
negative end of the dipole moment is between the more electronegative chlorine atoms, and
the positive end is around P. For SCI,, the negative end is between the more electronegative
Cl atoms, and the positive end of the dipole moment is around S.
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119.

120.

121.

All have polar bonds, but only TeF, and ICI; have dipole moments. The bond dipoles from
the five P—CI bonds in PCls cancel each other when summed together, so PCls has no net
dipole moment. The bond dipoles in XeCl, also cancel:

- Cl——Xé& Cl:
Because the bond dipoles from the two Xe—Cl bonds are equal in magnitude but point in
opposite directions, they cancel each other, and XeCl, has no net dipole moment (is

nonpolar). For TeF,and ICl;, the arrangement of these molecules is such that the individual
bond dipoles do not all cancel, so each has an overall net dipole moment (is polar).

All have polar bonds, but only ICls has an overall net dipole moment. The six bond dipoles in
SeClgall cancel each other, so SeClg has no net dipole moment. The same is true for XeCl,:

:GRy, S
X
W2
:EZ.I& N

&
When the four bond dipoles are added together, they all cancel each other, resulting in XeCl,
having no overall dipole moment (is nonpolar). ICls has a structure in which the individual

bond dipoles do not all cancel, hence ICls has a dipole moment (is polar)

Molecules that have an overall dipole moment are called polar molecules, and molecules that
do not have an overall dipole moment are called nonpolar molecules.

a. OCl, 6+2(7)=20¢" KrF,, 8+2(7)=22¢
:'CI/ \ffl; CI/ \CI "
V-shaped, polar; OCI; is polar because Linear, nonpolar; the molecule is
the two O—ClI bond dipoles don’t cancel nonpolar because the two Kr—F
each other. The resulting dipole moment bond dipoles cancel each other.

is shown in the drawing.
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BeHy, 2+2(1)=4¢e SO, 6+2(6)=18¢

H «—t Be +—>H I
Linear, nonpolar; Be—H bond dipoles V-shaped, polar; the S—O bond dipoles
are equal and point in opposite directions. do not cancel, so SO, is polar (has a net
They cancel each other. BeH, is nonpolar. dipole moment). Only one resonance

structure is shown.

Note: All four species contain three atoms. They have different structures because the
number of lone pairs of electrons around the central atom are different in each case.

b. SO; 6+3(6)=24¢ NF;, 5+3(7)=26¢
HON o
o N LN ]
! T E

e N\ e, tF:

NeRNe) -
Trigonal planar, nonpolar; Trigonal pyramid, polar;
bond dipoles cancel. Only one bond dipoles do not cancel.

resonance structure is shown.

IF; has 7 + 3(7) = 28 valence electrons.

‘F

™ F T-shaped, polar; bond dipoles do not cancel.

..I
N
L] F.:

Note: Each molecule has the same number of atoms but different structures because of
differing numbers of lone pairs around each central atom.

C. CFy 4+4(7)=32¢ SeFy, 6+4(7)=34¢
F: LE
| EL
C NI et
’"/l\"’ <F |
F- "t iR
i o
Tetrahedral, nonpolar; See-saw, polar;

bond dipoles cancel. bond dipoles do not cancel.



286

CHAPTER 8 BONDING: GENERAL CONCEPTS

122.

KrF,, 8 + 4(7) = 36 valence electrons

: !:.\l-(- /.F.' Square planar, nonpolar;
.F./ K/ \F bond dipoles cancel.

Note: Again, each molecule has the same number of atoms but different structures
because of differing numbers of lone pairs around the central atom.

IFs, 7+5(7)=42¢ AsFs, 5+5(7)=40¢e
Y -r '|:
: .l:.\ll /.lz. - \A e :
e NN . / | .o
. F
oo oo I:.
Square pyramid, polar; Trigonal bipyramid, nonpolar;
bond dipoles do not cancel. bond dipoles cancel.

Note: Yet again, the molecules have the same number of atoms but different structures
because of the presence of differing numbers of lone pairs.

b' oe )
"0°—C=N: SR
/
H
Polar; the bond dipoles do Polar; the C—O bond is a more polar
not cancel. bond than the C-S bond, so the two

bond dipoles do not cancel each other.

d.
o re e ‘F:
IF—Xe—F: |
Tk
eThb
Nonpolar; the two Xe—F bond Polar; all the bond dipoles are not
dipoles cancel each other. equivalent, and they don’t cancel each

other.
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123.

124,

125.

126.

e f.
LN ] :.lF.: LX ] H
:F F
ta L .. N oo
e _SE .. C=0
FT] OF: 4
N :.F.:
Nonpolar; the six Se—F bond Polar; the bond dipoles are not
dipoles cancel each other. equivalent, and they don’t cancel

EO; is the formula of the ion. The Lewis structure has 26 valence electrons. Let x =
number of valence electrons of element E.

26 = x + 3(6) + 1, x =7 valence electrons

Element E is a halogen because halogens have seven valence electrons. Some possible
identities are F, Cl, Br, and I. The EO3 ion has a trigonal pyramid molecular structure with
bond angles of less than 109.5° (<109.5°).

The formula is EF,0%, and the Lewis structure has 28 valence electrons.
28 =x+ 2(7) + 6 + 2, x =6 valence electrons for element E

Element E must belong to the Group 6A elements since E has six valence electrons. E must
also be a row 3 or heavier element since this ion has more than eight electrons around the
central E atom (row 2 elements never have more than eight electrons around them). Some
possible identities for E are S, Se, and Te. The ion has a T-shaped molecular structure with

bond angles of ~90°.

All these molecules have polar bonds that are symmetrically arranged about the central
atoms. In each molecule, the individual bond dipoles cancel each other out to give no net
overall dipole moment. All these molecules are nonpolar even though they all contain polar
bonds.

XeF,Cl, 8+ 2(7) +2(7) =36 &

& 13 3.C'I =
9'\../!:. N

. L

:Cl F: Fooock
polar nonpolar

The two possible structures for XeF,Cl, are above. In the first structure, the F atoms are 90°
apart from each other, and the Cl atoms are also 90° apart. The individual bond dipoles would
not cancel in this molecule, so this molecule is polar. In the second possible structure, the F
atoms are 180° apart, as are the Cl atoms. Here, the bond dipoles are symmetrically arranged
so they do cancel each other out, and this molecule is nonpolar. Therefore, measurement of
the dipole moment would differentiate between the two compounds. These are different
compounds and not resonance structures.
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Additional Exercises

127.  a. RadiussN*<N<N; IE: N<N<N*

N* has the fewest electrons held by the seven protons in the nucleus, whereas N™ has the
most electrons held by the seven protons. The seven protons in the nucleus will hold the
electrons most tightly in N* and least tightly in N™. Therefore, N* has the smallest radius
with the largest ionization energy (IE), and N is the largest species with the smallest IE.

Radius: CI" < Cl<Se<Se;

IE: Se<Se<Cl<ClI

The general trends tell us that Cl has a smaller radius than Se and a larger IE than Se.
CI", with fewer electron-electron repulsions than Cl, will be smaller than Cl and have a
larger IE. Se”, with more electron-electron repulsions than Se, will be larger than Se and

have a smaller IE.

Radius: Sr** < Rb* < Br ; IE: Br <Rb" < Sr*

These ions are isoelectronic. The species with the most protons (Sr**) will hold the
electrons most tightly and will have the smallest radius and largest IE. The ion with the
fewest protons (Br~) will hold the electrons least tightly and will have the largest radius

and smallest IE.

128. a. Na'(g) + CI(g) — NaCl(s) b. NH,'(g) + Br(g) — NH,Br(s)
c. Mg*(g) + S*(g) »> MgS(s) d. 0,(g) > 2 O(g)
129. a. HF(g) — H(g) + F(q) AH =565kJ
H(g) > H'(g) + e AH = 1312 kJ
F(g) +e — F(q) AH =-327.8kJ
HF(g) — H*(g) + F(q) AH = 1549 kJ
b. HCI(g) — H(g) + CI(9) AH =427 kJ
H(g) > H'(g) + e AH = 1312 kJ
Cl(g) + e > ClI(9) AH =-348.7 kJ
HCI(g) — H*(g) + CI(q) AH =1390. kJ
C. HI(g) — H(g) + 1(g) AH =295 kJ
H(g) > H'(g) + AH = 1312 kJ
I(g) +e — 17(g) AH =-295.2 kJ
HI(g) — H*(g) + I(q) AH=1312kJ
d. H,0O(g) — OH(g) + H(g) AH = 467 kJ
H(g) — H'(g) + & AH=1312kJ
OH(g) +e — OH (g) AH =-180. kJ
H,0(g) — H*(g) + OH(g) AH = 1599 kJ
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130. COs* has4+ 3(6) + 2 = 24 valence electrons.

..“.. 2- :?: 2- :-C|-): 2-
C - C - C
o/ N\ ., o« &/ N\ ., o« /N e,
0. .0: ‘0. .0 0. .0

HCO; has 1 +4 + 3(6) + 1 = 24 valence electrons.

H—O: H C|>=
/(|: /N
‘o7 Yo '0, No-

s N . .

H,CO3 has 2(1) + 4 + 3(6) = 24 valence electrons.

:0:

C

. (|3|:
CC ——> H—O—H + ‘0o=Cc=0;
B / \ . S ‘e .
o. .0

/7 *\

H H
Bonds broken: Bonds formed:

2 C—0 (358 kJ/mol) 1 C=0 (799 kJ/mol)
1 O—H (467 ki/mol) 1 O—H (467 ki/mol)

AH =2(358) + 467 — [799 + 467] = —83 kJ; the carbon-oxygen double bond is stronger than
two carbon-oxygen single bonds; hence CO, and H,O are more stable than H,COs.

131.  The stable species are:

a. NaBr: In NaBr,, the sodium ion would have a 2+ charge, assuming that each bromine
has a 1- charge. Sodium doesn’t form stable Na** ionic compounds.

b. ClO4: CIlO, has 31 valence electrons, so it is impossible to satisfy the octet rule for all
atoms in ClO,. The extra electron from the 1— charge in CIO, allows for complete octets
for all atoms.
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132.

133.

XeO,: We can’t draw a Lewis structure that obeys the octet rule for SO, (30 electrons),
unlike XeO, (32 electrons).

SeF,: Both compounds require the central atom to expand its octet. O is too small and
doesn’t have low-energy d orbitals to expand its octet (which is true for all row 2
elements).

All have 24 valence electrons and the same number of atoms in the formula. All have
the same resonance Lewis structures; the structures are all trigonal planar with 120° bond

angles. The Lewis structures for NO; and CO4%> will be the same as the three SO Lewis
structures shown below.

:0: :0: :0:

o

07 N0 57 o, o7 %

All have 18 valence electrons and the same number of atoms. All have the same
resonance Lewis structures; the molecular structures are all V-shaped with =120° bond
angles. Oz and SO, have the same two Lewis structures as is shown for NO,™

N - N

a. XeCly, 8+4(7)=36¢€ XeCl,, 8+ 2(7)=22¢
:Cl Cl:
e \)0(-6/-0 . .. 3
NG :Cl—Xe—Cl:
Square planar, 90°, nonpolar Linear, 180°, nonpolar

Both compounds have a central Xe atom with lone pairs and terminal Cl atoms, and both
compounds do not satisfy the octet rule. In addition, both are nonpolar because the
Xe—Cl bond dipoles and lone pairs around Xe are arranged in such a manner that they
cancel each other out. The last item in common is that both have 180° bond angles.
Although we haven’t emphasized this, the bond angles between the Cl atoms on the
diagonal in XeCl, are 180° apart from each other.

All of these are polar covalent compounds. The bond dipoles do not cancel out each other
when summed together. The reason the bond dipoles are not symmetrically arranged in
these compounds is that they all have at least one lone pair of electrons on the central
atom, which disrupts the symmetry. Note that there are molecules that have lone pairs
and are nonpolar, e.g., XeCl, and XeCl, in the preceding problem. A lone pair on a
central atom does not guarantee a polar molecule.
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134.  The general structure of the trihalide ions is: _
|::.)S—.X, 2(.: :|

Bromine and iodine are large enough and have low-energy, empty d orbitals to accommodate
the expanded octet. Fluorine is small, and its valence shell contains only 2s and 2p orbitals
(four orbitals) and cannot expand its octet. The lowest-energy d orbitals in F are 3d; they are
too high in energy compared with 2s and 2p to be used in bonding.

135.  Yes, each structure has the same number of effective pairs around the central atom, giving the
same predicted molecular structure for each compound/ion. (A multiple bond is counted as a
single group of electrons.)

136. a.

The C—H bonds are assumed nonpolar since the
electronegativities of C and H are about equal.

H
| \x 5+ -
C LR )

C—Cl is the charge distribution for each C—CI bond.

NG o .
H \ a In CH,Cl,, the two individual C—CI bond dipoles
3ok add together to give an overall dipole moment for

the molecule. The overall dipole will point from C
(positive end) to the midpoint of the two CI atoms
(negative end).

In CHClj, the C—H bond is essentially nonpolar. The three C—CI bond dipoles in CHCI;
add together to give an overall dipole moment for the molecule. The overall dipole will
have the negative end at the midpoint of the three chlorines and the positive end around
the carbon.

CCl, is nonpolar. CCl, is a tetrahedral molecule where all four C—CI bond dipoles cancel
when added together. Let’s consider just the C and two of the Cl atoms. There will be a
net dipole pointing in the direction of the middle of the two CI atoms.

C
it

There will be an equal and opposite dipole arising from the other two Cl atoms.



292 CHAPTER 8 BONDING: GENERAL CONCEPTS

Combining:
Cl Cl
D
RN
Cl T Cl

The two dipoles cancel, and CCl, is nonpolar.

b. CO;is nonpolar. CO; is a linear molecule with two equivalence bond dipoles that cancel.
N,O, which is also a linear molecule, is polar because the nonequivalent bond dipoles do
not cancel.

—|—>
o+ o
:.N =N _O'..

c. NHais polar. The 3 N—H bond dipoles add together to give a net dipole in the direction of
the lone pair. We would predict PH; to be nonpolar on the basis of electronegativitity,
i.e., P—H bonds are nonpolar. However, the presence of the lone pair makes the PH;
molecule slightly polar. The net dipole is in the direction of the lone pair and has a
magnitude about one third that of the NH; dipole.

o— ot N l P 1
H

NERY
N-H o

137. TeFs has 6 + 5(7) + 1 = 42 valence electrons.

- le

O E

The lone pair of electrons around Te exerts a stronger repulsion than the bonding pairs of
electrons. This pushes the four square-planar F atoms away from the lone pair and reduces
the bond angles between the axial F atom and the square-planar F atoms.

138. C=0 (1072 kJ/mol); N =N (941 kJ/mol); CO is polar, whereas N, is nonpolar. This may
lead to a great reactivity for the CO bond.
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ChemWork Problems

The answers to the problems 139-146 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

,wherer=1x10*m=0.1 nm.

147. a. There are two attractions of the form GDED
r

V=2 x(2.31x 10 J nm) CDED | - 462 x10®3=-5x 1023
0.1nm

b. There are four attractions of +1 and —1 charges at a distance of 0.1 nm from each other.
The two negative charges and the two positive charges repel each other across the

diagonal of the square. This is at a distance of V2 x 0.1 nm.

-4 x % 10-19 (+D(-1) w 10-% | DD
V=4x(231x%10 ){ 01 }+2.31 10 L/E(Ol)}

+231x10% { \(/—5112—11))}

V=-924x102)+163x10%J+163x10®J=-598x10%)=-6x10")

Note: There is a greater net attraction in arrangement b than in a.

148. (IE — EA) (IE—EA)502  EN (text) 2006/502 = 4.0
F 2006 kJ/mol 4.0 4.0
Cl 1604 ki/mol 3.2 3.0
Br 1463 ki/mol 2.9 2.8
| 1302 kJ/mol 2.6 25

The values calculated from ionization energies and electron affinities show the same trend as
(and agree fairly closely) with the values given in the text.

149.  The reaction is:
1/2 1,(g) + 1/2 Cly(g) — ICI(g) AH? =?

Using Hess’s law:

1/2 15(s) — 1/2 1(9) AH = 1/2(62 kJ) (Appendix 4)
1/2 15(9) — 1(9) AH=1/2(149 kJ) (Table 8.4)
1/2 Cly(g) — Cl(g) AH=1/2(239 kJ) (Table 8.4)
I(9) + Cl(g) — ICI(g) AH = -208 kJ (Table 8.4)

1/2 1,(s) + 1/2 Cly(g) — ICI(g) AH =17 kJ so AH? =17 kJ/mol
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150.

151.

152.

153.

2Li"(g) +2CI(g) — 2LiCI(s) AH = 2(-829 k))
2Li(g) > 2Li'(g)+2e AH = 2(520. kJ)
2 Li(s) > 2 Li(g) AH = 2(166 kJ)
2HCI(g) > 2H(g)+2Cl(@  AH = 2(427 kJ)
2CI(g) +2e — 2CI(g) AH = 2(-349 kJ)
2H(g) > Ha(0) AH = —(432 kJ)

2 Li(s) + 2 HCI(g) — 2 LiCI(s) + Hao(g)  AH =562 kJ

See Figure 8.11 to see the data supporting MgO as an ionic compound. Note that the lattice
energy is large enough to overcome all of the other processes (removing two electrons from
Mg, etc.). The bond energy for O, (247 kd/mol) and electron affinity (737 kJ/mol) are the
same when making CO. However, ionizing carbon to form a C** ion must be too large. See
Figure 7.32 to see that the first ionization energy for carbon is about 350 kJ/mol greater than
the first ionization energy for magnesium. If all other numbers were equal, the overall energy
change would be down to ~250 kJ/mol (see Figure 8.11). It is not unreasonable to assume
that the second ionization energy for carbon is more than 250 kJ/mol greater than the second
ionization energy of magnesium. This would result in a positive AH value for the formation
of CO as an ionic compound. One wouldn’t expect CO to be ionic if the energetics were
unfavorable.

a. (1) Removing an electron from the metal: ionization energy, positive (AH > 0)
(2) Adding an electron to the nonmetal: electron affinity, often negative (AH < 0)

(3) Allowing the metal cation and nonmetal anion to come together: lattice energy,
negative (AH < 0)

b. Often the sign of the sum of the first two processes is positive (or unfavorable). This is
especially true due to the fact that we must also vaporize the metal and often break a
bond on a diatomic gas. For example, the ionization energy for Na is +495 kJ/mol, and
the electron affinity for F is —328 kJ/mol. Overall, the energy change is +167 kJ/mol
(unfavorable).

c. Foranionic compound to form, the sum must be negative (exothermic).

d. The lattice energy must be favorable enough to overcome the endothermic process of
forming the ions; i.e., the lattice energy must be a large negative gquantity.

e. While Na,Cl (or NaCl,) would have a greater lattice energy than NaCl, the energy to
make a CI* ion (or Na** ion) must be larger (more unfavorable) than what would be
gained by the larger lattice energy. The same argument can be made for MgO compared
to MgO, or Mg;O. The energy to make the ions is too unfavorable or the lattice energy is
not favorable enough, and the compounds do not form.

As the halogen atoms get larger, it becomes more difficult to fit three halogen atoms around
the small nitrogen atom, and the NXX3 molecule becomes less stable.
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154. a. | .
H H H—O *C=N
AN / x

c—cC + H—C=N ——> H—C—C—H

RAVAN

O H H

Bonds broken (*): Bonds formed (*):
1 C-0O (358 kJ) 1 0-H (467 kJ)
1C-H (413 kJ) 1C-C (347 kJ)

AH, =358 kJ + 413 kJ — (467 kJ + 347 kJ) = -43 kJ

.
T N
H —?*—?—CEN —> o=c{ + H-=—O—H

N H C=N

Bonds broken (*): Bonds formed (*):
1 C-0 (358 kJ/mol) 1 H—O (467 kJ/mol)
1 C-H (413 kJ/mol) 1 C=C (614 kJ/mol)
1 C-C (347 kJ/mol)

AH;; =358 kJ + 413 kJ + 347 kJ — [467 kJ + 614 kJ] = +37 kJ

b.
\ ./
H N /C\ H\ /CEN
4 — 6 NO 4 — —O—H + N=
/CC\H+ E— /CC\ + 6 H—O—H N=N
H H H H
Bonds broken: Bonds formed:
4 x 3 C—H (413 kJ/mol) 4 C=N (891 kJ/mol)
6 N=0 (630. kJ/mol) 6 x 2 H-O (467 kJ/mol)

1 N=N (941 ki/mol)

AH = 12(413) + 6(630.) — [4(891) + 12(467) + 941] = —1373 kJ
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H H
/ H
C H C=N
AN AN AN /
2 c=—C H +2 H—N—H +3 0, —> 2 CcC=—cC +6 H—O—H
' H e p

7\ _/

Bonds broken: Bonds formed:

2 x 3 C—H (413 ki/mol) 2 C=N (891 kJ/mol)
2 x 3 N—H (391 kJ/mol) 6 x 2 O—H (467 kJ/mol)
3 0=0 (495 kJ/mol)

AH = 6(413) + 6(391) + 3(495) — [2(891) + 12(467)] = —1077 kJ

d. Because both reactions are highly exothermic, the high temperature is not needed to
provide energy. It must be necessary for some other reason. The reason is to increase
the speed of the reaction. This is discussed in Chapter 12 on kinetics.

155. a. i. CgHgN1201, > 6 CO +6 N, + 3H0 + 3/2 0,

The NO; groups are assumed to have one N—O single bond and one N=0O double
bond, and each carbon atom has one C—H single bond. We must break and form all

bonds.
Bonds broken: Bonds formed:
3 C-C (347 kd/mol) 6 C=0 (1072 kJ/mol)
6 C—H (413 kJ/mol) 6 N=N (941 ki/mol)
12 C-N (305 kJ/mol) 6 H-O (467 ki/mol)
6 N—N (160. kJ/mol) 3/2 0=0 (495 kJ/mol)
6 N—O (201 kJ/mol) > Drsormed = 15,623 kJ

6 N=0 (607 kJ/mol)
2Dproken = 12,987 kJ

AH = ZDbroken - ZDformed = 12,987 k\] - 15,623 k\] = _2636 k\]
|| C6H6N12012 — 3 CO + 3 C02 + 6 Ng + 3 HQO

Note: The bonds broken will be the same for all three reactions.

Bonds formed:

3C=0 (1072 ki/mol)

6 C=0 (799 ki/mol)
6 N=N (941 ki/mol)

6 H—O (467 ki/mol)
EDformed = 16,458 k\]

AH =12,987 kJ -16,458 k] = -3471 kJ
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||| C6H6N12012 — 6 C02 + 6 Ng + 3 Hg
Bonds formed:

12 C=0 (799 ki/mol)
6 N=N (941 ki/mol)
3 H-H (432 ki/mol)
~Dromed = 16,530. KJ

AH = 12,987 kJ — 16,530. kJ = -3543 kJ

b. Reaction iii yields the most energy per mole of CL-20, so it will yield the most energy
per kilogram.
—3543kJ 1 mol 8 10009 _

X —8085 kJ/kg
mol 438.23¢ kg

156.  We can draw resonance forms for the anion after the loss of H*, we can argue that the extra
stability of the anion causes the proton to be more readily lost, i.e., makes the compound a

better acid.
a.
.'ﬁ'- - :E|5: i
H—C—0: | <—> | H—C=0
b.
.-O.. - bk 0. -
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H O ) :0: )

157.

158.

In all three cases, extra resonance forms can be drawn for the anion that are not possible
when the H" is present, which leads to enhanced stability.

For carbon atoms to have a formal charge of zero, each C atom must satisfy the octet rule by
forming four bonds (with no lone pairs). For nitrogen atoms to have a formal charge of zero,
each N atom must satisfy the octet rule by forming three bonds and have one lone pair of
electrons. For oxygen atoms to have a formal charge of zero, each O atom must satisfy the
octet rule by forming two bonds and have two lone pairs of electrons. With these bonding
requirements in mind, then the Lewis structure of histidine, where all atoms have a formal
charge of zero, is:

H_ﬁ_N\\c H
/
|C—. ._H
o _H—C—H ___1
L | LR
HN—C— 65—t

We would expect 120° bond angles about the carbon atom labeled 1 and ~109.5° bond angles
about the nitrogen atom labeled 2. The nitrogen bond angles should be slightly smaller than
109.5° due to the lone pair of electrons on nitrogen.

This molecule has 30 valence electrons. The only C-N bond that can possibly have a double-
bond character is the N bound to the C with O attached. Double bonds to the other two C-N
bonds would require carbon in each case to have 10 valence electrons (which carbon never
does). The resonance structures are:
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o™
| ..
C_

' | |
H— N—(|:—H <« » H—C=N—C—H
H

159. a. BrFl, 7+7 + 2(7) =28 ¢e; two possible structures exist with Br as the central atom; each
has a T-shaped molecular structure.

I
N

m—:

:.Ii%r— I:

o®e
o m——
L

°
-
.

90° bond angles between | atoms 180° bond angles between | atoms

b. XeO,F,, 8 + 2(6) + 2(7) = 34 €7; three possible structures exist with Xe as the central
atom; each has a see-saw molecular structure.

o~ :O: o :O: %2 :F:
..o\>|( ...\>|<e ..c\>|<e
€. : .
'"/I 0"/| '"/I
'..0 - '.E . . '.O. QFQ

o ce o

90° bond angle
between O atoms

180° bond angle
between O atoms

120° bond angle
between O atoms

c. TeF,Cly; 6+2(7)+3(7) +1=42¢; three possible structures exist with Te as the
central atom; each has a square pyramid molecular structure.

oo :’C.I: 00. .co :CI:

..o :F: oo. . oo.

._C.I\Jr /CA. .QI\Jre/E. ."\.Il.e/(":l.
e

S O &

One F is 180° from
the lone pair.

Both F atoms are 90°
from the lone pair and 90°
from each other.

Both F atoms are 90°
from the lone pair and 180°
from each other.



300 CHAPTER 8 BONDING: GENERAL CONCEPTS

160. The skeletal structure of caffeine is:

H

O H——C—H

/C\C/N\

C_
O/C\ /C\N/

H
"~
/N
H
H

N

H—C——H

H
For a formal charge of zero on all atoms, the bonding requirements are:
(1) four bonds and no lone pairs for each carbon atom;
(2) three bonds and one lone pair for each nitrogen atom;
(3) two bonds and two lone pairs for each oxygen atom;
(4) one bond and no lone pairs for each hydrogen atom.

Following these guidelines gives a Lewis structure that has a formal charge of zero for all the
atoms in the molecule. The Lewis structure is:

H
y :0: H—(|:—H
]
yaRNvd \C/"\
H
| | e
C C
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Integrative Problems

161.  Assuming 100.00 g of compound: 42.81gF =~ X _ 5 o83 mol

19.00gF

1mol X

The number of moles of X in XFsis: 2.53 mol F x
5mol F

= 0.4506 mol X

This number of moles of X has a mass of 57.19 g (= 100.00 g — 42.81 g). The molar mass of
Xis:

57.19 g X

—————=—— =126.9 g/mol; this is element | and the compound is IFs.
0.4506 mol X

IFs, 7+ 5(7)=42¢
F
:F F: : .
ol The molecular structure is square pyramid.

:cli/lo\:F::
162.  If X* has a configuration of [Ar]4s®3d*°4p°®, then X must have a configuration with two fewer
electrons, [Ar]4s°3d'%4p”. This is element Se.
SeCN,6+4+5+1=16¢"

:SeEC—:I\:I: l_<—> [§6=C=N I_H[:Sé_CEN:

163.  The elements are identified by their electron configurations:
[Ar]4s'3d® = Cr; [Ne]3s°3p® = P; [Ar]4s°3d'%p® = As; [Ne]3s’3p° = CI

Following the electronegativity trend, the order is Cr < As < P < Cl.

Marathon Problem

164. Compound A: This compound is a strong acid (part g). HNO; is a strong acid and is
available in concentrated solutions of 16 M (part c). The highest possible oxidation state of
nitrogen is +5, and in HNO;, the oxidation state of nitrogen is +5 (part b). Therefore,
compound A is most likely HNO;. The Lewis structures for HNO; are:
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Compound B: This compound is basic (part g) and has one nitrogen (part b). The formal
charge of zero (part b) tells us that there are three bonds to the nitrogen and that the nitrogen
has one lone pair. Assuming compound B is monobasic, then the data in part g tell us that the
molar mass of B is 33.0 g/mol (21.98 mL of 1.000 M HCI = 0.02198 mol HCI; thus there are
0.02198 mol of B; 0.726 g/0.02198 mol = 33.0 g/mol). Because this number is rather small,
it limits the possibilities. That is, there is one nitrogen, and the remainder of the atoms are O
and H. Since the molar mass of B is 33.0 g/mol, then only one O oxygen atom can be
present. The N and O atoms have a combined molar mass of 30.0 g/mol; the rest is made up
of hydrogens (3 H atoms), giving the formula NH;O. From the list of K, values for weak
bases in Appendix 5 of the text, compound B is most likely NH,OH. The Lewis structure is:

0O—H

H—N

H

Compound C: From parts a and f and assuming compound A is HNO; , then compound C
contains the nitrate ion, NO3. Because part b tells us that there are two nitrogens, the other
ion needs to have one N atom and some H atoms. In addition, compound C must be a weak
acid (part g), which must be due to the other ion since NO5™ has no acidic properties. Also,
the nitrogen atom in the other ion must have an oxidation state of -3 (part b) and a formal
charge of +1. The ammonium ion fits the data. Thus compound C is most likely NH4NO3.
A Lewis structure is:

+ -

Note: Two more resonance structures can be drawn for NOs5.

Compound D: From part f, this compound has one less oxygen atom than compound C; thus
NH;NO; is a likely formula. Data from part e confirm this. Assuming 100.0 g of compound,
we have:

43.7g N x 1 mol/14.01 g =3.12 mol N
50.0g O x 1 mol/16.00 g = 3.12 mol O
6.3 gH x1mol/1.008 g=6.25mol H

Thereisal:1:2 moleratioamong N to O to H. The empirical formula is NOH,, which has
an empirical formula mass of 32.0 g/mol.

dRT _ 2.869/L(0.08206 L atm/K « mol)(273 K)
1.00 atm

Molar mass =

=64.1 g/mol



CHAPTER 8 BONDING: GENERAL CONCEPTS 303

For a correct molar mass, the molecular formula of compound D is N,O,H4 or NH;NO,. A
Lewis structure is:

+ -

Note: One more resonance structure for NO, can be drawn.

Compound E: A basic solution (part g) that is commercially available at 15 M (part c) is
ammonium hydroxide (NH,OH). This is also consistent with the information given in parts b
and d. The Lewis structure for NH,OH is:

+




CHAPTER 9

COVALENT BONDING: ORBITALS

Questions

9.

10.

11.

In hybrid orbital theory, some or all of the valence atomic orbitals of the central atom in a
molecule are mixed together to form hybrid orbitals; these hybrid orbitals point to where the
bonded atoms and lone pairs are oriented. The sigma bonds are formed from the hybrid
orbitals overlapping head to head with an appropriate orbital from the bonded atom. The n
bonds, in hybrid orbital theory, are formed from unhybridized p atomic orbitals. The p
orbitals overlap side to side to form the = bond, where the = electrons occupy the space above
and below a line joining the atoms (the internuclear axis). Assuming the z-axis is the
internuclear axis, then the p, atomic orbital will always be hybridized whether the
hybridization is sp, sp sp®, dsp® or d’sp®. For sp hybridization, the p,x and p, atomic orbitals
are unhybridized; they are used to form two m bonds to the bonded atom(s). For sp’
hybridization, either the py or the p, atomic orbital is hybridized (along with the s and p,
orbitals); the other p orbital is used to form a « bond to a bonded atom. For sp® hybridization,
the s and all the p orbitals are hybridized; no unhybridized p atomic orbitals are present, so no
© bonds form with sp® hybridization. For dsp® and d’sp® hybridization, we just mix in one or
two d orbitals into the hybridization process. Which specific d orbitals are used is not
important to our discussion.

The MO theory is a mathematical model. The allowed electron energy levels (molecular
orbitals) in a molecule are solutions to the mathematical problem. The square of the solutions
gives the shapes of the molecular orbitals. A sigma bond is an allowed energy level where the
greatest electron probability is between the nuclei forming the bond. Valence s orbitals form
sigma bonds, and if the z-axis is the internuclear axis, then valence p, orbitals also form
sigma bonds. For a molecule like HF, a sigma-bonding MO results from the combination of
the H 1s orbital and the F 2p, atomic orbital.

For 7 bonds, the electron density lies above and below the internuclear axis. The  bonds are
formed when p, orbitals are combined (side-to-side overlap) and when p, orbitals are
combined.

We use d orbitals when we have to; i.e., we use d orbitals when the central atom on a
molecule has more than eight electrons around it. The d orbitals are necessary to accom-
modate the electrons over eight. Row 2 elements never have more than eight electrons around
them, so they never hybridize d orbitals. We rationalize this by saying there are no d orbitals
close in energy to the valence 2s and 2p orbitals (2d orbitals are forbidden energy levels).
However, for row 3 and heavier elements, there are 3d, 4d, 5d, etc. orbitals that will be close
in energy to the valence s and p orbitals. It is row 3 and heavier nonmetals that hybridize d
orbitals when they have to.

304
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12.

13.

14.

15.

16.

For sulfur, the valence electrons are in 3s and 3p orbitals. Therefore, 3d orbitals are closest in
energy and are available for hybridization. Arsenic would hybridize 4d orbitals to go with the
valence 4s and 4p orbitals, whereas iodine would hybridize 5d orbitals since the valence
electrons areinn =5.

Rotation occurs in a bond as long as the orbitals that go to form that bond still overlap when
the atoms are rotating. Sigma bonds, with the head-to-head overlap, remain unaffected by
rotating the atoms in the bonds. Atoms that are bonded together by only a sigma bond (single
bond) exhibit this rotation phenomenon. The = bonds, however, cannot be rotated. The p
orbitals must be parallel to each other to form the = bond. If we try to rotate the atoms ina =
bond, the p orbitals would no longer have the correct alignment necessary to overlap.
Because © bonds are present in double and triple bonds (a double bond is composed of 1 ©
and 1 «t bond, and a triple bond is always 1 ¢ and 2 = bonds), the atoms in a double or triple
bond cannot rotate (unless the bond is broken).

Bonding and antibonding molecular orbitals are both solutions to the quantum mechanical
treatment of the molecule. Bonding orbitals form when in-phase orbitals combine to give
constructive interference. This results in enhanced electron probability located between the
two nuclei. The end result is that a bonding MO is lower in energy than the atomic orbitals
from which it is composed. Antibonding orbitals form when out-of-phase orbitals combine.
The mismatched phases produce destructive interference leading to a node of electron
probability between the two nuclei. With electron distribution pushed to the outside, the
energy of an antibonding orbital is higher than the energy of the atomic orbitals from which it
is composed.

From experiment, B, is paramagnetic. If the o, MO is lower in energy than the two degen-
erate mo, MOs, the electron configuration for B, would have all electrons paired. Experiment
tells us we must have unpaired electrons. Therefore, the MO diagram is modified to have the
Ty Orbitals lower in energy than the oy, orbitals. This gives two unpaired electrons in the
electron configuration for B,, which explains the paramagnetic properties of B,. The model
allowed for s and p orbitals to mix, which shifted the energy of the o, orbital to above that of
the mt, orbitals.

The localized electron model does not deal effectively with molecules containing unpaired
electrons. We can draw all of the possible structures for NO with its odd number of valence
electrons but still not have a good feel for whether the bond in NO is weaker or stronger than
the bond in NO™. MO theory can handle odd electron species without any modifications.
From the MO electron configurations, the bond order is 2.5 for NO and 2 for NO™. Therefore,
NO should have the stronger bond (and it does). In addition, hybrid orbital theory does not
predict that NO™ is paramagnetic. The MO theory correctly makes this prediction.

NOs, 5+3(6) +1=24¢
:0: - 10 - 0. -

u <> N -~

N
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When resonance structures can be drawn, it is usually due to a multiple bond that can be in
different positions. This is the case for NOs . Experiment tells us that the three N-O bonds
are equivalent in length and strength. To explain this, we say the r electrons are delocalized
in the molecule. For NOs', the © bonding system is composed of an unhybridized p atomic
orbital from all the atoms in NO3". These p orbitals are oriented perpendicular to the plane of
the atoms in NO5; . The m bonding system consists of all of the perpendicular p orbitals
overlapping forming a diffuse electron cloud above and below the entire surface of the NO;~
ion. Instead of having the & electrons situated above and below two specific nuclei, we think
of the & electrons in NO5™ as extending over the entire surface of the molecule (hence the
term delocalized). See Figure 9.48 for an illustration of the & bonding system in NO3.

Exercises

The Localized Electron Model and Hybrid Orbitals

17.

18.

H,0O has 2(1) + 6 = 8 valence electrons.
..Oo.

7\

H H

H,O has a tetrahedral arrangement of the electron pairs about the O atom that requires sp®
hybridization. Two of the four sp® hybrid orbitals are used to form bonds to the two
hydrogen atoms, and the other two sp® hybrid orbitals hold the two lone pairs on oxygen. The
two O—H bonds are formed from overlap of the sp® hybrid orbitals from oxygen with the 1s
atomic orbitals from the hydrogen atoms. Each O—H covalent bond is called a sigma (o)

bond since the shared electron pair in each bond is centered in an area on a line running
between the two atoms.

CCl, has 4 + 4(7) = 32 valence electrons.

¢,

o l\.,c'f..
: . I :

CCl, has a tetrahedral arrangement of the electron pairs about the carbon atom that requires
sp® hybridization. The four sp® hybrid orbitals from carbon are used to form the four bonds to
chlorine. The chlorine atoms also have a tetrahedral arrangement of electron pairs, and we
will assume that they are also sp® hybridized. The C—CI sigma bonds are all formed from
overlap of sp* hybrid orbitals from carbon with sp® hybrid orbitals from each chlorine atom.



CHAPTER9 COVALENT BONDING: ORBITALS 307

19.

20.

21.

H,CO has 2(1) + 4 + 6 = 12 valence electrons.

The central carbon atom has a trigonal planar arrangement of the electron pairs that requires
sp? hybridization. The two C—H sigma bonds are formed from overlap of the sp? hybrid
orbitals from carbon with the hydrogen 1s atomic orbitals. The double bond between carbon
and oxygen consists of one ¢ and one © bond. The oxygen atom, like the carbon atom, also
has a trigonal planar arrangement of the electrons that requires sp® hybridization. The ¢ bond
in the double bond is formed from overlap of a carbon sp? hybrid orbital with an oxygen sp?
hybrid orbital. The © bond in the double bond is formed from overlap of the unhybridized p
atomic orbitals. Carbon and oxygen each has one unhybridized p atomic orbital that is
parallel with the other. When two parallel p atomic orbitals overlap, a © bond results where
the shared electron pair occupies the space above and below a line joining the atoms in the
bond.

C,H; has 2(4) + 2(1) = 10 valence electrons.

H—C=C—H

Each carbon atom in C,H, is sp hybridized since each carbon atom is surrounded by two
effective pairs of electrons; i.e., each carbon atom has a linear arrangement of the electrons.
Since each carbon atom is sp hybridized, then each carbon atom has two unhybridized p
atomic orbitals. The two C—H sigma bonds are formed from overlap of carbon sp hybrid
orbitals with hydrogen 1s atomic orbitals. The triple bond is composed of one ¢ bond and
two  bonds. The sigma bond between to the carbon atoms is formed from overlap of sp
hybrid orbitals from each carbon atom. The two © bonds of the triple bond are formed from
parallel overlap of the two unhybridized p atomic orbitals from each carbon.

Ethane, C,Hg, has 2(4) + 6(1) = 14 valence electrons.

H H

N/

H C C H

7N\

H H

The carbon atoms are sp® hybridized. The six C—H sigma bonds are formed from overlap of
the sp® hybrid orbitals from C with the 1s atomic orbitals from the hydrogen atoms. The
carbon-carbon sigma bond is formed from overlap of an sp® hybrid orbital from each C atom.

Ethanol, C,HeO has 2(4) +6(1) +6 =20 ¢

H H

.

C

O:
ZARANAN

H
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22.

23.

24,

The two C atoms and the O atom are sp® hybridized. All bonds are formed from overlap with
these sp® hybrid orbitals. The C—H and O—H sigma bonds are formed from overlap of sp® hy-
brid orbitals with hydrogen 1s atomic orbitals. The C—C and C—O sigma bonds are formed
from overlap of the sp* hybrid orbitals from each atom.

HCN, 1 + 4 + 5 =10 valence electrons

H——C=—=N:

Assuming N is hybridized, both C and N atoms are sp hybridized. The C—H & bond is formed
from overlap of a carbon sp® hybrid orbital with a hydrogen 1s atomic orbital. The triple bond
is composed of one ¢ bond and two & bonds. The sigma bond is formed from head-to-head
overlap of the sp hybrid orbitals from the C and N atoms. The two = bonds in the triple bond
are formed from overlap of the two unhybridized p atomic orbitals from each C and N atom.

COCly, 4 + 6 + 2(7) = 24 valence electrons

O=O

;'C|/ \§|;

Assuming all atoms are h;/bridized, the carbon and oxygen atoms are sp® hybridized, and the
two chlorine atoms are Sép hybridized. The two C—Cl ¢ bonds are formed from overlap of sp?
hybrids from C with sp” hybrid orbitals from CI. The double bond between the carbon and
oxygen atoms consists of one ¢ and one © bond. The o bond in the double bond is formed
from head-to-head overlap of an sp? orbital from carbon with an sp® hybrid orbital from oxy-
gen. The = bond is formed from parallel overlap of the unhybridized p atomic orbitals from
each atom of C and O.

See Exercises 8.83 and 8.89 for the Lewis structures. To predict the hybridization, first
determine the arrangement of electron pairs about each central atom using the VSEPR model;
then use the information in Figure 9.24 of the text to deduce the hybridization required for
that arrangement of electron pairs.

8.83 a. CClg Cissp® hybridized. b. NCls: N is sp® hybridized.
c. SeCly: Seis sp® hybridized. d. ICI: Both I and Cl are sp® hybridized.

8.89 a. Thecentral N atom is sp2 hybridized in NO; and NO3". In N,O,, both central N
atoms are sp? hybridized.

b. InOCN and SCN’, the central carbon atoms in each ion are sp hybridized, and in
N3, the central N atom is also sp hybridized.

See Exercises 8.84 and 8.90 for the Lewis structures.

8.84 a. Allthe central atoms are sp® hybridized.
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25.

26.

27.

28.

29.

b. All the central atoms are sp® hybridized.

c. All the central atoms are sp® hybridized.

8.90 InOjzand in SO,, the central atoms are sp2 hybridized, and in SOs, the central sulfur
atom is also sp hybridized.

All exhibit dsp® hybridization. All of these molecules/ions have a trigonal bipyramid
arrangement of electron pairs about the central atom; all have central atoms with dsp®
hybridization. See Exercise 8.87 for the Lewis structures.

All these molecules have an octahedral arrangement of electron pairs about the central atom;
all have central atoms with d’sp® hybridization. See Exercise 8.88 for the Lewis structures.

The molecules in Exercise 8.113 all have a trigonal planar arrangement of electron pairs
about the central atom, so all have central atoms with sp® hybridization. The molecules in
Exercise 8.114 all have a tetrahedral arrangement of electron pairs about the central atom, so
all have central atoms with sp® hybridization. See Exercises 8.113 and 8.114 for the Lewis
structures.

The molecules in Exercise 8.115 all have central atoms with dsp® hybridization because all
are based on the trigonal bipyramid arrangement of electron pairs. The molecules in Exercise
8.116 all have central atoms with d’sp® hybridization because all are based on the octahedral
arrangement of electron pairs. See Exercises 8.115 and 8.116 for the Lewis structures.

a' ee b' oe
S
| o oo/N \' R
.. _C e iR U
7 :
:.F.:
tetrahedral sp® trigonal pyramid sp®
109.5° nonpolar <109.5° polar

The angles in NF; should be slightly less than 109.5° because the lone pair requires more
space than the bonding pairs.

d.

ok Ee

e/ Neo S
: Fi |
oo o0 B

e/ N\
F F:
V-shaped sp® trigonal planar sp?

<109°.5 polar 120° nonpolar
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e. f.
s
H—Be—H tF o2
al _Te:
|
tF:
linear sp see-saw dsp®
180° nonpolar a) ~120°, Db) ~90° polar
9. h.

*F I‘E . :F—Kr—F:
b§As F: )
F |

L

trigonal bipyramid dsp®

linear dsp®
a) 90°, b) 120° nonpolar 180° nonpolar
. : E\ F J. R
.o .o °F F:
Kr<IgO° ..\|Se/..
EE: E]
tF:
square planar d’sp® octahedral d’sp®
90° nonpolar 90° nonpolar
k- I. oe
.o cFe
oo F : . o* I
°|:.\ I /‘IZ' ° | F
.l:./o .\.F .IZ.:
square pyramid d’sp’ T-shaped dsp®
~90° polar ~90°
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30. a.
/S\ V-shaped, sp® 120°
Only one resonance form is shown. Resonance does not change the position of the atoms.
We can predict the geometry and hybridization from any one of the resonance structures.
b. C.
3ﬁ! [ . 12
/N |
:0 O: TN
Q o :s” | Do
:0:
trigonal planar, 120°, sp’ tetrahedral, 109.5°, sp®
(plus two other resonance structures)
d 12- e
oO: @) oo )
Lol | 5 TN
O0—S—0—0——S—o0 o~ o
| oo | 3 :.O.:

: 0l :0
tetrahedral geometry about each S, 109.5°, trigonal pyramid, <109.5°, sp®
sp® hybrids; V-shaped arrangement about
peroxide O’s, ~109.5°, sp®

f °e 12- g
02
L. N
o7 | So: :F F:

tetrahedral, 109.5°, sp® V-shaped, <109.5°, sp®
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31.

32.

h. i
~90° :F: =
. E|E
:F N~
.s S:
z120".§ -'F'/|S\'F
:F .I. L)
** 1F: R
see-saw, ~90° and ~120°, dsp® octahedral, 90°, d’sp’
j. . k.
F: o - . -
|\ b a/F3 i IF ¥
AN e : 90°
e SSHSS .. h
< pe 120° (Cs—F:
Y 7|
oo .o :.F.:
a) ~109.5° b)~90° c) ~120° trigonal bipyramid,

see-saw about S atom with one lone pair (dsp®);

90° and 120°, dsp®
bent about S atom with two lone pairs (sp°)

H’é&zzé‘”

For the p orbitals to properly line up to form the & bond, all six atoms are forced into the same

plane. If the atoms are not in the same plane, then the © bond could not form since the p orbi-
tals would no longer be parallel to each other.

No, the CH, planes are mutually perpendicular to each other. The center C atom is sp
hybridized and is involved in two 7 bonds. The p orbitals used to form each = bond must be
perpendicular to each other. This forces the two CH, planes to be perpendicular.

H H
=)

C C C
‘r{ N %@\H
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33.

34.

35.

a. There are 33 cand 9 m bonds. Single bonds always are ¢ bonds, double bonds always
consist of 1 ¢ and 1 7 bond, and triple bonds always consist of 1 ¢ and 2 © bonds. The 9
7 bonds come from the 9 double bonds in the indigo molecule.

b. All carbon atoms are sp? hybridized because all have a trigonal planar arrangement of
electron pairs.

The two nitrogen atoms in urea both have a tetrahedral arrangement of electron pairs, so both
of these atoms are sp® hybridized. The carbon atom has a trigonal planar arrangement of
electron pairs, so C is sp hybridized. O is also sp® hybridized because it also has a trigonal
planar arrangement of electron pairs.

Each of the four N-H sigma bonds are formed from overlap of an sp® hybrid orbital from
nitrogen with a 1s orbital from hydrogen. Each of the two N—C sigma bonds are formed from
an sp® hybrid orbital from N with an sp® hybrid orbital from carbon. The double bond
between carbon and oxygen consists of one ¢ and one © bond. The o bond in the double
bond is formed from overlap of a carbon sp” hybrid orbital with an oxygen sp® hybrid orbital.
The = bond in the double bond is formed from overlap of the unhybridized p atomic orbitals.
Carbon and oxygen each have one unhybridized p atomic orbital, and they are assumed to be
parallel to each other. When two parallel p atomic orbitals overlap side to side, a = bond
results.

To complete the Lewis structures, just add lone pairs of electrons to satisfy the octet rule for
the atoms with fewer than eight electrons.

Biacetyl (C4Hs0O,) has 4(4) + 6(1) + 2(6) = 34 valence electrons.

‘O
H || /0. All CCO angles are 120°. The six atoms are not forced to lie in
C /O the same plane because of free rotation about the carbon-
H —C/ \(‘/ carbon single (sigma) bonds. There are 11 ¢ and 2 t bonds in
| ~ sp3 biacetyl.
HoON

H—C—H

H

Acetoin (C4HgO;) has 4(4) + 8(1) + 2(6) = 36 valence electrons.

The carbon with the doubly bonded O is sp® hybridized.

and angle b = 109.5°. There are 13 ¢ and 1 7 bonds in
acetoin.

Note: All single bonds are 6 bonds, all double bonds are one 6 and one 7 bond, and all triple
bonds are one ¢ and two m bonds.

The other three C atoms are sp® hybridized. Angle a = 120°
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36. Acrylonitrile: CsH3N has 3(4) + 3(1) + 5 = 20 valence electrons.
a) 120° H b H
b) 120° : CQ\_/C °  6cand3mbonds
H A C
¢) 180° YA ¥
sp o
All atoms of acrylonitrile must lie in the same plane. The © bond in the double bond dictates
that the C and H atoms are all in the same plane, and the triple bond dictates that N is in the
same plane with the other atoms.
Methyl methacrylate (CsHgO,) has 5(4) + 8(1) + 2(6) = 40 valence electrons.
d) 120° H T H
’ \C/
e) 120° N . H 14 ¢ and 2 © bonds
c=c ) ‘spd |
f) ~109.5° 7/ \ / c —'\Cij—\C—H
sp2” ¢ | f |
P .O. H
37. a. Add lone pairs to complete octets for each O and N.

H
N a :
H—N e~ N’
e—N o~ o 4
) N\ AT At g
S~ N—Cd HZC=C\) N
NH, CA-0—CHj
' -,
:0:
Azodicarbonamide methyl cyanoacrylate

Note: NH,, CH,(H,C), and CHs are shorthand for nitrogen or carbon atoms singly
bonded to hydrogen atoms.

b. In azodicarbonamide, the two carbon atoms are sp? hybridized, the two nitrogen atoms
with hydrogens attached are sp® hybridized, and the other two nitrogens are sp
hybridized. In methyl cyanoacrylate, the CH; carbon is sp* hybridized, the carbon with
the triple bond is sp hybridized, and the other three carbons are sp? hybridized.

c. Azodicarbonamide contains three  bonds and methyl cyanoacrylate contains four
bonds.
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38.

d.

b.

a) ~109.5° b) 120° c) ~120° d) 120° e) 180°
f) 120° g) ~109.5° h) 120°

Piperine and capsaicin are molecules classified as organic compounds, i.e., compounds
based on carbon. The majority of Lewis structures for organic compounds have all atoms
with zero formal charge. Therefore, carbon atoms in organic compounds will usually
form four bonds, nitrogen atoms will form three bonds and complete the octet with one
lone pair of electrons, and oxygen atoms will form two bonds and complete the octet with
two lone pairs of electrons. Using these guidelines, the Lewis structures are:

H :(|)|:
H,c—0: 9 CHa., /c /cH2 CH _CH;
\/NU(CHz)gv CH \/c )!
IL CH3
H—O: H capsaicin

Note: The ring structures are all shorthand notation for rings of carbon atoms. In
piperine the first ring contains six carbon atoms and the second ring contains five carbon
atoms (plus nitrogen). Also notice that CHz, CH,, and CH are shorthand for carbon
atoms singly bonded to hydrogen atoms.

piperine: 0sp, 11 sp?and 6 sp® carbons; capsaicin: 0 sp, 9 sp? and 9 sp® carbons

c. The nitrogens are sp® hybridized in each molecule.

d.

a) 120° b) 120° c) 120°
d) 120° e) ~109.5° f) 109.5°
g) 120° h) 109.5° ) 120°

j) 109.5° k) 120° ) 109.5°
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39. To complete the Lewis structure, just add lone pairs of electrons to satisfy the octet rule for
the atoms that have fewer than eight electrons.

:0: "l'
[
T N |
C LI
. e NN
H—O—-cC O.- O H
|\C/ \C—H
VAVl
H T‘\C/
I “|
ﬂ
*N:
a. 6 b. 4 c. The center N in —N=N=N group
d 33¢ e. 5mbonds f. 180°
g. ~109.5° h. sp®
40. a. To complete the Lewis structure, add two lone pairs to each sulfur atom.

|
sp3 SPp sp //C_C\\ Ssp sp SP sSp sp2  sp2
HC—C=C—(  C—C==C—Ce=C—CH=CH,

.S—S

b. See the Lewis structure. The four carbon atoms in the ring are all sp? hybridized, and the
two sulfur atoms are sp® hybridized.

€. 23 cand 9 zwbonds. Note: CH;(H3C), CH,, and CH are shorthand for carbon atoms
singly bonded to hydrogen atoms.
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The Molecular Orbital Model

41.

42.

The bonding molecular orbital is on the right and the antibonding molecular orbital is on
the left. The bonding MO has the greatest electron probability between the nuclei, while
the antibonding MO has greatest electron probability outside the space between the two
nuclei.

The bonding MO is lower in energy. Because the electrons in the bonding MO have the
greatest probability of lying between the two nuclei, these electrons are attracted to two
different nuclei, resulting in a lower energy.

—r N
et U A Gp

When p orbitals are combined head-to-head and the phases are the same sign (the orbital
lobes have the same sign), a sigma bonding molecular orbital is formed.

>
>

When parallel p orbitals are combined in-phase (the signs match up), a pi bonding
molecular orbital is formed.

When p orbitals are combined head-to-head and the phases are opposite (the orbital lobes
have opposite signs), a sigma antibonding molecular orbital is formed.

QO

*

T

AN

When parallel p orbitals are combined out-of-phase (the orbital lobes have opposite
signs), a pi antibonding molecular orbital is formed.
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43. If we calculate a nonzero bond order for a molecule, then we predict that it can exist (is
stable).
a. Hy: (o) B.O. = bond order = (1-0)/2 = 1/2, stable
Hy:  (o1s) B.O. = (2-0)/2 =1, stable
Ho:  (o1)%(o1s%)" B.O. = (2-1)/2 = 1/2, stable
H” " (015)%(01s™) B.O. = (2-2)/2 = 0, not stable
b. He": (o1)’ B.O. = (2-0)/2 =1, stable
He,": (015)(o1s™)* B.O. = (2-1)/2 = 1/2, stable
Hey:  (01)%(01s*)° B.O. = (2-2)/2 = 0, not stable
44, a. N7 (02)°(025™) (M) (G2p) (Map*) B.O. = bond order = (8-4)/2 = 2, stable

0,71 (025)(625%)*(02p) (M) (m2p*)" B.O. = (8-6)/2 = 1, stable

Fo’t (025)°(025™)(02p) (M) (m2p*) (02p*)>  B.O. = (8-8)/2 = 0, not stable
b. Bex (02)%(02*) B.O. = (2-2)/2 =0, not stable

By (02s) (02) (M) B.O. =(4-2)/2 =1, stable

Nez:  (025)(025%) (02p) (M2p) (m2p*) (52p*)°  B.O. = (8-8)/2 =0, not stable

45, The electron configurations are:
a. Lix (o)’ B.O. = (2-0)/2 = 1, diamagnetic (0 unpaired e")
b. Cyx  (02)(025*) (1" B.O. = (6-2)/2 = 2, diamagnetic (0 unpaired €")

C. Sz (03)°(03*)(03p) (map) (13p*)? B.O. = (8-4)/2 = 2, paramagnetic (2 unpaired €)

46. There are 14 valence electrons in the MO electron configuration. Also, the valence shell is n
= 3. Some possibilities from row 3 having 14 valence electrons are Cl,, SCI, S,%", and Ar,?",

47. Oz (02)(025™) (02p) (M) (map*)? B.O. = bond order = (8 - 4)/2=2
No: (025 °(025™)(mzp) (02p)° B.0.=(8-2)2=3
In O,, an antibonding electron is removed, which will increase the bond order to
2.5 [= (8-3)/2]. The bond order increases as an electron is removed, so the bond strengthens.

In N, a bonding electron is removed, which decreases the bond order to 2.5 = [(7 — 2)/2]. So
the bond strength weakens as an electron is removed from N,.

48. The electron configurations are:
F2' (026)2(025*)(02p) (m2p) *(12p*)° B.O. = (8-5)/2 = 1.5; 1 unpaired e
Fao: (62 %(02s*)(02p) (Tp) (mp™)* B.O.=(8-6)/2=1; 0 unpaired e

Fo (026)%(025%)(02p) (mzp) (m2p*) (62p*)"  B.O. =(8-7)/2=0.5; 1 unpaired e

From the calculated bond orders, the order of bond lengths should be F," <F,<F,".
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49, For CO, we will assume the same orbital ordering as that for N..

CO: (025)*(025*)*(m2p) *(02p)° B.0O. = (8 —2)/2 = 3; 0 unpaired electrons
0y (029)°(025%)*(02p) (M) (map™)? B.O. = (8 —4)/2 = 2; 2 unpaired electrons

The most obvious differences are that CO has a larger bond order than O, (3 versus 2) and
that CO is diamagnetic, whereas O, is paramagnetic.

50. Considering only the 12 valence electrons in O,, the MO models would be:

D oxp* I:l
R R [

Tap
O, ground state Arrangement of electrons consistent

with the Lewis structure (double bond
and no unpaired electrons).

It takes energy to pair electrons in the same orbital. Thus the structure with no unpaired
electrons is at a higher energy; it is an excited state.

51. The electron configurations are (assuming the same orbital order as that for N,):
a. CO:  (02)%(025*)(mzp) (02p)° B.O. = (8-2)/2 = 3, diamagnetic
b. CO" (626)%(025™) (m2p)*(02p)" B.O. = (7-2)/2 = 2.5, paramagnetic
C. CO™: (025)(02s%) (M)’ B.O. = (6-2)/2 = 2, diamagnetic

Because bond order is directly proportional to bond energy and inversely proportional to
bond length:

Shortest — longest bond length: CO < CO* < CO*

Smallest — largest bond energy: CO** < CO* < CO
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52.  a. CN"  (02)(025™)(ma)’ B.O. = (6-2)/2 = 2, diamagnetic
b. CN:  (026)%(025™) (mzp) "(02p)" B.O. = (7-2)/2 = 2.5, paramagnetic
C. CN:  (02)%(025*) (1) (02p)° B.O. = 3, diamagnetic
The bond orders are CN*, 2; CN, 2.5; CN, 3; because bond order is directly proportional
to bond energy and inversely proportional to bond length:
Shortest — longest bond length: CN™ < CN < CN*
Smallest — largest bond energy: CN* < CN <CN~
53.  a. Hy (o1)°
Ba: (025) (025%) (mzp)°
b.  C.: (029)"(025*) () (02)°
OF: (525)2(525*)Z(GZp)z(“Zp)4(7T2p*)3
The bond strength will weaken if the electron removed comes from a bonding orbital. Of the
molecules listed, H,, B,, and C,> would be expected to have their bond strength weaken as
an electron is removed. OF has the electron removed from an antibonding orbital, so its bond
strength increases.
54, a. CN: (cszS)z(GzS*)z(nzp)"'(cszp)1
NO: (525)2(525*)z(an)4(52p)2(7T2p*)1
b. 0"t (02)(02*)(02p) (zp)"
NZ**: (026)(025%) (mzp)*
If the added electron goes into a bonding orbital, the bond order would increase, making the
species more stable and more likely to form. Between CN and NO, CN would most likely
form CN™ since the bond order increases (unlike NO™, where the added electron goes into an
antibonding orbital). Between O,”" and N,**, N," would most likely form since the bond
order increases (unlike 0,*" going to O,").
55. The two types of overlap that result in bond formation for p orbitals are in-phase side-to-side

overlap (n bond) and in-phase head-to-head overlap (¢ bond).

cfo-cto-

Tz (in-phase; the signs match up G2p (in-phase; the signs match up
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56.
@ ) '@ c* (out-of-phase; the signs
< oppose each other)
@O © c (in-phase; the signs
match up)
These molecular orbitals are sigma MOs because the electron density is cylindrically
symmetric about the internuclear axis.
57. a. The electron density would be closer to F on average. The F atom is more electronega-
tive than the H atom, and the 2p orbital of F is lower in energy than the 1s orbital of H.
b. The bonding MO would have more fluorine 2p character since it is closer in energy to the
fluorine 2p atomic orbital.
c. The antibonding MO would place more electron density closer to H and would have a
greater contribution from the higher-energy hydrogen 1s atomic orbital.
58. a. The antibonding MO will have more hydrogen 1s character because the hydrogen 1s

atomic orbital is closer in energy to the antibonding MO.

b. No, the net overall overlap is zero. The p orbital does not have proper symmetry to
overlap with a 1s orbital. The 2p, and 2p, orbitals are called nonbonding orbitals.

A

\
\ )
\\ 2pX Zpy e 2pZ pr 2py
\\\L’,’

()

N 2s N 2s

d. Bond order = (2 -0)/2 = 1; Note: The 2s, 2p,, and 2p, electrons have no effect on the
bond order.
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59.

60.

61.

e. To form OH’, a nonbonding electron is removed from OH. Because the number of
bonding electrons and antibonding electrons is unchanged, the bond order is still equal to
one.

C,* has 10 valence electrons. The Lewis structure predicts sp hybridization for each carbon
with two unhybridized p orbitals on each carbon.

[ .C—C- ] 2 sp hybrid orbitals form the ¢ bond and the two unhybridized
T p atomic orbitals from each carbon form the two © bonds.

MO: (026)(625%)*(m2p) (62p)>, B.O.=(8-2)/2=3

Both give the same picture, a triple bond composed of one ¢ and two = bonds. Both predict
the ion will be diamagnetic. Lewis structures deal well with diamagnetic (all electrons paired)
species. The Lewis model cannot really predict magnetic properties.

Lewis structures:
NO" [N MO [N

NO:  N=—=O or N=0O + others

Note: Lewis structures do not handle odd numbered electron species very well.

MO model:

NO": (625)%(025*) (1) *(G2p)%, B.O. =3, 0 unpaired e~ (diamagnetic)
NO:  (62)%(025*)(m2p) (02p)*(m2p™*),  B.O. =2.5, 1 unpaired e~ (paramagnetic)

NO™: (02)%(025*) (1) (62p) (m2p*)>  B.O. =2, 2 unpaired €~ (paramagnetic)

The two models give the same results only for NO* (a triple bond with no unpaired
electrons). Lewis structures are not adequate for NO and NO™. The MO model gives a better
representation for all three species. For NO, Lewis structures are poor for odd electron
species. For NO°, both models predict a double bond, but only the MO model correctly
predicts that NO™ is paramagnetic.

05 and NO, are isoelectronic, so we only need consider one of them since the same bonding
ideas apply to both. The Lewis structures for O; are:

o] (0]
VY . <—> .
7 \ O/ \\\\O

For each of the two resonance forms, the central O atom is sp® hybridized with one unhy-
bridized p atomic orbital. The sp” hybrid orbitals are used to form the two sigma bonds to the
central atom and hold the lone pair of electrons on the central O atom. The localized electron
view of the m bond uses unhybridized p atomic orbitals. The m bond resonates between the
two positions in the Lewis structures; the actual structure of O; is an average of the two
resonance structures:
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In the MO picture of the m bond, all three unhybridized p orbitals overlap at the same time,
resulting in 7 electrons that are delocalized over the entire surface of the molecule. This is
represented as:

62. The Lewis structures for CO5* are (24 €):

Jo 2 101 2 2
o o AT of o

In the localized electron view, the central carbon atom is sp? hybridized; the sp? hybrid
orbitals are used to form the three sigma bonds in CO5>". The central C atom also has one
unhybridized p atomic orbital that overlaps with another p atomic orbital from one of the
oxygen atoms to form the m bond in each resonance structure. This localized © bond moves
(resonates) from one position to another. In the molecular orbital model for COs*", all four
atoms in CO5” have a p atomic orbital that is perpendicular to the plane of the ion. All four
of these p orbitals overlap at the same time to form a delocalized © bonding system where the
© electrons can roam above and below the entire surface of the ion. The = molecular orbital
system for CO5” is analogous to that for NO;~ which is shown in Figure 9.48 of the text.
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Additional Exercises

63. a XeOs;, 8+3(6)=26¢ b. XeO, 8+4(6)=32¢
:°(|5:
Xe
TR Xe
'O- -o- o Je
b o | e
trigonal pyramid; sp® tetrahedral; sp®
C. XeOF, 8+6+4(7)=42¢ d. XeOF, 8+6+2(7)=28¢
. :0: . F|: [|: o
F : F:
..\ /00 / e e | .
x> B e
h IF: LR
square pyramid; d’sp® T-shaped:; dsp®

e. XeOjsF; has 8 + 3(6) + 2(7) = 40 valence electrons.

@) 0
O>)|(e—0 or O>>|(e_F or >)|< F trigonal bipyramid; dsp®
RS H oo Lo
64. FCIO, + F — F,CIO,~ Fs:CIO + F — F,CIO”
F,CIO,, 2(7)+7+2(6) +1=34¢ FCIO, 4(7)+T+6+1=42¢
Nl N
T 5
see-saw, dsp® square pyramid, d’sp®

Note: Similar to Exercise 63c, d, and e, F,CIO,™ has two additional Lewis structures that are

possible, and F,ClIO™ has one additional Lewis structure that is possible. The predicted
hybridization is unaffected.
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65.

FisCIO — F + F,CIO"

F,.ClIO", 2(7) +7+6-1=26¢

o:

.'-/Tl\
:F
S~ iF:

trigonal pyramid, sp®

a. No, some atoms are in different places. Thus these are not resonance structures; they

are different compounds.

F3C|Og —-F + F2C|02+

F.CIO,", 2(7)+7+2(6)—1=32¢

tetrahedral, sp®

b. For the first Lewis structure, all nitrogen atoms are sp® hybridized and all carbon atoms
are sp’ hybridized. In the second Lewis structure, all nitrogen atoms and carbon atoms

are sp’ hybridized.

c. For the reaction:

H

|
NN
AN
H H

[
0]

Bonds broken:

3 C=0 (745 ki/mol)
3 C-N (305 kJ/mol)
3 N—H (391 kd/mol)

Bonds formed:

3 C=N (615 kJ/mol)
3 C-0 (358 ki/mol)
3 O—H (467 kd/mol)

AH = 3(745) + 3(305) + 3(391) — [3(615) + 3(358) + 3(467)]

AH =4323 kJ — 4320 kJ =3 kJ

The bonds are slightly stronger in the first structure with the carbon-oxygen double bonds
since AH for the reaction is positive. However, the value of AH is so small that the best
conclusion is that the bond strengths are comparable in the two structures.
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66.

67.

a. The V-shaped (or bent) molecular structure occurs with both a trigonal planar and a tetra-
hedral arrangement of electron pairs. If there is a trigonal planar arrangement, the central
atom is sp® hybridized. If there is a tetrahedral arrangement, the central atom is sp’
hybridized.

b. The see-saw structure is a trigonal bipyramid arrangement of electron pairs which
requires dsp® hybridization.

c. The trigonal pyramid structure occurs when a central atom has three bonded atoms and a
lone pair of electrons. Whenever a central atom has four effective pairs about the central
atom (exhibits a tetrahedral arrangement of electron pairs), the central atom is sp®
hybridized.

d. Atrigonal bipyramidal arrangement of electron pairs requires dsp® hybridization.
e. A tetrahedral arrangement of electron pairs requires sp* hybridization.

For carbon, nitrogen, and oxygen atoms to have formal charge values of zero, each C atom
will form four bonds to other atoms and have no lone pairs of electrons, each N atom will
form three bonds to other atoms and have one lone pair of electrons, and each O atom will
form two bonds to other atoms and have two lone pairs of electrons. Following these
bonding requirements gives the following two resonance structures for vitamin Bg:

:ﬁ: ﬁ:
C

a C—H H ¢ C—H H
) Cll—ﬁ\o.—H o CIZ—6—H
AN /C\ 71 RIAN /C\ 4
H oG dt% ! H C c” )

H%CCII |C|:/?>/C H C|3 C|3 C|:

L\f>\N/ \H |L \N/ \H

a. 21 o bonds; 4 m bonds (The electrons in the three © bonds in the ring are delocalized.)
b. Angles a), ¢), and g): #109.5°; angles b), d), e), and f): ~120°

c. 6 sp® carbons; the five carbon atoms in the ring are sp® hybridized, as is the carbon with
the double bond to oxygen.

d. 4 sp®atoms; the two carbons that are not sp? hybridized are sp® hybridized, and the
oxygens marked with angles a and ¢ are sp* hybridized.

e. Yes, the m electrons in the ring are delocalized. The atoms in the ring are all sp’
hybridized. This leaves a p orbital perpendicular to the plane of the ring from each atom.
Overlap of all six of these p orbitals results in a © molecular orbital system where the
electrons are delocalized above and below the plane of the ring (similar to benzene in
Figure 9.47 of the text).
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68. For carbon, nitrogen, and oxygen atoms to have formal charge values of zero, each C atom
will form four bonds to other atoms and have no lone pairs of electrons, each N atom will
form three bonds to other atoms and have one lone pair of electrons, and each O atom will
form two bonds to other atoms and have two lone pairs of electrons. Following these
bonding requirements, a Lewis structure for aspartame is:

H
100 H H—C—H H H
H—0 Ll C—H gly__c/H l_l

H—N—~C—C—N (l: c|: P// \\C—H
e

Another resonance structure could be drawn having the double bonds in the benzene ring
moved over one position.

Atoms that have trigonal planar geometry of electron pairs are assumed to have sp’
hybridization, and atoms with tetrahedral geometry of electron pairs are assumed to have sp®
hybridization. All the N atoms have tetrahedral geometry, so they are all sp® hybridized (no
sp? hybridization). The oxygens double bonded to carbon atoms are sp” hybridized; the other
two oxygens with two single bonds are sp® hybridized. For the carbon atoms, the six carbon
atoms in the benzene ring are sp? hybridized, and the three carbons double bonded to oxygen
are also sp” hybridized (tetrahedral geometry). Answering the questions:

e 9sp?hybridized C and N atoms (9 from C’s and 0 from N’s)
e 7 sp® hybridized C and O atoms (5 from C’s and 2 from O’s)

e 39 ¢ bonds and 6 = bonds (this includes the 3 = bonds in the benzene ring that are
delocalized)

69.

90", 0 0 Q.
A0 z\JY’/w\ < i

In order to rotate about the double bond, the molecule must go through an intermediate stage
where the @ bond is broken and the sigma bond remains intact. Bond energies are 347 ki/mol
for C—C and 614 kJ/mol for C=C. If we take the single bond as the strength of the ¢ bond,
then the strength of the @ bond is (614 — 347 =) 267 ki/mol. In theory, 267 kiJ/mol must be
supplied to rotate about a carbon-carbon double bond.
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70.

71.

72.

CO,4+6=10€6; CO,4+2(6)=16€; CiOp 3(4)+2(6)=24¢
:C=0: O:C:O O0—C—C=—C—0

There is no molecular structure for the diatomic CO molecule. The carbon in CO is sp hybrid-
ized. CO; is a linear molecule, and the central carbon atom is sp hybridized. C;0, is a linear
molecule with all the central carbon atoms exhibiting sp hybridization.

a. BHjhas 3 + 3(1) = 6 valence electrons.

H

trigonal planar, nonpolar, 120°, sp’

B
H/ \H

N,F, has 2(5) + 2(7) = 24 valence electrons.

Can also be:
“N=N" V-shaped about both N’s; ‘E:
/7 \:+.  ~120° about both N's; . s
iRl F.*  both N atoms: sp’ “N==N.
S .
«F
polar nonpolar

These are distinctly different molecules.

C4Hg has 4(4) + 6(1) = 22 valence electrons.
H H

H—C=—=C——C=C—H

H H

All C atoms are trigonal planar with 120° bond angles and sp® hybridization. Because C
and H have similar electronegativity values, the C—H bonds are essentially nonpolar, so
the molecule is nonpolar. All neutral compounds composed of only C and H atoms are
nonpolar.

Yes, both have four sets of electrons about the P. We would predict a tetrahedral
structure for both. See part d for the Lewis structures.

The hybridization is sp® for P in each structure since both structures exhibit a tetrahedral
arrangement of electron pairs.

P has to use one of its d orbitals to form the ® bond since the p orbitals are all used to
form the hybrid orbitals.
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73.

d. Formal charge = number of valence electrons of an atom — [(number of lone pair

electrons) + 1/2(number of shared electrons)]. The formal charges calculated for the O
and P atoms are next to the atoms in the following Lewis structures.

:0: 1 :0:0
ee +1 oo -l. O ...
: Cl—pP—Cl: -~ *«Cl—P—cCl:
:Cl: c|

In both structures, the formal charges of the Cl atoms are all zeros. The structure with the
P=0 bond is favored on the basis of formal charge since it has a zero formal charge for
all atoms.

The Lewis structures for NNO and NON are:

IN=N=0! <—> IN=N—Q: =<=—> IN—N=O0:

IN=—O=—N. <—> IN=0—N: =—> IN—O==N:

The NNO structure is correct. From the Lewis structures, we would predict both NNO
and NON to be linear. However, we would predict NNO to be polar and NON to be
nonpolar. Since experiments show N,O to be polar, NNO is the correct structure.

Formal charge = number of valence electrons of atoms — [(number of lone pair electrons)
+ 1/2(number of shared electrons)].

I:N=N=0:,' > ‘N=N—7=0: =-=—> :N—NEO:

-1 +1 0

o

+1 -1 -2 +1 +1

The formal charges for the atoms in the various resonance structures are below each
atom. The central N is sp hybridized in all the resonance structures. We can probably
ignore the third resonance structure on the basis of the relatively large formal charges as
compared to the first two resonance structures.

The sp hybrid orbitals from the center N overlap with atomic orbitals (or appropriate
hybrid orbitals) from the other two atoms to form the two sigma bonds. The remaining
two unhybridized p orbitals from the center N overlap with two p orbitals from the
peripheral N to form the two m bonds.

Z axis
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74. N, (ground state): (629)*(025*)"(m2p)" (o)’ B.O. = 3; diamagnetic (0 unpaired e)
N, (1st excited state): (625)2((525*)2(112,3)4((52,3)1(112,)*)1
B.O. = (7—3)/2=2; paramagnetic (2 unpaired €")
The first excited state of N, should have a weaker bond and should be paramagnetic.

75. Foi (026 %(025*)(02p) (M) (m2p™)*; F2 should have a lower ionization energy than F. The
electron removed from F; is in a my* antibonding molecular orbital that is higher in energy
than the 2p atomic orbitals from which the electron in atomic fluorine is removed. Because
the electron removed from F; is higher in energy than the electron removed from F, it should
be easier to remove an electron from F, than from F.

76.
dXZ + pZ
4
z
The two orbitals will overlap side to side, so when the orbitals are in phase, a © bonding
molecular orbital would be expected to form.

77. Side-to-side in-phase overlap of these d orbitals would produce a « bonding molecular
orbital. There would be no probability of finding an electron on the axis joining the two
nuclei, which is characteristic of 1 MOs.

78. Molecule A has a tetrahedral arrangement of electron pairs because it is sp® hybridized.

Molecule B has 6 electron pairs about the central atom, so it is d’sp® hybridized. Molecule C
has two o and two 7 bonds to the central atom, so it either has two double bonds to the central
atom (as in CO,) or one triple bond and one single bond (as in HCN). Molecule C is
consistent with a linear arrangement of electron pairs exhibiting sp hybridization. There are
many correct possibilities for each molecule; an example of each is:

Molecule A: CH, Molecule B: XeF, Molecule C: CO, or HCN
/ \ H C——N:
H/|\H +F F: —
H

tetrahedral; 109.5°; sp® square planar; 90°; d’sp® linear; 180°; sp
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ChemWork Problems

The answers to the problems 79-86 (or a variation to these problems) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

87. The following Lewis structure has a formal charge of zero for all of the atoms in the
molecule.
H
’ :0: H—(|:—H
H
\C/ |Cl IL
/ \N/ \C/..\

H
| || c—H
C

The three C atoms each bonded to three H atoms are sp® hybridized (tetrahedral geometry);
the other five C atoms with trigonal planar geometry are sp” hybridized. The one N atom with
the double bond is sp? hybridized, and the other three N atoms are sp® hybridized. The
answers to the questions are:

e 6 total C and N atoms are sp hybridized
e 6 total C and N atoms are sp°® hybridized

e (0 Cand N atoms are sp hybridized (linear geometry)
e 25 bonds and 4 = bonds

88. The complete Lewis structure follows on the next page. All but two of the carbon atoms are
sp® hybridized. The two carbon atoms that contain the double bond are sp® hybridized (see *
in the following Lewis structure).
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CH CH CH CH
N /TN /A s
H ’ CH CH; CH
\_/ CHj | _H |
/C\|/C\ CHS
HZCH C CH,
(NI VAT |
/\C/\TH}C\ PN CH,
H,C C C H
N |
~ .
C C CH
AN / \*/ ?
H C
e H/ \H |
H

No; most of the carbons are not in the same plane since a majority of carbon atoms exhibit a
tetrahedral structure (109.5° bond angles). Note: HO, CH, CH,, H,C, and CHj; are shorthand

for oxygen and carbon atoms singly bonded to hydrogen atoms.

89. a. NCN? has 5+ 4 + 5+ 2 = 16 valence electrons.
. 2- .o 2- e 12-
N—=C—=N|* « [:N—CEN:] «» [:N=C_N.

H,NCN has 2(1) + 5 + 4 + 5 = 16 valence electrons.

H
He+t o, o 0o o
N=C=N; <—> H-—N—C=N: favored by formal charge

H

NCNC(NH), has 5+ 4 + 5 + 4 + 2(5) + 4(1) = 32 valence electrons.

.0/H .Q/H

1 0 +1 . 0o 0 0 N

. 0/ \ e 0/ N\

+ N=C=N =C\ H > N=C—N =C\ H
N—H N-=—H
"0 °
H H

favored by formal charge
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Melamine (CsNgHg) has 3(4) + 6(5) + 6(1) = 48 valence electrons.

| |
H—N N N—H H—N N N—H
AN / \ /I N / \ /I
C C Y o C b
I e AN
.N N. S\ N.
. \C/ ° : \C/ .
I
H—l\ll: H—'\ll:
HI )

b. NCNZ: C is sp hybridized. Each resonance structure predicts a different hybridization for

the N atom. Depending on the resonance form, N is predicted to be sp, sp?, or sp® hybrid-
ized. For the remaining compounds, we will give hybrids for the favored resonance
structures as predicted from formal charge considerations.

H “NH,

\ IV
N—C=N: *N=C—N=C sp®
A N
Sp sz

3 Sp

Melamine: N in NH, groups are all sp® hybridized; atoms in ring are all sp* hybridized.

NCN?%: 2 6 and 2 7 bonds; H,NCN: 4 ¢ and 2 7 bonds; dicyandiamide: 9 cand 3 &
bonds; melamine: 15 ¢ and 3 & bonds

The n-system forces the ring to be planar, just as the benzene ring is planar (see Figure
9.47 of the text).

The structure:

IN=C—N
\ oe
Nc—N—H

'N/ |
7'\ H
H® H

best agrees with experiments because it has three different CN bonds. This structure is
also favored on the basis of formal charge.

333
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90. One of the resonance structures for benzene is:
|
C
H\C/ \C/H
/J:\ M\
H \c/ H
!

To break CgHq(g) into C(g) and H(g) requires the breaking of 6 C—H bonds, 3 C=C bonds,
and 3 C—C bonds:

CeHe(g) — 6 C(g) +6 H(g) AH = 6D¢cy + 3D0:C + SDC_C
AH = 6(413 KJ) + 3(614 kJ) + 3(347 kJ) = 5361 kJ

The question asks for AH ; for C¢He(g), which is AH for the reaction:

6 C(s) + 3Hy(g) — CeHe(g) AH= AH;, CeHs(0)

To calculate AH for this reaction, we will use Hess’s law along with the value AH; for C(g)
and the bond energy value for H, (D, = 432 ki/mol).

6 C(g) + 6 H(@) > CeHs(9)  AH; =-5361kJ
6 C(s) —» 6 C(q) AH, = 6(717 k)
3 H(g) — 6 H(9) AH3;= 3(432kJ)

6 C(5) +3Hy(0) > CoHs(g) ~ AH = AH; + AH, + AH3 = 237 KJ; AH{ ., o = 237 ki/mol

The experimental AH{ for C¢Hs(g) is more stable (lower in energy) by 154 kJ than the AH{
calculated from bond energies (83 — 237 = —154 kJ). This extra stability is related to
benzene’s ability to exhibit resonance. Two equivalent Lewis structures can be drawn for
benzene. The m bonding system implied by each Lewis structure consists of three localized n
bonds. This is not correct because all C—C bonds in benzene are equivalent. We say the
electrons in benzene are delocalized over the entire surface of C¢Hs (see Section 9.5 of the
text). The large discrepancy between AH{ values is due to the delocalized 7 electrons, whose
effect was not accounted for in the calculated AH{value. The extra stability associated with
benzene can be called resonance stabilization. In general, molecules that exhibit resonance
are usually more stable than predicted using bond energies.
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91.

92.

93.

hc _ (6.626 x 107 J5)(2.998 x 10° m/s)

- =79x10%)
M 25 x107° m

a. E =

6.022 x 10% 1kJ

7.9x 1018 x x
mol 1000J

= 4800 kJ/mol

Using AH values from the various reactions, 25-nm light has sufficient energy to ionize
N, and N and to break the triple bond. Thus Ny, N,", N, and N* will all be present,
assuming excess N,.

b. To produce atomic nitrogen but no ions, the range of energies of the light must be from
941 kJ/mol to just below 1402 kJ/mol.

941 kJ 1 mol 1000J
X X
mol  6.022 x10®  1kJ

= 1.56 x 10™*® J/photon

hc _ (6.6261 x 10~ J5)(2.998 x 10° m/s)

A=
E 1.56 x107%8 )

=1.27x10" m=127 nm

1402 kJ y 1 mol y 1000J
mol 6.0221 x 102 kJ

= 2.328 x 107" J/photon

_ hc _ (6.6261 x 10™* J5)(2.9979 x 10° m/s)

= 5528 x 107 ] =8.533 x 10° m = 85.33 nm
. X

A

Light with wavelengths in the range of 85.33 nm <A <127 nm will produce N but no
ions.

C. Na: (629)°(025*) (1) *(02p)7; the electron removed from N is in the o5, molecular orbital,
which is lower in energy than the 2p atomic orbital from which the electron in atomic
nitrogen is removed. Because the electron removed from N is lower in energy than the
electron removed from N, the ionization energy of N, is greater than that for N.

The © bonds between S atoms and between C and S atoms are not as strong. The p atomic
orbitals do not overlap with each other as well as the smaller p atomic orbitals of C and O
overlap.

O=N-CI: The bond order of the NO bond in NOCl is 2 (a double bond).

NO: From molecular orbital theory, the bond order of this NO bond is 2.5. (See Figure 9.40
of the text.)

Both reactions apparently involve only the breaking of the N—CI bond. However, in the
reaction ONCI — NO + CI, some energy is released in forming the stronger NO bond,
lowering the value of AH. Therefore, the apparent N—CI bond energy is artificially low for
this reaction. The first reaction involves only the breaking of the N—CI bond.
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94.

95.

The molecular orbitals for BeH; are formed from the two hydrogen 1s orbitals and the 2s and
one of the 2p orbitals from beryllium. One of the sigma bonding orbitals forms from overlap
of the hydrogen 1s orbitals with a 2s orbital from beryllium. Assuming the z axis is the
internuclear axis in the linear BeH, molecule, then the 2p, orbital from beryllium has proper
symmetry to overlap with the 1s orbitals from hydrogen; the 2p, and 2p, orbitals are
nonbonding orbitals since they don’t have proper symmetry necessary to overlap with 1s
orbitals. The type of bond formed from the 2p, and 1s orbitals is a sigma bond since the
orbitals overlap head to head. The MO diagram for BeHj is:

Be , 2H

Bond order = (4 — 0)/2 = 2; the MO diagram predicts BeH, to be a stable species and also
predicts that BeH, is diamagnetic. Note: The o; MO is a mixture of the two hydrogen 1s
orbitals with the 2s orbital from beryllium, and the ¢, MO is a mixture of the two hydrogen
1s orbitals with the 2p, orbital from beryllium. The MOs are not localized between any two
atoms; instead, they extend over the entire surface of the three atoms.

The ground state MO electron configuration for He; is (o15)*(c15*)?, giving a bond order of 0.
Therefore, He, molecules are not predicted to be stable (and are not stable) in the lowest-
energy ground state. However, in a high-energy environment, electron(s) from the anti-
bonding orbitals in He, can be promoted into higher-energy bonding orbitals, thus giving a
nonzero bond order and a “reason” to form. For example, a possible excited-state MO
electron configuration for He, would be (515)*(c15*)'(02s)", giving a bond order of (3 — 1)/2 =
1. Thus excited He, molecules can form, but they spontaneously break apart as the
electron(s) fall back to the ground state, where the bond order equals zero.
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96.

97.

S R [ T
b | gy
4 4
4 4
¥ 4o+

0O, O, 0, @)

T

The order from lowest IE to highest IE is: O, < O, < O," < O.

The electrons for O,", O,, and O," that are highest in energy are in the n;p MOs. But for O, ,
these electrons are paired. O,  should have the lowest ionization energy (its paired n;p
electron is easiest to remove). The species O," has an overall positive charge, making it
harder to remove an electron from O," than from O,. The highest-energy electrons for O (in
the 2p atomic orbitals) are lower in energy than the n;p electrons for the other species; O will
have the highest ionization energy because it requires a larger quantity of energy to remove
an electron from O as compared to the other species.

The electron configurations are:

N2 (025)(025%)X(25) (02p)°

Oy (025)(025™) (02p) (Tap) (™)’
No"": (625)*(025*)*(m2p)*(02p)*(25™)°
N, (525)2(525*)2(712p)4(52p)2(7f2p*)1

02" (025)(625*)(02p) () (m2p™)

Note: The ordering of the 52, and m,, orbitals
is not important to this question.

The species with the smallest ionization energy has the electron that is easiest to remove.
From the MO electron configurations, O,, N,%", N,, and O," all contain electrons in the same
higher-energy antibonding orbitals (n’;p), so they should have electrons that are easier to
remove as compared to N,, which has no n;p electrons. To differentiate which has the easiest
n;’p to remove, concentrate on the number of electrons in the orbitals attracted to the number
of protons in the nucleus.

N,2~ and N, both have 14 protons in the two nuclei combined. Because N,?~ has more
electrons, one would expect N,?" to have more electron repulsions, which translates into
having an easier electron to remove. Between O, and O,", the electron in O, should be easier
to remove. O, has one more electron than O, and one would expect the fewer electrons in
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98.

99.

O," to be better attracted to the nuclei (and harder to remove). Between N,?~ and O,, both
have 16 electrons; the difference is the number of protons in the nucleus. Because N,?" has
two fewer protons than O,, one would expect the N,?" to have the easiest electron to remove,
which translates into the smallest ionization energy.

F2 (@) — F(g)+F(g) AH=F, bond energy
Using Hess’s law:
Fo(g) —> Fug) +e  AH=290. kJ (ionization energy for F,")

F.(9) —» 2F(g) AH = 154 kJ (bond energy for F, from Table 8.4)
F(@) +e —> F(g) AH = -327.8 kJ (electron affinity for F from Table 7.7)

F, (@ — F(@)+F (g AH=116kJ; bond energy for F,” =116 kJ/mol

Note that F,™ has a smaller bond energy than F,.

Fa: (026)(025™)X(02p) (m2p) "(m2p*)" B.O.=(8-6)2=1
Fo: (629)2(025%)X(02p) (map) (m2p*) (52*)t  B.O.=(8-7)[2=05

MO theory predicts that F, should have a stronger bond than F,™ because F, has the larger
bond order. As determined in part a, F, indeed has a stronger bond because the F, bond
energy (154 kd/mol) is greater than the F,” bond energy (116 kJ/mol).

The CO bond is polar with the negative end at the more electronegative oxygen atom.
We would expect metal cations to be attracted to and bond to the oxygen end of CO on
the basis of electronegativity.

:C=0: FC (carbon)=4-2-1/2(6) =-1
FC (oxygen) =6 —2 - 1/2(6) = +1

From formal charge, we would expect metal cations to bond to the carbon (with the
negative formal charge).

In molecular orbital theory, only orbitals with proper symmetry overlap to form bonding
orbitals. The metals that form bonds to CO are usually transition metals, all of which
have outer electrons in the d orbitals. The only molecular orbitals of CO that have proper
symmetry to overlap with d orbitals are the m,,* orbitals, whose shape is similar to the d
orbitals. Because the antibonding molecular orbitals have more carbon character (carbon
is less electronegative than oxygen), one would expect the bond to form through carbon.
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100.  Benzoic acid (C;HsO,) has 7(4) + 6(1) + 2(6) = 46 valence electrons. The Lewis structure for
benzoic acid is:

:0:
C—O—~H The circle in the ring indicates the delocalized
| 7 bonding in the benzene ring. The two ben-
H C H zene resonance Lewis structures have three
\C/ \C/ alternating double bonds in the ring (see
| O | Figure 9.45).
C
H/ \C/ \H
|

The six carbons in the ring and the carbon bonded to the ring are all sp* hybridized. The five
C-H sigma bonds are formed from overlap of the sp® hybridized carbon atoms with hydrogen
1s atomic orbitals. The seven C—C o bonds are formed from head to head overlap of sp
hybrid orbitals from each carbon. The C-O single bond is formed from overlap of an sp?
hybrid orbital on carbon with an sp® hybrid orbital from oxygen. The C-O & bond in the
double bond is formed from overlap of carbon sp? hybrid orbital with an oxygen sp? orbital.
The = bond in the C—O double bond is formed from overlap of parallel p unhybridized atomic
orbitals from C and O. The delocalized = bonding system in the ring is formed from overlap
of all six unhybridized p atomic orbitals from the six carbon atoms. See Figure 9.47 for
delocalized = bonding system in the benzene ring.

Integrative Problems

101.  a. Lip (0y)° B.O.=(2-0)/2=1
Bz (05)%(05)°(m,)?  B.O.=(4-2)2=1
Both have a bond order of 1.

b. B, has four more electrons than Li,, so four electrons must be removed from B, to make
it isoelectronic with Li,. The isoelectronic ion is B,*.

c. Toform B,", it takes 6455 kJ of energy to remove 4 mol of electrons from 1 mol of B,.

1000g ~ 1molB, 6455k

=4.5x 10°kJ
1kg 21.629gB, molB,

1.5 kg B, x
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102. a. HF,1+7=8¢ SbFs, 5+ 5(7) =40 e
F:
) E
H—TF: F—sb”
" T i
linear, sp® (if F is hybridized) trigonal bipyramid, dsp®
HF', 2(1) +7-1=8¢ SbFs,5+6(7) +1=48¢
:F:
i ¥ :F | F:
H”" L P
g
V-shaped, sp’ octahedral, dsp®

0.975g HF y 1mol HF . 1mol [H,F]"[SbFR] y 256.89
mL 20.01g HF 2 mol HF mol [H,F]"[SbF]

b. 2.93mL x

=18.3 g [H:F][SbF¢]”

310gSbF,  1molSbFy  1mol [H,F]* [SbF,] 256.89
mL 216.8 9 SbF; mol ShF; mol [H,F]"[SbFs]™

10.0 mL x

=36.7 g [HaF][SbF¢]”

Because HF produces the smaller amount of product, HF is limiting and 18.3 g of
[H.F]'[SbFg]™ can be produced.

103.  Element X has 36 protons, which identifies it as Kr. Element Y has one less electron than Y-,
so the electron configuration of Y is 1s?2s?2p°. This is F.

KrFs', 8+3(7)-1=28¢

T-shaped, dsp®
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LIQUIDS AND SOLIDS

Questions

12.

13.

14.

15.

16.

Chalk is composed of the ionic compound calcium carbonate (CaCQOgz). The electrostatic
forces in ionic compounds are much stronger than the intermolecular forces in covalent
compounds. Therefore, CaCOj3; should have a much higher boiling point than the covalent
compounds found in motor oil and in H,O. Motor oil is composed of nonpolar C—C and C—H
bonds. The intermolecular forces in motor oil are therefore London dispersion forces. We
generally consider these forces to be weak. However, with compounds that have large molar
masses, these London dispersion forces add up significantly and can overtake the relatively
strong hydrogen-bonding interactions in water.

Answer a is correct. Intermolecular forces are the forces between molecules that hold the
substances together in the solid and liquid phases. Hydrogen bonding is a specific type of
intermolecular forces. In this figure, the dotted lines represent the hydrogen bonding
interactions that hold individual H,O molecules together in the solid and liquid phases. The
solid lines represent the O—H covalent bonds.

Hydrogen bonding occurs when hydrogen atoms are covalently bonded to highly
electronegative atoms such as oxygen, nitrogen, or fluorine. Because the electronegativity
difference between hydrogen and these highly electronegative atoms is relatively large, the
N-H, O-H, and F—H bonds are very polar covalent bonds. This leads to strong dipole forces.
Also, the small size of the hydrogen atom allows the dipoles to approach each other more
closely than can occur between most polar molecules. Both of these factors make hydrogen
bonding a special type of dipole interaction.

Atoms have an approximately spherical shape (on average). It is impossible to pack spheres
together without some empty space among the spheres.

Critical temperature: The temperature above which a liquid cannot exist; i.e., the gas cannot
be liquified by increased pressure.

Critical pressure: The pressure that must be applied to a substance at its critical temperature
to produce a liquid.

Number
of
molecules

P

KE F

341



342

CHAPTER 10 LIQUIDS AND SOLIDS

17.

18.

19.

20.

21.

22.

23.

24.

25.

The kinetic energy distribution changes as one raises the temperature (T4 > T, > T3> T, >
T,). At the critical temperature T, all molecules have kinetic energies greater than the
intermolecular forces F, and a liquid can't form. Note: The various temperature distributions
shown in the plot are not to scale. The area under each temperature distribution should be
equal to each other (area = total number of molecules).

Evaporation takes place when some molecules at the surface of a liquid have enough energy
to break the intermolecular forces holding them in the liquid phase. When a liquid
evaporates, the molecules that escape have high kinetic energies. The average kinetic energy
of the remaining molecules is lower; thus the temperature of the liquid is lower.

A crystalline solid will have the simpler diffraction pattern because a regular, repeating
arrangement is necessary to produce planes of atoms that will diffract the X rays in regular
patterns. An amorphous solid does not have a regular repeating arrangement and will
produce a complicated diffraction pattern.

An alloy is a substance that contains a mixture of elements and has metallic properties. Ina
substitutional alloy, some of the host metal atoms are replaced by other metal atoms of
similar size, e.g., brass, pewter, plumber’s solder. An interstitial alloy is formed when some
of the interstices (holes) in the closest packed metal structure are occupied by smaller atoms,
e.g., carbon steels.

Equilibrium: There is no change in composition; the vapor pressure is constant.

Dynamic: Two processes, vapor — liquid and liquid — vapor, are both occurring but with
equal rates, so the composition of the vapor is constant.

a. As the strength of the intermolecular forces increase, the rate of evaporation decreases.
b. As temperature increases, the rate of evaporation increases.
c. As surface area increases, the rate of evaporation increases.

H,O(l) > H,O(g) AH° = 44 kJ/mol; the vaporization of water is an endothermic process.
In order to evaporate, water must absorb heat from the surroundings. In this case, part of the
surroundings is our body. So, as water evaporates, our body supplies heat, and as a result,
our body temperature can cool down. From Le Chatelier’s principle, the less water vapor in
the air, the more favorable the evaporation process. Thus the less humid the surroundings,
the more favorably water converts into vapor, and the more heat that is lost by our bodies.

C,HsOH(l) — C,HsOH(g) is an endothermic process. Heat is absorbed when liquid ethanol
vaporizes; the internal heat from the body provides this heat, which results in the cooling of
the body.

The phase change H,O(g) — H,O(l) releases heat that can cause additional damage. Also,
steam can be at a temperature greater than 100°C.

Sublimation will occur, allowing water to escape as H,O(Q).
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26.

27.

28.

29.

Water boils when the vapor pressure equals the external pressure. Because the external
pressure is significantly lower at high altitudes, a lower temperature is required to equalize
the vapor pressure of water to the external pressure. Thus food cooked in boiling water at
high elevations cooks at a lower temperature, so it takes longer.

The strength of intermolecular forces determines relative boiling points. The types of
intermolecular forces for covalent compounds are London dispersion forces, dipole forces,
and hydrogen bonding. Because the three compounds are assumed to have similar molar mass
and shape, the strength of the London dispersion forces will be about equal among the three
compounds. One of the compounds will be nonpolar, so it only has London dispersion forces.
The other two compounds will be polar, so they have additional dipole forces and will boil at
a higher temperature than the nonpolar compound. One of the polar compounds will have an
H covalently bonded to either N, O, or F. This gives rise to the strongest type of covalent
intermolecular forces, hydrogen bonding. The compound that hydrogen bonds will have the
highest boiling point, whereas the polar compound with no hydrogen bonding will boil at a
temperature in the middle of the other compounds.

a. Both forms of carbon are network solids. In diamond, each carbon atom is surrounded by
a tetrahedral arrangement of other carbon atoms to form a huge molecule. Each carbon
atom is covalently bonded to four other carbon atoms.

The structure of graphite is based on layers of carbon atoms arranged in fused six-
membered rings. Each carbon atom in a particular layer of graphite is surrounded by
three other carbons in a trigonal planar arrangement. This requires sp® hybridization.
Each carbon has an unhybridized p atomic orbital; all of these p orbitals in each six-
membered ring overlap with each other to form a delocalized = electron system.

b. Silica is a network solid having an empirical formula of SiO,. The silicon atoms are
singly bonded to four oxygens. Each silicon atom is at the center of a tetrahedral
arrangement of oxygen atoms that are shared with other silicon atoms. The structure of
silica is based on a network of SiO, tetrahedra with shared oxygen atoms rather than
discrete SiO, molecules.

Silicates closely resemble silica. The structure is based on interconnected SiO, tetrahedra.
However, in contrast to silica, where the O/Si ratio is 2 : 1, silicates have O/Si ratios
greater than 2 : 1 and contain silicon-oxygen anions. To form a neutral solid silicate,
metal cations are needed to balance the charge. In other words, silicates are salts
containing metal cations and polyatomic silicon-oxygen anions.

When silica is heated above its melting point and cooled rapidly, an amorphous
(disordered) solid called glass results. Glass more closely resembles a very viscous
solution than it does a crystalline solid. To affect the properties of glass, several different
additives are thrown into the mixture. Some of these additives are Na,CO;, B,O3, and
KO, with each compound serving a specific purpose relating to the properties of glass.

a. Both CO; and H,O are molecular solids. Both have an ordered array of the individual
molecules, with the molecular units occupying the lattice points. A difference within each
solid lattice is the strength of the intermolecular forces. CO, is nonpolar and only exhibits
London dispersion forces. H,O exhibits the relatively strong hydrogen-bonding
interactions. The differences in strength is evidenced by the solid-phase changes that
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30.

31.

32.

33.

occur at 1 atm. CO,(s) sublimes at a relatively low temperature of —78°C. In sublimation,
all of the intermolecular forces are broken. However, H,O(s) doesn’t have a phase change
until 0°C, and in this phase change from ice to water, only a fraction of the intermolecular
forces are broken. The higher temperature and the fact that only a portion of the
intermolecular forces are broken are attributed to the strength of the intermolecular forces
in H,O(s) as compared to COy(S).

Related to the intermolecular forces are the relative densities of the solid and liquid
phases for these two compounds. CO,(s) is denser than COy(l), whereas H,O(s) is less
dense than H,O(l). For COy(s) and for most solids, the molecules pack together as close
as possible; hence solids are usually more dense than the liquid phase. H,O is an
exception to this. Water molecules are particularly well suited for hydrogen bonding
interaction with each other because each molecule has two polar O—H bonds and two
lone pairs on the oxygen. This can lead to the association of four hydrogen atoms with
each oxygen atom: two by covalent bonds and two by dipoles. To keep this arrangement
(which maximizes the hydrogen-bonding interactions), the H,O(s) molecules occupy
positions that create empty space in the lattice. This translates into a smaller density for
H,O(s) as compared to H,O(]).

b. Both NaCl and CsCl are ionic compounds with the anions at the lattice points of the unit
cells and the cations occupying the empty spaces created by anions (called holes). In
NaCl, the CI™ anions occupy the lattice points of a face-centered unit cell, with the Na*
cations occupying the octahedral holes. Octahedral holes are the empty spaces created by
six CI™ ions. CsCl has the CI™ ions at the lattice points of a simple cubic unit cell, with the
Cs" cations occupying the middle of the cube.

Because silicon carbide is made from Group 4A elements, and because it is extremely hard,
one would expect SiC to form a covalent network structure similar to diamond.

If TiO, conducts electricity as a liquid, then it is an ionic solid; if not, then TiO, is a network
solid.

The interparticle forces in ionic solids (the ionic bonds) are much stronger than the
interparticle forces in molecular solids (dipole forces, London forces, etc.). The difference in
intermolecular forces is most clearly shown in the huge difference in melting points between
ionic and molecular solids. Table salt and ordinary sugar are both crystalline solids at room
temperature that look very similar to each other. However, sugar can be melted easily in a
saucepan during the making of candy, whereas the full heat of a stove will not melt salt.
When a substance melts, some interparticle forces must be broken. lonic solids (salt) require
a much larger amount of energy to break the interparticle forces as compared to the relatively
weak forces in molecular solids (sugar).

The mathematical equation that relates the vapor pressure of a substance to temperature is:

AH
In Pvap == Rvap (EJ +C

T
y m X +b
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34.

This equation is in the form of the straight-line equation (y = mx + b) If one plots In Py,
versus 1/T with temperature in Kelvin, the slope (m) of the straight line is —AH,.,/R. Because
AH,4, 1s always positive, the slope of the straight line will be negative.

The typical phase diagram for a substance shows three phases and has a positive-sloping
solid-liquid equilibrium line (water is atypical). A sketch of the phase diagram for I, would
look like this:

PooT --------
torr

T
115°C
T

Statements a and e are true. For statement a, the liquid phase is always more dense than the
gaseous phase (gases are mostly empty space). For statement e, because the triple point is at
90 torr, the liquid phase cannot exist at any pressure less than 90 torr, no matter what the
temperature. For statements b, ¢, and d, examine the phase diagram to prove to yourself that
they are false.

Exercises

Intermolecular Forces and Physical Properties

35.

36.

lonic compounds have ionic forces. Covalent compounds all have London dispersion (LD)
forces, whereas polar covalent compounds have dipole forces and/or hydrogen bonding
forces. For hydrogen-bonding (H-bonding) forces, the covalent compound must have either a
N—-H, O-H, or F—H bond in the molecule.

a. LDonly b. dipole, LD c. H-bonding, LD

d. ionic e. LD only (CHy, is a nonpolar covalent compound.)

f. dipole, LD g. ionic

a. ionic b. dipole, LD (LD = London dispersion) c. LDonly

d. LD only (For all practical purposes, a C — H bond can be considered as a nonpolar
bond.)

e. ionic f. LD only g. H-bonding, LD
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37.

38.

39.

40.

41.

a. OCS; OCS is polar and has dipole-dipole forces in addition to London dispersion (LD)
forces. All polar molecules have dipole forces. CO; is nonpolar and only has LD forces.
To predict polarity, draw the Lewis structure and deduce whether the individual bond
dipoles cancel.

b. SeO,; both SeO, and SO, are polar compounds, so they both have dipole forces as well
as LD forces. However, SeO; is a larger molecule, so it would have stronger LD forces.

c. H,NCH,CH,NH,; more extensive hydrogen bonding (H-bonding) is possible because
two NH; groups are present.

d. H,CO; H,CO is polar, whereas CH;CHs; is nonpolar. H,CO has dipole forces in addition
to LD forces. CH3CHj; only has LD forces.

e. CH;OH; CH3;OH can form relatively strong H-bonding interactions, unlike H,CO.

Ar exists as individual atoms that are held together in the condensed phases by London
dispersion forces. The molecule that will have a boiling point closest to Ar will be a nonpolar
substance with about the same molar mass as Ar (39.95 g/mol); this same size nonpolar
substance will have about equivalent strength of London dispersion forces. Of the choices,
only Cl, (70.90 g/mol) and F, (38.00 g/mol) are nonpolar. Because F, has a molar mass
closest to that of Ar, one would expect the boiling point of F, to be close to that of Ar.

a. Neopentane is more compact than n-pentane. There is less surface-area contact among
neopentane molecules. This leads to weaker London dispersion (LD) forces and a lower
boiling point.

b. HF is capable of H-bonding; HCI is not.

c. LiClis ionic, and HCI is a molecular solid with only dipole forces and LD forces. lonic
forces are much stronger than the forces for molecular solids.

d. n-Hexane is a larger molecule, so it has stronger LD forces.

The electrostatic potential diagrams indicate that ethanol and acetone are polar substances,
and that propane is a nonpolar substance. Ethanol, with the O—H covalent bond, will exhibit
relatively strong hydrogen bonding intermolecular forces in addition to London dispersion
forces. The polar acetone will exhibit dipole forces in addition to London dispersion forces,
and the nonpolar propane will only exhibit London dispersion forces. Because all three
compounds have about the same molar mass, the relative strengths of the London dispersion
forces should be about the same. Therefore, ethanol (with the H-bonding capacity) should
have the highest boiling point, with polar acetone having the next highest boiling point, and
the nonpolar propane, with the weakest intermolecular forces, will have the lowest boiling
point.

Boiling points and freezing points are assumed directly related to the strength of the
intermolecular forces, whereas vapor pressure is inversely related to the strength of the
intermolecular forces.
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42.

a. HBr; HBr is polar, whereas Kr and Cl, are nonpolar. HBr has dipole forces unlike Kr and
Cl,. So HBr has the stronger intermolecular forces and the highest boiling point.

b. NaCl; the ionic forces in NaCl are much stronger than the intermolecular forces for
molecular substances, so NaCl has the highest melting point.

c. Iy all are nonpolar, so the largest molecule (I,) will have the strongest LD (London
Dispersion) forces and the lowest vapor pressure.

d. Ng; nonpolar and smallest, so it has the weakest intermolecular forces.
e. CH,; smallest, nonpolar molecule, so it has the weakest LD forces.
f. HF; HF can form relatively strong H-bonding interactions, unlike the others.

g. CHs;CH,CH,OH; H-bonding, unlike the others, so it has strongest intermolecular forces.

a. CBry; largest of these nonpolar molecules, so it has the strongest LD (London
Dispersion) forces.

b. F,; ionic forces in LiF are much stronger than the molecular forces in F, and HCI. HCI
has dipole forces, whereas the nonpolar F, does not exhibit these. So F, has the weakest
intermolecular forces and the lowest freezing point.

c. CH;CH,0H; can form H-bonding interactions, unlike the other covalent compounds.

d. H,O,; the H-O-O-H structure has twice the number of H-bonding sites as compared to
HF, so H,0, has the stronger H-bonding interactions and the greatest viscosity.

e. H,CO; H,CO is polar, so it has dipole forces, unlike the other nonpolar covalent
compounds, so H,CO will have the highest enthalpy of vaporization.

=h

I,; 1, has only LD forces, whereas CsBr and CaO have much stronger ionic forces. I, has
the weakest intermolecular forces, so it has smallest AHgysion.

Properties of Liquids

43.

44,

45,

The attraction of H,O for glass is stronger than the H,O—H,O attraction. The miniscus is
concave to increase the area of contact between glass and H,O. The Hg—Hg attraction is
greater than the Hg—glass attraction. The miniscus is convex to minimize the Hg—glass
contact.

Water is a polar substance, and wax is a nonpolar substance; they are not attracted to each
other. A molecule at the surface of a drop of water is subject to attractions only by water
molecules below it and to each side. The effect of this uneven pull on the surface water
molecules tends to draw them into the body of the water and causes the droplet to assume the
shape that has the minimum surface area, a sphere.

The structure of H,0, is H-O—O—H, which produces greater hydrogen bonding than in water.
Thus the intermolecular forces are stronger in H,O, than in H,O, resulting in a higher normal
boiling point for H,O, and a lower vapor pressure.
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46. CO, is a gas at room temperature. As melting point and boiling point increase, the strength of
the intermolecular forces also increases. Therefore, the strength of forces is CO, < CS; <
CSe,. From a structural standpoint, this is expected. All three are linear, nonpolar molecules.
Thus only London dispersion forces are present. Because the molecules increase in size from
CO, < CS; < CSe,, the strength of the intermolecular forces will increase in the same order.

Structures and Properties of Solids

47, m=2dsing, d= " = 1XIAPM o0 3 13x 100
2sin 0 2 x sin14.22°
48, d= Mo 2xIN4PM g - 408 x 10%0m
2sin 0 2 x sin 22.20°
: -10 : 0
49. ) = 2dsin 6 _ 2x136x10 X m x sin15.0 = 7.04x 10 m = 0.704 A = 70.4 pm
n
(0]
nA_ 1x263A

50. nA=2dsin®, d = = 491 A=491%x10""m=491pm

2sin® 2 x sin15.55°

0
nL _ 2x263A

sinf = - =0.536, 0=232.4°
2x 491A
51. A cubic closest packed structure has a face-centered cubic unit cell. In a face-centered cubic
unit, there are:
8 corners x 1/8ﬂ + 6 faces x Mﬂ = 4 atoms
corner face

The atoms in a face-centered cubic unit cell touch along the face diagonal of the cubic unit
cell. Using the Pythagorean formula, where | = length of the face diagonal and r = radius of
the atom:

12+ 12 = (4r)?

21? = 1612

I:r\/g

I=r/8=197x 10 2mx /8=557 x 10 °m=5.57 x 10 ¥cm

Volume of a unit cell = I° = (5.57 x 10 cm)® = 1.73 x 10 cm’
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1mol Ca 40.08¢g Ca

x =2.662 x 10%g Ca
6.022 x 102 atoms ~ mol Ca

Mass of a unit cell = 4 Ca atoms x

mass _ 2.662 x107%g

Density = = =1.54 g/cm®
Y= Volume 1.73 x 107 cm?® J
52. There are four Ni atoms in each unit cell. For a unit cell:
4 Ni atoms 1mo|2|:|| 8 58.69¢g !\ll
oo mass _ 3_ 6.022 x 10-° atoms mol Ni
density = =6.84 g/lcm’ =
volume 13

Solving: 1=3.85x 10"®cm = cube edge length

For a face-centered cube:
@ry=1%+1%2=27
| rv8 =1,r=1/8
r=3.85x10°%cm/+8
r=1.36 x10%cm = 136 pm

53. The unit cell for cubic closest packing is the face-centered unit cell. The volume of a unit cell
is:

V=1%=(492x10"cm)’*=1.19 x 10 % cm®
There are four Pb atoms in the unit cell, as is the case for all face-centered cubic unit cells.

The mass of atoms in a unit cell is:

1mol Pb 207.2gPb

x =1.38x 10%g
6.022 x 102 atoms mol Pb

mass = 4 Pb atoms x

mass _ 138x107%'g
volume  1.19 x 10722 cm?®

Density = =11.6 g/cm’

From Exercise 51, the relationship between the cube edge length | and the radius r of an atom
in a face-centered unitcellis | = r\/§.
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54, The volume of a unit cell is:
V=1 =(383.3x10"cm)®=5.631 x 10 cm®

There are four Ir atoms in the unit cell, as is the case for all face-centered cubic unit cells.
The mass of atoms in a unit cell is:

1mol Ir 192.2gr

x =1277x10% g
6.022 x 1023 atoms ~ mol Ir

mass = 4 Ir atoms x

mass 1277 x10%'g

_ =22.68 glcm®
volume 5631 x 1072 cm® :

Density =

55. A face-centered cubic unit cell contains four atoms. For a unit cell:
mass of X = volume x density = (4.09 x 10%cm)® x 10.5 g/lem® = 7.18 x 10 % g

mol X = 4 atoms X x 1mol X =6.642 x 107*mol X

6.022 x 102 atoms

7.18 x 102 g X

Molar mass = 5
6.642 x 107" mol X

=108 g/mol; the metal is silver (Ag).

56. For a face-centered unit cell, the radius r of an atom is related to the length of a cube edge |
by the equation I = r/8 (see Exercise 51).

Radius=r=1/+/8 =392 x102m/+/8 =1.39x 10 m = 1.39 x 10~ cm

The volume of a unit cell is I°, so the mass of the unknown metal (X) in a unit cell is:

21.45g X
cm?®

volume x density = (3.92 x 107 cm)® x =1.29x 10 g X

Because each face-centered unit cell contains four atoms of X:

mol X in unit cell = 4 atoms X x 1mol X = 6.642 x 102 mol X

6.022 x 10?3 atoms X

Therefore, each unit cell contains 1.29 x 10" g X, which is equal to 6.642 x 107> mol X.
The molar mass of X is:

1.29 x 102t g X
6.642 x 1072 mol X

=194 g/mol

The atomic mass would be 194 u. From the periodic table, the best choice for the metal is
platinum.
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57.

58.

. 1/8T
For a body-centered unit cell, 8 corners x
corner

+ Ti at body center = 2 Ti atoms.

All body-centered unit cells have two atoms per unit cell. For a unit cell where | = cube edge

length:
1mol Ti 5 47889 Ti

6.022 x 10%% atoms mol Ti
|3

2atoms Ti x

density = 4.50 g/cm® =

Solving: | = edge length of unit cell = 3.28 x 108cm = 328 pm

Assume Ti atoms just touch along the body diagonal of the cube, so body diagonal =
4 x radius of atoms = 4r.

The triangle we need to solve is:

ar 328 x 108 cm

————— = ]

(3.28 x108cm) V2

(4r)* = (3.28 x 10~ 8cm)? + [(3.28 x 10 8cm) /2 1%, r=1.42 x 10°cm = 142 pm

For a body-centered unit cell (bcc), the radius of the atom is related to the cube edge length

by: 4r:I\/§ or I:4r/\/§.

From Exercise 57:

16r2 =12+ 2|2

4
’ | = 4r/4/3 = (2.300)r

V2
In a body-centered cubit unit cell, there are two atoms per unit cell. For a unit cell:

1mol Ba 137.3g Ba
2 atoms Ba x >3 X
mass 6.022 x 10” atoms ~ molBa  3.38¢
volume (5.13 x 108 cm)® cm?

density =

| =2.309(222 pm) =513 pm=5.13 x 10 %cm
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59. If gold has a face-centered cubic structure, then there are four atoms per unit cell, and from
Exercise 51:

217 = 1612

| = r+/8 = (144 pm) 4/8 = 407 pm

| =407 x 10 ¥ m=4.07 x 10 cm

1mol Au y 197.0 g Au
6.022 x 10% atoms mol Au
(4.07 x 10°% cm)®

4 atoms Au x

Density = =19.4 g/cm®

If gold has a body-centered cubic structure, then there are two atoms per unit cell, and from

Exercise 57:
16r° =12 + 217
4 | = 4r/y/3=333 pm=333x 102 m
=333 x10°cm=3.33x10%cm
IV 2
2atoms Au x 0221 mi(')’i”t x 197'0| gAA“
Density = oos X aloms MOIAY -7 g/lem’

(3.33 x 10% cm)®

The measured density of gold is consistent with a face-centered cubic unit cell.

60. If face-centered cubic:

| = ry/8 = (137 pm)+/8 =387 pm=3.87 x 10 8cm

1mol 8 183.9gW
6.022 x 102 atoms mol
(3.87 x 10 cm)?®

4 atomsW x

density = =21.1 g/cm®

If body-centered cubic:

=40 % =316 pm = 3.16 x 10~¥cm
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1mol 8 183.9gW
6.022 x 102 atoms mol
(3.16 x 10 cm)®

2atoms W x

density = =19.4 g/cm®

The measured density of tungsten is consistent with a body-centered unit cell.

61. In a face-centered unit cell (a cubic closest packed structure), the atoms touch along the face

diagonal:
T (4n?=1+ I?

l I=r\/§

Vewe = 1 2= (ry/8)° = (22.63)r°

There are four atoms in a face-centered cubic cell (see Exercise 51). Each atom has a volume
of (4/3)nr® = volume of a sphere.

Vatoms = 4 X %nrs = (16.76)r°
s Vatoms _ (18.76)r°

Voe  (22.63)r3
atoms.

= 0.7406, or 74.06% of the volume of each unit cell is occupied by

In a simple cubic unit cell, the atoms touch along the cube edge I:

2(radius) = 2r =1

Vee= I = (2r)° = 8

!
;

| — — —|

There is one atom per simple cubic cell (8 corner atoms x 1/8 atom per corner = 1 atom/unit
cell). Each atom has an assumed volume of (4/3)xr® = volume of a sphere.

Viom = %’“3: (4.189)F°
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62.

63.

64.

65.

Viom _ (4.189)r°

3
chbe ar
atoms.

S0

=0.5236, or 52.36% of the volume of each unit cell is occupied by

A cubic closest packed structure (face-centered cubic unit cell) packs the atoms much more
efficiently than a simple cubic structure.

From Exercise 57, a body-centered unit cell contains two net atoms, and the length of a cube
edge | is related to the radius of the atom r by the equation | = 4143

Volume of unit cell = I> = (4r/+/3 )° = (12.32)r°
Volume of atoms in unit cell = 2 x %nr3 = (8.378)r°

Vaoms _ (8.378)r°
Vepe  (12.32)r°

So = 0.6800 = 68.00% occupied

To determine the radius of the Fe atoms, we need to determine the cube edge length .

3
Volume of unit cell = [2 Fe atoms x 1mol Fe 55.859 Fe] X lcm

X
6.022 x 102 atoms ~ mol Fe 7.869
=2.36x 10 2cm®

Volume=1¥=2.36 x 10 ®cm®, 1=2.87 x 1078 cm
| =4r/\3, r=13/4=2.87x10%cmx 4/3/4=1.24x 10cm = 124 pm

Doping silicon with phosphorus produces an n-type semiconductor. The phosphorus adds
electrons at energies near the conduction band of silicon. Electrons do not need as much
energy to move from filled to unfilled energy levels, so conduction increases. Doping silicon
with gallium produces a p-type semiconductor. Because gallium has fewer valence electrons
than silicon, holes (unfilled energy levels) at energies in the previously filled molecular
orbitals are created, which induces greater electron movement (greater conductivity).

A rectifier is a device that produces a current that flows in one direction from an alternating
current that flows in both directions. In a p-n junction, a p-type and an n-type semiconductor
are connected. The natural flow of electrons in a p-n junction is for the excess electrons in the
n-type semiconductor to move to the empty energy levels (holes) of the p-type
semiconductor. Only when an external electric potential is connected so that electrons flow in
this natural direction will the current flow easily (forward bias). If the external electric
potential is connected in reverse of the natural flow of electrons, no current flows through the
system (reverse bias). A p-n junction only transmits a current under forward bias, thus
converting the alternating current to direct current.

In has fewer valence electrons than Se. Thus Se doped with In would be a p-type
semiconductor.
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66.

67.

68.

69.

70.

71.

To make a p-type semiconductor, we need to dope the material with atoms that have fewer
valence electrons. The average number of valence electrons is four when 50-50 mixtures of
Group 3A and Group 5A elements are considered. We could dope with more of the Group 3A
element or with atoms of Zn or Cd. Cadmium is the most common impurity used to produce
p-type GaAs semiconductors. To make an n-type GaAs semiconductor, dope with an excess
Group 5A element or dope with a Group 6A element such as sulfur.

Egp =256V x 1.6 x 10 J/eV = 4.0 x 10™°J; we want Egyp = Ejigne = hc/A, s0:

hc _ (6.63 x 10 Js)(3.00 x 10° m/s)

A= =5.0x 107" m=5.0 x 10 nm

E 4.0 x 107 )
6.626 x 10 Js)(2.998 x 10® m/
E= he _( X ) . < 107 M) _ 2.72 x 107°J = energy of band gap
A 730. x 107 m
Sodium chloride structure: 8 corners x 1/8CI" + 6 faces x 172¢r =4 Cl ions
corner face
1/4 Na* + _ e .
12 edges x ~odoe + 1 Na" at body center = 4 Na" ions; NaCl is the formula.
edge

. . ] . ) 1/8ClI~ _ _.

Cesium chloride structure: 1 Cs” ion at body center; 8 corners x =1Cl ion
corner

CsCl is the formula.

Zinc sulfide structure:  There are four Zn®" ions inside the cube.

2- 2-
8S + 6 faces x 1/2S

=4S% jons; ZnS is the formula.
corner face

8 corners x

1/8 Ti**
corner

Titanium oxide structure: 8 corners x

+ 1 Ti* at body center = 2 Ti*" ions

1/2 0%

; +2 0% inside cube = 4 O% ions; TiO, is the formula.
ace

4 faces x

Both As ions are inside the unit cell. 8 corners x L/8Ni + 4 edges x /4N

corner edge

=2 Niions

The unit cell contains 2 ions of Ni and 2 ions of As, which gives a formula of NiAs. We
would expect As to form 3— charged ions when in ionic compounds, so Ni exists as 3+
charged ions in this compound.

There is one octahedral hole per closest packed anion in a closest packed structure. If one-
half of the octahedral holes are filled, then there is a 2 : 1 ratio of fluoride ions to cobalt ions

in the crystal. The formula is CoF,, which is composed of Co?" and F~ ions.
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72.

73.

74.

75.

76.

77.

There are two tetrahedral holes per closest packed anion. Let f = fraction of tetrahedral holes
filled by the cations.

= E f=1; all the tetrahedral holes are filled by Na*

cations.

Na,O: Cation-to-anion ratio =

N

= ﬁ f= l; one-half the tetrahedral holes are filled by

Cd? cations.

CdS: Cation-to-anion ratio =

==

Zrl,: Cation-to-anion ratio = % = ﬁ f = 1; one-eighth the tetrahedral holes are filled

by Zr** cations.

In a cubic closest packed array of anions, there are twice the number of tetrahedral holes as
anions present, and an equal number of octahedral holes as anions present. A cubic closest
packed array of sulfide ions will have four S* ions, eight tetrahedral holes, and four
octahedral holes. In this structure we have 1/8(8) = 1 Zn*" ion and 1/2(4) = 2 AI** ions
present, along with the 4 S% ions. The formula is ZnAl,S,.

A repeating pattern in the two-dimensional structure is:

@ N))

G S)

Assuming the anions A are the larger circles, there are four anions completely in this
repeating square. The corner cations (smaller circles) are shared by four different repeating
squares. Therefore, there is one cation in the middle of the square plus 1/4 (4) = 1 net cation
from the corners. Each repeating square has two cations and four anions. The empirical
formula is MA,.

8 F~ions at corners x 1/8 F-/corner = 1 F~ ion per unit cell; Because there is one cubic hole
per cubic unit cell, there isa 2 : 1 ratio of F~ ions to metal ions in the crystal if only half of
the body centers are filled with the metal ions. The formula is MF,, where M?" is the metal
ion.

Mn ions at 8 corners: 8(1/8) =1 Mn ion; F ions at 12 edges: 12(1/4) = 3 F ions; the formula
is MnF;. Assuming fluoride is —1 charged, then the charge on Mn is +3.

From Figure 10.35, MgO has the NaCl structure containing 4 Mg*" ions and 4 O ions per
face-centered unit cell.

1 mol MgO 8 40.31g MgO

= 2.678 x 10 g MgO
6.022 x 102 atoms 1 mol MgO

4 MgO formula units x
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3
Volume of unit cell = 2.678 x 1072 g MgO x ;gg =7.48 x 10 %2 cm®
g

Volume of unit cell = I¥, | = cube edge length; 1=(7.48 x 102 cm®)* = 4.21 x 10®cm

For a face-centered unit cell, the 0% ions touch along the face diagonal:

JZl—ar. ¢ V2 x421x10%cm
0271

o = =149 x 10~°cm
4

The cube edge length goes through two radii of the O® anions and the diameter of the Mg**
cation, so:

I=2r, + 21 421% 10%cm=2(1.49 x 10cm) + 2ng2+, Mg = 615X 10°cm
78. a
Assuming K" and CI just touch along the cube edge I:
K+ | = 2(314 pm) = 628 pm = 6.28 x 10* cm

Volume of unit cell = I° = (6.28 x 10°® cm)?

The unit cell contains four K* and four CI ions. For a unit cell:

1 mol KCI N 74.559g KCI
6.022 x 10%® formula units ~ mol KClI
(6.28 x 1078 cm)®

4 KCI formula units x

density =

=2.00 g/cm’

79. CsCl is a simple cubic array of CI™ ions with Cs" in the middle of each unit cell. There is one
Cs" and one CI™ ion in each unit cell. Cs" and CI" ions touch along the body diagonal.

Body diagonal = 2r_. +2r . = NINE length of cube edge

In each unit cell:
1 mol CsCl g 168.4 g CsCl
6.022 x 10?2 formulaunits ~ mol CsCl
=2.796 x 10 g

mass = 1 CsClI formula unit x

1cm?®

— = =704x10%cm’
3.97 g CsCl

volume = 1%= 2796 x 102 g CsCl x

1°=7.04x 102 cm®, 1=4.13 x 10%cm = 413 pm = length of cube edge
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80.

81.

82.

83.

2. +2r, =+/31 =4/3(413pm) =715 pm
The distance between ion centers = r_, + r,,. =715 pm/2 = 358 pm

From ionic radius: Moo = 169 pmand o = 181 pm; Moo

+1, =169 +181 =350. pm
The distance calculated from the density is 8 pm (2.3%) greater than that calculated from
tables of ionic radii.

a. The NaCl unit cell has a face-centered cubic arrangement of the anions with cations in
the octahedral holes. There are four NaCl formula units per unit cell, and since there is a
1 : 1 ratio of cations to anions in MnO, then there would be four MnO formula units per
unit cell, assuming an NaCl-type structure. The CsCI unit cell has a simple cubic
structure of anions with the cations in the cubic holes. There is one CsCl formula unit per
unit cell, so there would be one MnO formula unit per unit cell if a CsCl structure is
observed.

Formula units of MnO — (447 x 10~ cm)® x 5.28¢g MnO N 1 mol MnO
Unit cell ' cm? 70.94 g MnO

 6.022 x 10% formula units MnO
mol MnO,,

= 4.00 formula units MnO

From the calculation, MnO crystallizes in the NaCl type structure.

b. From the NaCl structure and assuming the ions touch each other, then | = cube edge

length= 2r, .. + 2r , .

|=447x10°cm= 2r, , +2(1.40x10°cm), r, . =8.35x10°cm =84 pm

Mn2+

CO,: molecular b. SiO,: network c. Si: atomic, network
CH,: molecular e. Ru: atomic, metallic f. 1,: molecular

KBr: ionic h. H,O: molecular i. NaOH: ionic

- a o p

U: atomic, metallic k. CaCOg: ionic . PHaz: molecular

diamond: atomic, network b. PHs: molecular c. H,: molecular
Mg: atomic, metallic e. KCI: ionic f. quartz: network

NH4NO3: ionic h. SF,: molecular i. Ar:atomic, group 8A

— e o p

Cu: atomic, metallic k. CgH1206: molecular

a. The unit cell consists of Ni at the cube corners and Ti at the body center or Ti at the cube
corners and Ni at the body center.
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84.

85.

86.

87.

b. 8 x 1/8 =1 atom from corners + 1 atom at body center; empirical formula = NiTi

c. Both have a coordination number of 8 (both are surrounded by 8 atoms).

L8Al =1 Al; Ni: 6 face centers x ﬂ =3 Ni

corner face center

Al: 8 corners x

The composition of the specific phase of the superalloy is AINis.

Structure 1 (on left) Structure 2 (on right)
8 corners x 1/8Ca =1 Caatom 8 corners x L/8Ti =1Tiatom
corner corner
6 faces x 1/20 =3 0 atoms 12 edges x 1/40 =3 O atoms
face corner

1 Ti at body center. Formula = CaTiO; 1 Ca at body center. Formula = CaTiO;
In the extended lattice of both structures, each Ti atom is surrounded by six O atoms.

With a cubic closest packed array of oxygen ions, we have 4 O® ions per unit cell. We need
to balance the total —8 charge of the anions with a +8 charge from the AI** and Mg®* cations.
The only combination of ions that gives a +8 charge is 2 AI** ions and 1 Mg®* ion. The
formula is Al,MgO,.

There are an equal number of octahedral holes as anions (4) in a cubic closest packed array
and twice the number of tetrahedral holes as anions in a cubic closest packed array. For the
stoichiometry to work out, we need 2 AI** and 1 Mg®* per unit cell. Hence one-half of the
octahedral holes are filled with AI** ions, and one-eighth of the tetrahedral holes are filled
with Mg®* ions.

a. Y:1lYincenter; Ba: 2 Bain center

U8CU _ 1y g edges x Y/4CY
corner

Cu: 8corners x =2 Cu, total = 3 Cu atoms

O: 20 edges x 1/d4 ©. 5 oxygen, 8 faces x 1/20 =4 oxygen, total =9 O atoms
edge

Formula: YBa,Cus;Oq

b. The structure of this superconductor material follows the second perovskite structure
described in Exercise 85. The YBa,CuzOq structure is three of these cubic perovskite unit
cells stacked on top of each other. The oxygen atoms are in the same places, Cu takes the
place of Ti, two of the calcium atoms are replaced by two barium atoms, and one Ca is
replaced by Y.
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c. Y, Ba, and Cu are the same. Some oxygen atoms are missing.

1/40 =30, 8faces x 1/20
edge face

12 edges x =40, total =7 O atoms

Superconductor formula is YBa,CuzO;.

88. a. Structure (a):
1/8TI

Ba: 2 Ba inside unit cell; TI: 8 corners x =1TI
corner
Cu: 4 edges x L/acu =1Cu
O: 6 faces x 1720 + 8 edges x 1740 =50; Formula = TIBa,CuOs.
face edge
Structure (b):

Tl and Ba are the same as in structure (a).

1/4Cu
edge

=2Cu

Ca: 1 Ca inside unit cell; Cu: 8 edges x

1/20 1/40

O: 10 faces x + 8 edges x =70; Formula = TIBa,CaCu,0;.
face e

Structure (c):

Tl and Ba are the same, and two Ca are located inside the unit cell.

1/4Cu =3 Cu; O: 14 faces x 1/20 + 8 edges x /40 =90

edge face edge

Cu: 12 edges x

Formula = TIBa,Ca,Cus0sq.
Structure (d):  Following similar calculations, formula = TIBa,Ca;Cu401;.
b. Structure (a) has one planar sheet of Cu and O atoms, and the number increases by one
for each of the remaining structures. The order of superconductivity temperature from

lowest to highest temperature is (a) < (b) < (c) <(d).

C. TIBa,CuOs: 3 +2(2) +x+5(-2) =0, x = +3

Only Cu® is present in each formula unit.

TIBa,CaCu,07: 3+ 2(2) + 2+ 2(x) + 7(-2) =0, x=+5/2

Each formula unit contains 1 Cu?* and 1 Cu®".
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TIBa,Ca,Cuz0q: 3 + 2(2) + 2(2) + 3(x) + 9(-2) =0, x = +7/3

Each formula unit contains 2 Cu?* and 1 Cu®".

TIBa,CasCuyOy: 3 + 2(2) + 3(2) + 4(x) + 11(-2) =0, x=+9/4
Each formula unit contains 3 Cu®*" and 1 Cu®*.
d. This superconductor material achieves variable copper oxidation states by varying the
numbers of Ca, Cu, and O in each unit cell. The mixtures of copper oxidation states are

discussed in part c. The superconductor material in Exercise 87 achieves variable copper
oxidation states by omitting oxygen at various sites in the lattice.

Phase Changes and Phase Diagrams

89. If we graph In P, versus 1/T with temperature in Kelvin, the slope of the resulting straight
line will be ~AH,4/R.

Puap In Puep T (Li) UT T (Mg) UT

1 torr 0 1023 K 9.775x 10K 893K 11.2 x 104 K™
10. 2.3 1163 8.598 x 10™* 1013 0.872x 10™*
100. 4.61 1353 7.391 x 10°* 1173 8.525 x 10™*
400. 5.99 1513 6.609 x 10°* 1313 7.616 x 10°*
760. 6.63 1583 6.317 x 10°* 1383 7.231 x 10™*

P,

For Li:

We get the slope by taking two points (X, y) that are on the line we draw. For a line,
slope = Ay/Ax, or we can determine the straight-line equation using a calculator. The
general straight-line equation is y = mx + b, where m = slope and b =y intercept.

The equation of the Li line is: In Py, = —1.90 x 10*(1/T) + 18.6, slope = -1.90 x 10* K
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Slope = ~AH4/R, AH4, = —slope x R = 1.90 x 10* K x 8.3145 J/Kemol
AHygp = 1.58 x 10° J/mol = 158 kJ/mol

For Mg:
The equation of the line is: In Py, = —1.67 x 10%(1/T) + 18.7, slope = -1.67 x 10* K
AHys = —slope x R = 1.67 x 10* K x 8.3145 J/Kemol
AHygp = 1.39 x 10° J/mol = 139 kJ/mol

The bonding is stronger in Li because AH,4, is larger for Li.

90. We graph In Py vs 1/T. The slope of the line equals — AH./R.

T(K) 10%T (K™) Py (torr)  In Py

7.0
273 3.66 14.4 2.67
283 353 26.6 3.28 6.0 i
203 341 47.9 3.87
303 3.30 81.3 4.40 : 50 .
313 3.19 133 4.89 S a0 1
323 3.10 208 5.34
353  2.83 670. 6.51 3.0 o
2.0L— ] 1 1 1
2728 30 32 34 3. 3.8
1000
T
Slope = 36'6_2'5 ——— = — 4600 K
(2.80 x 107 —3.70 x 10 %) K~
~AH,,, ~AH,,,
4600 K = — - = SaE K o A = 38,000 J/mol = 38 kJ/mol
. « MO

To determine the normal boiling point, we can use the following formula:

In ﬂ = % i — i
P, R L T
At the normal boiling point, the vapor pressure equals 1.00 atm or 760. torr. At 273 K, the
vapor pressure is 14.4. torr (from data in the problem).

|n@‘é‘§ ) _ 38,000 J/mol (i - Lj ~3.97 = 4.6 x 10%(L/T, — 3.66 x 1079

© 8.3145JK.mol( T, 273K

—8.6 x 10" +3.66 x 10° = 1/T,=2.80 x 10°°, T, =357 K = normal boiling point
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At 100.°C (373 K), the vapor pressure of H,0 is 1.00 atm = 760. torr. For water, AHyq, =

91.
40.7 kd/mol.
|ni=Mi_i 0r|ni :Mi_i
P, R T, T P, R T T,
3
In 520. torr _ 40.7 x 10° J/mol 1 ~ i 775 x 105 = 1 _i
760. torr 8.3145J/K.mol | 373K T, 373K T,
_5 —3 1 1 —3 1 o
-7.75x107=268%x10"—- —, — =276x10"° T,= — =362 K or 89°C
T, T, 2.76 x 10~
92. At 100.°C (373 K), the vapor pressure of H,0 is 1.00 atm. For water, AHys, = 40.7 kJ/mol.

m[iJ:M(L_iJ o .n[&]ZM(A_LJ
) R T, T P R T T,

3
of P2 | o407 x107Jmolf 1 1 ) n g p=e®S1=17atm
1.00 atm 8.3145J/K.mol | 373K 388K

3
o350) _ 407 x10°ymol( 1 1) oo e (11
100) 83145JK.mol | 373K T,

256 x 104 =2.68x107° -

i, i: 242%x 1073 T,= ;3 =413 K or 140.°C
s T, 242 x 10~

93 inl Pu _AHg (1 1 il 838torr | _ AH 5 1 1
' P, R \T, T, ) (213torr) 83145J/K.mol| 313K 353K

Solving: AHygp = 3.1 % 10* J/mol; for the normal boiling point, P = 1.00 atm = 760. torr.

760.torr ) _ 3.1 x 10* Jmol ([ 1 1 1 1 _ »
= - =], =— - —=—=34x10
213 torr 8.3145J/K.mol { 313K T,

T, =350. K=77°C; the normal boiling point of CCl, is 77°C.

94 il P AHypp( 1 1 | 760torr ) _ AH 11
' " 71 400.torr ] 8.3145J/K.mol| 291.1K  307.8K

I:)2 R TZ Tl

Solving: AHy,, = 2.83 x 10* J/mol = 28.3 kd/mol
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95.

96.

97.

80—

60 ]

40

Temp(°C) 20 Slope 5 > Slope 3 > Slope 1
emp! —

Time 4 =4 X Time 2
0—
-20—1

-40 —

-60
Time

The plateau at the lowest temperature signifies the melting/freezing of the substance.
Hence the freezing point is 20°C.

The higher temperature plateau signifies the boiling/condensation of the substance. The
temperature of this plateau is 120°C.

X(S) - X(I) AH =AHfusion; X(I) - X(g) AH :AHvaporization

The heat of fusion and the heat of vaporization terms refer to enthalpy changes for the
specific phase changes illustrated in the equations above. In a heating curve, energy is
applied at a steady rate. So the longer, higher temperature plateau has a larger enthalpy
change associated with it as compared to the shorter plateau. The higher temperature
plateau occurs when a liquid is converting to a gas, so the heat of vaporization is greater
than the heat of fusion. This is always the case because significantly more intermolecular
forces are broken when a substance boils than when a substance melts.

Many more intermolecular forces must be broken to convert a liquid to a gas as compared
with converting a solid to a liquid. Because more intermolecular forces must be broken,
much more energy is required to vaporize a liquid than is required to melt a solid.
Therefore, AHy4p is much larger than AHgs

1mol Na g 2.60 kJ

1.00 g Na x
22999 mol Na

=0.113 kJ =113 J to melt 1.00 g Na

1mol Na g 97.0kJ

1.00 g Na x
22999 mol Na

=4.22 kJ = 4220 J to vaporize 1.00 g Na

This is the reverse process of that described in part c, so the energy change is the same
quantity but opposite in sign. Therefore, q = -4220 J; i.e., 4220 of heat will be released.
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98.

99.

100.

1molCgHg ~9.92KkJ

Melt: 8.25 g CgHs %
78.119 mol CgHg

=1.05kJ

1mol CgHg _ 30.7KJ

Vaporize: 8.25g C¢Hg %
P 9% X 78119 mol CqHy

=3.24kJ

As is typical, the energy required to vaporize a certain quantity of substance is much larger
than the energy required to melt the same quantity of substance. A lot more intermolecular
forces must be broken to vaporize a substance as compared to melting a substance.

To calculate gy, break up the heating process into five steps.

H,O(s, —20.°C) —» H,0(s, 0°C), AT =20.°C; let s, = specific heat capacity of ice:

01 = Sice X M X AT = 2'003;:3 % 5.00 x 10° g x 20.°C = 2.0 x 10*J = 20. kJ
g
H,0(s, 0°C) = H,0(l, 0°C), g = 5.00 x 10% g H,0 x Mo 802K _ 1671
18.02¢g mol
. . 421 ) . .
H,0(l, 0°C) — H,0(l, 100.°C), gz = —=> x 5,00 x 10 g x 100.°C = 2.1 x 10% = 210 kJ
H,0(1, 100.°C) = H,0(g, 100.°C), g = 5.00 x 102 g x MO 407K _ 415545
18.02¢ mol

H,0(g, 100.°C) = H,0(g, 250.°C), gs = 22 x 5.00 x 107 g x 150.°C = 1.5 x 10° J

:0(g, 100.°C) - H:0(g, 250.C), Gs= =3 x5, gx150.°C= 1.

=150 kJ
Ototal = 01+ 02 + g3 + g4 + 05 = 20. + 167 + 210 + 1130 + 150 = 1680 kJ

H,0(g, 125°C) — H,0(g, 100.°C), g = 2.0 J/g=°C x 75.0 g x (~25°C) =—3800J = —3.8 kJ

H,0(g, 100.°C) —> H,0(1, 100.°C), g, = 75.0g x —MO!  Z407K _ 169145
18.02¢g mol

H,0(l, 100.°C) — H,0(l, 0°C), @ = 4.2 J/ge°C x 75.0 g x (~100.°C) = 32,000 J = —32 kJ

To convert H,O(g) at 125°C to H,O(l) at 0°C requires (—3.8 kJ — 169 kJ — 32 kJ =) —205 kJ
of heat removed. To convert from H,O(l) at 0°C to H,O(s) at 0°C requires:

Gu=750gx ~mol 602K _ 04y
18.02¢g mol

This amount of energy puts us over the =215 kJ limit (—205 kJ — 25.1 kJ = —230. kJ). There-
fore, a mixture of H,O(s) and H,O(l) will be present at 0°C when 215 kJ of heat is removed
from the gas sample.
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101.

102.

103.

104.

Total mass H,0 = 18 cubes x 209 = 540, g: 540, g H,0 x ~MOIH20

=30.0 mol H,O
cube 18.02¢

Heat removed to produce ice at —5.0°C:

3
(_4'18 CJ x 540.q x 22.o°cj ¥ (—6'02 <1070 | 300 molj " (2'035 x 540.g x 5.o°cj
g° g

mol °

=497 x10°J+1.81x10°J+55x 10%)=2.36 x 10°J

236 x 107 ) x 29CRCl2 g 49107 g CF,Cl, must be vaporized.
Heat released = 0.250 g Na x 1 mol X 368 kI _ 2.00 kJ
22999 2mol

1mol H,0 5 6.02 kJ
18.02¢g mol

To melt 50.0 g of ice requires: 50.0 g ice x =16.7 kJ

The reaction doesn't release enough heat to melt all of the ice. The temperature will remain at
0°C.

A: solid B: liquid C: vapor
D: solid + vapor E: solid + liquid + vapor

F: liquid + vapor G: liquid + vapor H: vapor
triple point: E critical point: G

Nlor;nal freezing point: Temperature at which solid-liquid line is at 1.0 atm (see following
plot).

Nlorr?al boiling point: Temperature at which liquid-vapor line is at 1.0 atm (see following
plot).

1.0
atm

nfp nbp

Because the solid-liquid line equilibrium has a positive slope, the solid phase is denser than
the liquid phase.
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105.

106.

b.

Triple point at 95.31°C: rhombic, monoclinic, gas
Triple point at 115.18°C: monoclinic, liquid, gas
Triple point at 153°C: rhombic, monoclinic, liquid

From the phase diagram, the monoclinic solid phase is stable at T = 100.°Cand P = 1
atm.

Normal melting point = 115.21°C; normal boiling point = 444.6°C; the normal melting
and boiling points occur at P = 1.0 atm.

Rhombic is the densest phase because the rhombic-monoclinic equilibrium line has a
positive slope, and because the solid-liquid equilibrium lines also have positive slopes.

No; P = 1.0 x 10 °atm is at a pressure somewhere between the 95.31 and 115.18°C triple
points. At this pressure, the rhombic and gas phases are never in equilibrium with each
other, so rhombic sulfur cannot sublime at P = 1.0 x 10°atm. However, monoclinic
sulfur can sublime at this pressure.

From the phase diagram, we would start off with gaseous sulfur. At 100.°C and ~1 x 10°°
atm, S(g) would convert to the solid monoclinic form of sulfur. Finally at 100.°C and
some large pressure less than 1420 atm, S(s, monoclinic) would convert to the solid
rhombic form of sulfur. Summarizing, the phase changes are S(g) — S(monoclinic) —
S(rhombic).

two

Higher-pressure triple point: graphite, diamond and liquid; lower-pressure triple point at
~10" Pa: graphite, liquid and vapor

It is converted to diamond (the more dense solid form).

Diamond is more dense, which is why graphite can be converted to diamond by applying
pressure.

The following sketch of the Br, phase diagram is not to scale. Because the triple point of Br,
is at a temperature below the freezing point of Br,, the slope of the solid-liquid line is
positive.

{1010 A —

Pressure (atm)
1 —_t @ -

0.05 +

73 -72 59 320
Temperature (°C)
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107.

108.

The positive slopes of all the lines indicate that Bry(s) is more dense than Bry(l), which is
more dense than Br,(g). At room temperature (~22°C) and 1 atm, Br,(l) is the stable phase.
Bry(l) cannot exist at a temperature below the triple-point temperature of —7.3°C or at a
temperature above the critical-point temperature of 320°C. The phase changes that occur as
temperature is increased at 0.10 atm are solid — liquid — gas.

Because the density of the liquid phase is greater than the density of the solid phase, the slope
of the solid-liquid boundary line is negative (as in H,O). With a negative slope, the melting
points increase with a decrease in pressure, so the normal melting point of X should be
greater than 225°C.

760 s

(torr)

280 —

-121 -112 -107

T(°C)

From the three points given, the slope of the solid-liquid boundary line is positive, so Xe(s) is
more dense than Xe(l). Also, the positive slope of this line tells us that the melting point of
Xe increases as pressure increases. The same direct relationship exists for the boiling point of
Xe because the liquid-gas boundary line also has a positive slope.

Additional Exercises

109.

110.

As the physical properties indicate, the intermolecular forces are slightly stronger in D,O than
in H,0.

CH3CO.H: H-bonding + dipole forces + London dispersion (LD) forces

CH,CICO,H: H-bonding + larger electronegative atom replacing H (greater dipole) + LD
forces

CH3CO,CHs;:  Dipole forces (no H-bonding) + LD forces
From the intermolecular forces listed above, we predict CH;CO,CHj; to have the weakest

intermolecular forces and CH,CICO,H to have the strongest. The boiling points are
consistent with this view.
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111.

112.

113.

114,

115.

116.

117.

At any temperature, the plot tells us that substance A has a higher vapor pressure than sub-
stance B, with substance C having the lowest vapor pressure. Therefore, the substance with
the weakest intermolecular forces is A, and the substance with the strongest intermolecular
forces is C.

NH; can form hydrogen-bonding interactions, whereas the others cannot. Substance C is
NHs;. The other two are nonpolar compounds with only London dispersion forces. Because
CH, is smaller than SiH., CH, will have weaker LD forces and is substance A. Therefore,
substance B is SiH,.

As the electronegativity of the atoms covalently bonded to H increases, the strength of the
hydrogen-bonding interaction increases.

N---H-N<N:--H-0<O:--H-O<O:-- H-F<F--- H-F
weakest strongest

1/8 Xe 1/4F

8 corners x + 1 Xe inside cell = 2 Xe; 8 edges x +2Finsidecell=4F
corner edge

The empirical formula is XeF,.

One B atom and one N atom together have the same number of electrons as two C atoms. The
description of physical properties sounds a lot like the properties of graphite and diamond, the
two solid forms of carbon. The two forms of BN have structures similar to graphite and
diamond.

B,Hs: This compound contains only nonmetals, so it is probably a molecular solid with
covalent bonding. The low boiling point confirms this.

SiO,:  This is the empirical formula for quartz, which is a network solid.

Csl: This is a metal bonded to a nonmetal, which generally form ionic solids. The
electrical conductivity in aqueous solution confirms this.

W: Tungsten is a metallic solid as the conductivity data confirm.

Ar is cubic closest packed. There are four Ar atoms per unit cell, and with a face-centered
unit cell, the atoms touch along the face diagonal. Let | = length of cube edge.

Face diagonal = 4r = 1./2, | =4(190. pm)/+/2 =537 pm=5.37 x 10° cm

1mol 39.95 g
ARIOMS X5 022 x 107 atoms ~_ mol
Density = mass__ Hec X ~ a on;s =1.71 g/cm’
volume (5.37 x 107" cm)

24.7 g CoHg x — 19!
78.11g

= 0.316 mol CgHs
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0.316 mol x 2-08206Latm g,
Pe,, = IRT _ K mol = 0.0760 atm, or 57.8 torr
Hs = Ty 100.0 L

118.  In order to set up an equation, we need to know what phase exists at the final temperature. To
heat 20.0 g of ice from —10.0 to 0.0°C requires:

q= 203 x 20.0 g x 10.0°C =406 J
g°C
To convert ice to water at 0.0°C requires:
q=200gx ~mol 802K _ 4 oo i=66801
18.02 mol
To chill 100.0 g of water from 80.0 to 0.0°C requires:
4181
q= c % 100.0 g x 80.0°C = 33,400 J of heat removed
g (¢}

From the heat values above, the liquid phase exists once the final temperature is reached (a
lot more heat is lost when the 100.0 g of water is cooled to 0.0°C than the heat required to
convert the ice into water). To calculate the final temperature, we will equate the heat gain by
the ice to the heat loss by the water. We will keep all quantities positive in order to avoid sign
errors. The heat gain by the ice will be the 406 J required to convert the ice to 0.0°C plus the
6680 J required to convert the ice at 0.0°C into water at 0.0°C plus the heat required to raise
the temperature from 0.0°C to the final temperature.

Heat gain by ice = 406 J + 6680 J + 4'10? x 20.0 g x (T —0.0°C) =7.09 x 10° + (83.6)T;
4181 o 4
Heat loss by water = c % 100.0 g x (80.0°C — Ty) = 3.34 x 10" — 418T¢

Solving for the final temperature:

7.09 x 10° + (83.6)T; = 3.34 x 10" — 418T;, 502T; = 2.63 x 10*, T;=52.4°C

119. 1.001Ib x 4?2' 9 454 g H,0O; achange of 1.00°F is equal to a change of 5/9°C.

4.181J 5

The amount of heat inJ in 1 Btu is x 454 g x 3 °C =1.05 x 10° J = 1.05 kJ.

o

It takes 40.7 kJ to vaporize 1 mol H,O (AH,,p). Combining these:

1.00 x 10* Bu 5 1.05kJ 8 1mol H,0

=258 mol/h; or:
h Btu 40.7 kJ

258 mol N 18.02g H,0

= 4650 g/h = 4.65 kg/h
h mol
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120.  The critical temperature is the temperature above which the vapor cannot be liquefied no
matter what pressure is applied. Since N, has a critical temperature below room temperature
(~22°C), it cannot be liquefied at room temperature. NH3, with a critical temperature above
room temperature, can be liquefied at room temperature.

ChemWork Problems

The answers to the problems 121-130 (or a variation to these problem) are found in OWL.
These problems are also assignable in OWL.

Challenge Problems

131.  AH=0,=30.79k); AE =g, +W, W=-PAV

101.3J
L atm

w = —-PAV = -1.00 atm(28.90 L) = —28.9 L atm x =-29301J

AE =30.79 kJ + (—2.93 kJ) = 27.86 kJ

132.  XeClF, 8+2(7) +2(7) =36 ¢

:Cl F: :Cl F:
\Xe/.. or .o \).<e/

polar (Bond dipoles do nonpolar (Bond dipoles
not cancel each other.) cancel each other.)

These are two possible square planar molecular structures for XeCl,F,. One structure has the
Cl atoms 90° apart; the other has the Cl atoms 180° apart. The structure with the Cl atoms 90°
apart is polar; the other structure is nonpolar. The polar structure will have additional dipole
forces, so it has the stronger intermolecular forces and is the liquid. The gas form of XeCl,F,
is the nonpolar form having the Cl atoms 180° apart.

133.  Asingle hydrogen bond in H,O has a strength of 21 kd/mol. Each H,O molecule forms two
H bonds. Thus it should take 42 kd/mol of energy to break all of the H bonds in water.
Consider the phase transitions:

: 40.7
selid @Q» liguid @—E VapeF  AHgyp = AHgyet ARy,

AHg, = 6.0 kd/mol + 40.7 kd/mol = 46.7 ki/mol; it takes a total of 46.7 kJ/mol to convert
solid H,O to vapor. This would be the amount of energy necessary to disrupt all of the
intermolecular forces in ice. Thus (42 +46.7) x 100 = 90.% of the attraction in ice can be
attributed to H bonding.
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134.

135.

136.

3785 mL y 0.998¢ y 1mol H,0
gal mL 18.02¢g

1 gal x = 210. mol H,0

From Table 10.8, the vapor pressure of H,O at 25°C is 23.756 torr. The water will evaporate
until this partial pressure is reached.

210. mol x 2-08206Latm o0,

V= = K mOIlatm =164x10°L
P 23.756 torr x
0 torr

Dimension of cube = (1.64 x 10° L x 1 dm*/L)"®* = 54.7 dm

1m 1.094 yards  3ft
X X

54.7 dm x =18.0 ft
10 dm m yard

The cube has dimensions of 18.0 ft x 18.0 ft x 18.0 ft.

The structures of the two C,HsO compounds (20 valence e") are:

H H

H c|: C|: (@) H  exhibits relatively strong hydrogen bonding
Lo
H H

H (|: O (|: H  does not exhibit hydrogen bonding
Lo

The liquid will have the stronger intermolecular forces. Therefore, the first compound
(ethanol) with hydrogen bonding is the liquid and the second compound (dimethyl ether) with
the weaker intermolecular forces is the gas.

Benzene Naphthalene
H
H H
H H
H H
H H : :
H H
H
H H

LD forces only LD forces only
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Note: London dispersion (LD) forces in molecules such as benzene and naphthalene are
fairly large. The molecules are flat, and there is efficient surface-area contact between
molecules. Large surface-area contact leads to stronger London dispersion forces.

:Cl 2 Carbon tetrachloride (CCl,) has polar bonds but is a nonpolar
| molecule. CCl, only has LD forces.
C
o [ o
:Cle 7

In terms of size and shape, the order of the strength of LD forces is: CCl, < CgHg < CyoHg

The strengths of the LD forces are proportional to size and are related to shape. Although the
size of CCly is fairly large, the overall spherical shape gives rise to relatively weak LD forces
as compared to flat molecules such as benzene and naphthalene. The physical properties
given in the problem are consistent with the order listed above. Each of the physical
properties will increase with an increase in intermolecular forces.

Acetone Acetic acid
H,C—C—CH, HsC—C—O—H
LD, dipole LD, dipole, H-bonding
Benzoic acid

.
|

C—O—H LD, dipole, H-bonding

We would predict the strength of interparticle forces of the last three molecules to be:

acetone < aceticacid < benzoic acid
polar H-bonding H-bonding, but large LD forces because of greater size

and shape
This ordering is consistent with the values given for boiling point, melting point, and AH,zp.
The overall order of the strengths of intermolecular forces based on physical properties are:

acetone < CCl, < CgHg < acetic acid < naphthalene < benzoic acid

The order seems reasonable except for acetone and naphthalene. Because acetone is polar,
we would not expect it to boil at the lowest temperature. However, in terms of size and
shape, acetone is the smallest molecule, and the LD forces in acetone must be very small
compared to the other molecules. Naphthalene must have very strong LD forces because of
its size and flat shape.
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137.  NaCl, MgCl,, NaF, MgF,, and AlF; all have very high melting points indicative of strong
intermolecular forces. They are all ionic solids. SiCl,, SiF,, F;, Cly, PFs, and SFs are nonpolar
covalent molecules. Only London dispersion (LD) forces are present. PCl; and SCI, are polar
molecules. LD forces and dipole forces are present. In these eight molecular substances, the
intermolecular forces are weak and the melting points low. AICI; doesn't seem to fit in as
well. From the melting point, there are much stronger forces present than in the nonmetal
halides, but they aren't as strong as we would expect for an ionic solid. AICl; illustrates a
gradual transition from ionic to covalent bonding, from an ionic solid to discrete molecules.

138.  Total charge of all iron ions present in a formula unit is +2 to balance the —2 charge from the
one O atom. The sum of iron ions in a formula unit is 0.950. Let x = fraction Fe** ions in a
formula unit and y = fraction of Fe** ions present in a formula unit.

Setting up two equations: x +y =0.950 and 2x + 3y = 2.000

Solving: 2x + 3(0.950 — ) = 2.000, x =0.85 and y = 0.10
0.10
0.95

If all Fe®*, then 1.000 Fe** ion/O%* ion; 1.000 — 0.950 = 0.050 = vacant sites. 5.0% of the
Fe?" sites are vacant.

=0.11 = fraction of iron as Fe** ions

139.  Assuming 100.00 g:

283190 x —M _ 1 760 mol 0: 71.69 ¢ Ti x —-MO!
16.00 47

= 1.497 mol Ti
g

1.769 1.497 N .
— —=1.182; ———=10.8462; the formula is TiO11g Or Tiggss0.
1.497 1.769 Lase T Tlosie

For Tiogse20, let x = Ti?* per mol O* and y = Ti*" per mol O*". Setting up two equations and
solving:

X +y =0.8462 (mass balance) and 2x + 3y =2 (charge balance)

2x + 3(0.8462 — x) = 2, x = 0.539 mol Ti**/mol O* and y = 0.307 mol Ti**/mol O*

0.539
0.8462

x 100 = 63.7% of the titanium ions are Ti*" and 36.3% are Ti** (a 1.75 : 1 ion ratio).

140.  First, we need to get the empirical formula of spinel. Assume 100.0 g of spinel:

1 mol Al

37.9 g Al x ——— =1.40 mol Al
26.98 g Al
17.1 g Mg x _LmolMg_ =0.703 mol Mg The mole ratios are 2 : 1 : 4.
24.31g Mg
45.09 0 % 1mol© =2.81mol O Empirical formula = Al,MgO,

16.00g 0
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Assume each unit cell contains an integral value (x) of Al,MgO, formula units. Each
Al,MgO, formula unit has a mass of 24.31 + 2(26.98) + 4(16.00) = 142.27 g/mol.

. 1mol 142.27 g
x formula units x >3 — X
o 6.022 x 10”° formula units mol 3.57¢g
Density = - 3 = 3
(8.09 x 10™° cm) cm
Solving: x =8.00

Each unit cell has 8 formula units of Al,MgO, or 16 Al, 8 Mg, and 32 O ions.

141 Densityy,, _ massy, x volumec,  massy, y volumeg,
" Density, volumey, x mass,  massg,  volumey,

The type of cubic cell formed is not important; only that Cu and Mn crystallize in the same
type of cubic unit cell is important. Each cubic unit cell has a specific relationship between
the cube edge length | and the radius r. In all cases | oc r. Therefore, V oc I* oc r°. For the
mass ratio, we can use the molar masses of Mn and Cu since each unit cell must contain the
same number of Mn and Cu atoms. Solving:

densityy,, _ massy, N volumes,  54.94 g/mol (rey)®

density ¢, massg, ~ volumey,  63.55 g/mol 1.056r,)3
. 3

9ensityn _  ggas x ( L j = 0.7341

density, 1.056

densitypn = 0.7341 x densityc, = 0.7341 x 8.96 g/cm =6.58 g/cm

a. The arrangement of the layers is:

C@) & & o

Layer 1 Layer 2 Layer 3 Layer 4
A total of 20 cannon balls will be needed.
b. The layering alternates abcabc, which is cubic closest packing.

c. tetrahedron
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143.

As P is lowered, we go from a to b on the phase

diagram. The water boils. The boiling of water is

P endothermic, and the water is cooled (b — c),
forming some ice. If the pump is left on, the ice

c b will sublime until none is left. This is the basis of
freeze drying.

T

144. w= —PAV; assume a constant P of 1.00 atm.

1.00 mol x 0.08206 L atm

RT K ol x 373K
V33 = n = mo = 30.6 L for 1 mol of water vapor
P 1.00 atm

Because the density of H,O(1) is 1.00 g/cm®, 1.00 mol of H,O(l) occupies 18.0 cm® or
0.0180 L.

w =-1.00 atm(30.6 L — 0.0180 L) = -30.6 L atm

101.3J =-310x10°)J=-3.10kJ
L atm

w =-30.6 L atm x

AE=q+w=40.7k] -3.10 ki =37.6 kJ

_?1(7)3 x 100 = 92.4% of the energy goes to increase the internal energy of the water.

The remainder of the energy (7.6%) goes to do work against the atmosphere.

145.  For a cube: (body diagonal)® = (face diagonal)® + (cube edge length)?

In a simple cubic structure, the atoms touch on cube edge, so the cube edge = 2r, where r
= radius of sphere.

2r

2r

Face diagonal = \/(Zr)2+ (2r)? = \/4r2+ 42 =18 =242

Body diagonal = \/(2 V224 (2r)% = 1212 =243 r

The diameter of the hole = body diagonal — 2(radius of atoms at corners).
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146.

Diameter = 2+/3 1 — 2r; thus the radius of the hole is: @ = (\/§—1)r

The volume of the hole is %z[(\/g—l)r]s .

Using the ionic radii values given in the question, let’s calculate the density of the two
structures.

Normal pressure: Rb* and CI” touch along cube edge (form NaCl structure).

Cube edge = | = 2(148 + 181) = 658 pm = 6.58 x 10~ cm; there are four RbCI units per unit

cell.
4(85.47) + 4(35.45)

6.022 x 10%°(6.58 x 107%)3

Density =d = =2.82 g/cm®

High pressure: Rb* and CI™ touch along body diagonal (form CsCl structure).

2r_+ 2r,. = 658 pm = body diagonal = 13, 1=658 pm/\/§: 380. pm

Each unit cell contains 1 RbCl unit: d = 85.47 +35.45 =3.66 glcm®

6.022 x 10%(3.80 x 10°%)3

The high-pressure form has the higher density. The density ratio is 3.66/2.82 = 1.30. We
would expect this because the effect of pressure is to push things closer together and thus
increase density.

Integrative Problems

147.

148.

19.0¢g

Molar mass of XY = ————
0.132 mol

= 144 g/mol

X: [Kr] 5s%4d™; this is cadmium, Cd.
Molar mass Y =144 —112.4 = 32 g/mol; Y is sulfur, S.

The semiconductor is CdS. The dopant has the electron configuration of bromine,

Br.

Because Br has one more valence electron than S, doping with Br will produce an n-type

semiconductor.

Assuming 100.00 g of MOy:

237290 x ~190 4 483 m0l0
160090
1.483mol 0 x ~MIM _ 2415 mol M

2mol O
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100.00 g — 23.72 g = 76.28 g M; molar mass M = _16.289 =102.9 g/mol
0.7415 mol
From the periodic table, element M is rhodium (Rh).
The unit cell for cubic closest packing is face-centered cubic (4 atoms/unit cell). The atoms
for a face-centered cubic unit cell are assumed to touch along the face diagonal of the cube,
so the face diagonal = 4r. The distance between the centers of touching Rh atoms will be the
distance of 2r, where r = radius of Rh atom.
Face diagonal = \/5 I, where | = cube edge.
Face diagonal = 4r =2 x 269.0 x 10> m=5.380x 10™° m
-10
J21 =4r=538x10m, | = 538 x 107 m _ 3.804x 107 m=23.804 x 10 cm
V2
4atoms Rh 6 0221 mollozh t * 102.9I??:h
Density = : . 78a omss mo = 12.42 g/cm’
(3.804 x 10° cm)
149.

AH
|n[ﬂJ: _Vap(i - i} AH g = 2209 20088 _ 5 94 % 10* 3/mol Hg
g

P, R (T, T mol
o 256 x 107 torr ) _ 5.94 x 10° J/mol( 1 1
P, 8.3145J/K.mol (573K  298.2K

3
In[2'56 x so to”J =_115, P,=256x 1073 torr/e**5 = 253 torr
2

oy (253 torT x 71 a”;‘”J oL
n=— = =0.106 mol Hg
R 008206 Latm ..
K mol
23
0.106 mol Hg x 2022 * 107 aOMS HY _ ¢ 55, 152 at0ms Hg

mol Hg

Marathon Problem

150.

g=sx mx AT; heat loss by metal = heat gain by calorimeter. The change in temperature for
the calorimeter is AT = 25.2°C +0.2°C — 25.0°C £0.2°C. Including the error limits, AT can
range from 0.0 to 0.4°C. Because the temperature change can be 0.0°C, there is no way that
the calculated heat capacity has any meaning.
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The density experiment is also not conclusive.

49 3 . .
= —= =10 g/cm’ (1 significant figure
0.42 cm?® 9 (1sig qure)
Chigh = _ %0 _q5 g/lem® = 10 g/em® to 1 sig fig
T 0.40 cm?
39 3
w= ————= =7g/cm
o Dagem® | °

From Table 1.5, the density of copper is 8.96 g/cm®. The results from this experiment cannot
be used to distinguish between a density of 8.96 g/cm® and 9.2 g/cm’.

The crystal structure determination is more conclusive. Assuming the metal is copper:

3
-10
volume of unit cell = (600. pm)? (1x10—cmj =216 x 1072 cm?
1pm
1mol Cu 63.55g Cu

Cu mass in unit cell = 4 atoms x =4.221 x 107 g Cu

X
6.022 x 10?3 atoms mol Cu

mass _ 4.221x107%g

d= =
volume  2.16 x 107% cm®

=1.95 g/cm’

Because the density of Cu is 8.96 g/cm®, then one can assume this metal is not copper. If the
metal is not Cu, then it must be kryptonite (as the question reads). Because we don’t know the
molar mass of kryptonite, we cannot confirm that the calculated density would be close to 9.2
glem®,

To improve the heat capacity experiment, a more precise balance is a must and a more precise
temperature reading is needed. Also, a larger piece of the metal should be used so that AT of
the calorimeter has more significant figures. For the density experiment, we would need a
more precise balance and a more precise way to determine the volume. Again, a larger piece
of metal would help in order to ensure more significant figures in the volume.
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PROPERTIES OF SOLUTIONS

Solution Review

11.

12.

13.

14.

15.

16.

1mol C;H,0H
60.09 g C;H,OH
1.00L

585 g C4H,OH x

=074 M

0.100 mol N 134.00¢
mol

0.250 L x = 3.35 g Na,C,04

1.00 L x M = 0.040 mol HCI; 0.040 mol HCI x . 0.16 L

0.25 mol HCI
=160 mL

1mol CaCl, 1L 1000 mL

X X =19.9mL
110.98g CaCl,  0.580 mol CaCl, L

1.28 g CaCl, x

3.0 mol Na,CO,

Mol Na,CO; = 0.0700 L x = 0.21 mol Na,CO;

Na,COs(s) — 2 Na'(aq) + COs* (aq); mol Na* = 2(0.21) = 0.42 mol

1.0 mol NaHCO,

Mol NaHCO; = 0.0300 L x = 0.030 mol NaHCOs

NaHCO3(s) — Na*(aq) + HCOs (ag); mol Na* = 0.030 mol

_ totalmolNa® _ 0.42mol +0.030 mol _ 0.45mol —4

Nat = = = =45MNa"
a total volume 0.0700 L +0.030L 0.1000 L

a. HNOs(l) - H*(ag) + NO3 (aq) b. Na;SO4(s) — 2 Na*(aq) + SO~ (aq)
c. AI(NO3)s(s) — Al**(ag) + 3 NO5 (aq) d. SrBry(s) — Sr**(aq) + 2 Br (aq)

e. KClO4(s) —» K*(aqg) + ClO4 (aq) f.  NH,Br(s) - NH,"(aq) + Br(aq)

g. NH4NOs(s) — NH,"(ag) + NOs (aq) h. CuSO4(s) — Cu**(aq) + SO~ (aq)

i.  NaOH(s) — Na'(aqg) + OH (aq)

380
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Questions

17.

18.

19.

20.

21.

22.

As the temperature increases, the gas molecules will have a greater average kinetic energy. A
greater fraction of the gas molecules in solution will have a kinetic energy greater than the
attractive forces between the gas molecules and the solvent molecules. More gas molecules
are able to escape to the vapor phase, and the solubility of the gas decreases.

Henry’s law is obeyed most accurately for dilute solutions of gases that do not dissociate in
or react with the solvent. NH; is a weak base and reacts with water by the following reaction:

NHs(aq) + H,O(l) —» NH,4'(aq) + OH (aq)

O, will bind to hemoglobin in the blood. Due to these reactions in the solvent, NH3(g) in
water and O,(g) in blood do not follow Henry’s law.

Because the solute is volatile, both the water and solute will transfer back and forth between
the two beakers. The volume in each beaker will become constant when the concentrations of
solute in the beakers are equal to each other. Because the solute is less volatile than water,
one would expect there to be a larger net transfer of water molecules into the right beaker
than the net transfer of solute molecules into the left beaker. This results in a larger solution
volume in the right beaker when equilibrium is reached, i.e., when the solute concentration is
identical in each beaker.

Solutions of A and B have vapor pressures less than ideal (see Figure 11.13 of the text), so
this plot shows negative deviations from Rault’s law. Negative deviations occur when the
intermolecular forces are stronger in solution than in pure solvent and solute. This results in
an exothermic enthalpy of solution. The only statement that is false is e. A substance boils
when the vapor pressure equals the external pressure. Because yg = 0.6 has a lower vapor
pressure at the temperature of the plot than either pure A or pure B, one would expect this
solution to require the highest temperature in order for the vapor pressure to reach the
external pressure. Therefore, the solution with yg = 0.6 will have a higher boiling point than
either pure A or pure B. (Note that because P°g > P°, B is more volatile than A, and B will
have a lower boiling point temperature than A).

No, the solution is not ideal. For an ideal solution, the strengths of intermolecular forces in
solution are the same as in pure solute and pure solvent. This results in AHgn, = 0 for an ideal
solution. AHgy, for methanol-water is not zero. Because AHgyn < O (heat is released), this
solution shows a negative deviation from Raoult’s law.

The micelles form so that the ionic ends of the detergent molecules, the SO,  ends, are
exposed to the polar water molecules on the outside, whereas the nonpolar hydrocarbon
chains from the detergent molecules are hidden from the water by pointing toward the inside
of the micelle. Dirt, which is basically nonpolar, is stabilized in the nonpolar interior of the
micelle and is washed away. See the illustration on the following page.
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23.

24,

25.

® ——~—~ = detergent
molecule
o \ //
nonpolar NP _
hydrocarbon Q it
o

|

.

°
dirt

Normality is the number of equivalents per liter of solution. For an acid or a base, an
equivalent is the mass of acid or base that can furnish 1 mole of protons (if an acid) or accept
1 mole of protons (if a base). A proton is an H* ion. Molarity is defined as the moles of solute
per liter of solution. When the number of equivalents equals the number of moles of solute,
then normality = molarity. This is true for acids which only have one acidic proton in them
and for bases that accept only one proton per formula unit. Examples of acids where
equivalents = moles solute are HCI, HNO;, HF, and HC,H;0,. Examples of bases where
equivalents = moles solute are NaOH, KOH, and NH;. When equivalents = moles solute,
then normality # molarity. This is true for acids that donate more than one proton (H,SO,,
H3PO,4, H,CO;, etc.) and for bases that react with more than one proton per formula unit
[Ca(OH),, Ba(OH),, Sr(OH),, etc.].

It is true that the sodium chloride lattice must be broken in order to dissolve in water, but a lot
of energy is released when the water molecules hydrate the Na* and CI™ ions. These two
processes have relatively large values for the amount of energy associated with them, but they
are opposite in sign. The end result is they basically cancel each other out resulting in a AHgn
~ 0. So energy is not the reason why ionic solids like NaCl are so soluble in water. The
answer lies in nature’s tendency toward the higher probability of the mixed state. Processes,
in general, are favored that result in an increase in disorder because the disordered state is the
easiest (most probable) state to achieve. The tendency of processes to increase disorder will
be discussed in Chapter 17 when entropy, S, is introduced.

Only statement b is true. A substance freezes when the vapor pressure of the liquid and solid
are the same. When a solute is added to water, the vapor pressure of the solution at 0°C is less
than the vapor pressure of the solid, and the net result is for any ice present to convert to
liquid in order to try to equalize the vapor pressures (which never can occur at 0°C). A lower
temperature is needed to equalize the vapor pressure of water and ice, hence, the freezing
point is depressed.
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26.

27.

28.

For statement a, the vapor pressure of a solution is directly related to the mole fraction of
solvent (not solute) by Raoult’s law. For statement c, colligative properties depend on the
number of solute particles present and not on the identity of the solute. For statement d, the
boiling point of water is increased because the sugar solute decreases the vapor pressure of
the water; a higher temperature is required for the vapor pressure of the solution to equal the
external pressure so boiling can occur.

This is true if the solute will dissolve in camphor. Camphor has the largest K, and K
constants. This means that camphor shows the largest change in boiling point and melting
point as a solute is added. The larger the change in AT, the more precise the measurement and
the more precise the calculated molar mass. However, if the solute won’t dissolve in
camphor, then camphor is no good and another solvent must be chosen which will dissolve
the solute.

Isotonic solutions are those which have identical osmotic pressures. Crenation and hemolysis
refer to phenomena that occur when red blood cells are bathed in solutions having a mismatch
in osmotic pressures inside and outside the cell. When red blood cells are in a solution having
a higher osmotic pressure than that of the cells, the cells shrivel as there is a net transfer of
water out of the cells. This is called crenation. Hemolysis occurs when the red blood cells are
bathed in a solution having lower osmotic pressure than that inside the cell. Here, the cells
rupture as there is a net transfer of water to into the red blood cells.

lon pairing is a phenomenon that occurs in solution when oppositely charged ions aggregate
and behave as a single particle. For example, when NaCl is dissolved in water, one would
expect sodium chloride to exist as separate hydrated Na* ions and CI” ions. A few ions,
however, stay together as NaCl and behave as just one particle. lon pairing increases in a
solution as the ion concentration increases (as the molality increases).

Exercises

Solution Composition

29.

Because the density of water is 1.00 g/mL, 100.0 mL of water has a mass of 100. g.

mass _ 10.0g H;PO, +100.9 H,0
volume 104 mL

Density = =1.06 g/mL = 1.06 g/cm’

Mol HPO, = 100 g x M9
97.99

=0.102 mol HzPO,
9

Imol _ ¢ ec ol H,0
18.02¢

Mol H,O = 100. g x

0.102 mol H,PO,
(0.102 + 5.55) mol

Mole fraction of H;PO, = =0.0180

%n,0= 1.000 —0.0180 = 0.9820
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0.102 mol H,PO,

Molarity = =0.981 mol/L
0.104L

Molality = 2202MONH:PO. 4 45 motikg
0.100 kg

. 40.0gC,H,O 1molC,H,O
30.  Molality = ~209C2H9, 10009 IMOIC;HO, _ 47 moig
60.0g H,0 kg 62.07g
3
Molarity = 2009CzH:0, 105 1000em®  1molC,HeO, _g v
100.0 g solution ~ c¢m?® L 62.07g

1mol 1mol

40.0 g C,HgO, x = 0.644 mol C,HgO,; 60.0 g H,O x =3.33 mol H,0
9262620 2M60)2 g n 18.02 g 2

79

0.644

= ——  =0.162 = mole fraction ethylene glycol (C,HsO
Xes = 333 0.644 ylene glycol (C-H0z)

31. Hydrochloric acid (HCI):

38g HCI y 1.19gsoln y 1000 cm? 8 1mol HCI

molarity = 3 =12 mol/L

100.gsoln  cm®soln L 36.5¢
molality = 38g HC X 1000g X 1 mol HC =17 mol/kg

62 g solvent kg 36.5¢g

1mol ] 1mol

38 g HCI x = 1.0 mol HCI; 62 g H,0 x = 3.4 mol H,0

36.5¢ 18.0¢g
mole fraction of HCI = 10 0.23

fwor = 34410
Nitric acid (HNOs):
3
70.9g HNO, 5 1.423g soln 8 1000 cm y 1mol HNO, _ 16 mol/L
100. gsoln cm® soln L 63.0g
70.g HNO, y 1000¢ y 1molHNO, _ 37 mollkg
30. g solvent kg 63.0g
70. g HNOs x =M~ 1 1 mol HNOs: 30. g H,0 x 2™ = 1.7 mol H,0
63.0¢ 18.0¢
1.1
=————=0.39

Kuno, =771
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Sulfuric acid (H,SOy):

95gH,SO, 8 1.84 g soln N 1000cm®  1mol H,SO,

x =18 mol/L
100. gsoln ~ cm?®soln L 98.1g H,SO,
959 H,50, X 10009 x Lmol _ 194 mol/kg ~ 200 mol/kg
5gH,0 kg 98.1¢g
1mol 1mol

95 g H,S0, x =0.97 mol H,SO4: 5 g H,0 x = 0.3 mol H,0
g24981g 2492180g ?

0.97

=99 o716
LHs0. = 9971 03

Acetic acid (CH;CO,H):

999 CH,CO,H y 1.05¢g soln 5 1000 cm? 8 1mol

=17 mol/L
100. g soln cm® soln L 60.05¢
999 CH,CO,H 10009  1mol _eh molkg ~ 2000 molikg
1gH,0 kg 60.05¢g
1mol 1mol

99 g CHyCO;H X = 1.6 mol CHy,CO,H; 1 g H,0 x = 0.06 mol H,0
60.05¢ 18.09

1.6
R Y
KeHicoH = 167 0.06

Ammonia (NH3):

28gNH; 0909 1000 cm?® . Lmol

=15 mol/L
100. gsoln ~ cm?® L 17.09
289 NH, g 1000¢ g 1mol - 23 mollkg
729 H,0 kg 1709
1mol ] 1mol
28 g NH3 x = 1.6 mol NH3; 72 g H,O % = 4.0 mol H,0
17.0¢ 18.0¢
1.6
=—=0.29
I = %0+ 16

32. a. Ifwe use 100. mL (100. g) of H,O, we need:

2.0mol KCI  74.55¢

0.100 kg H,0 x X
kg mol KCI

=14.9 g =15gKCl
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Dissolve 15 g KCI in 100. mL H,O to prepare a 2.0 m KCI solution. This will give us
slightly more than 100 mL, but this will be the easiest way to make the solution. Because
we don’t know the density of the solution, we can’t calculate the molarity and use a
volumetric flask to make exactly 100 mL of solution.

b. If we took 15 g NaOH and 85 g H,O, the volume probably would be less than 100 mL.
To make sure we have enough solution, let’s use 100. mL H,O (100. g H,O). Let x =
mass of NaCl.

X
00.+ Xx

Mass % = 15 = x 100, 1500 + 15x = (100.)x, x=17.6g~18¢

Dissolve 18 g NaOH in 100. mL H,O to make a 15% NaOH solution by mass.

c. Ina fashion similar to part b, let’s use 100. mL CH;OH. Let x = mass of NaOH.

100. mL CH30H x

0799 _ 794 CH,0H
m

X
79+ X

Mass % = 25 = x 100, 25(79) + 25x =(100.)x, x=26.3g~26¢

Dissolve 26 g NaOH in 100. mL CH;OH.

d. To make sure we have enough solution, let’s use 100. mL (100. g) of H,O. Let x = mol

CGHIZOG-
100. g H,0 x 1M H0 5 o5 o1 1,0
02g
X
=010= — X (0.10)x +0.56 = X, x = 0.62 mol CeH10
X CeH1,06 X + 555 ( ) 6M12Us

0.62 Mol CgHy,0g X 180'2|g

=110 g CeH12056

Dissolve 110 g C¢H;,06 in 100. mL of H,O to prepare a solution with XCoH,0p = 0.10.

33, 25mL CeHio x 2039 — 16 g Cottyy: 25 mL x 2839 1ML 6 5 ol CoHi,
mL 72.15¢
45 ML Cetys x 2889 =30 g Coe: 45 mL x 2889, IMOL _ 6 2 ol CoHus
mL 86.17 ¢
mass pentane 169
Mass % pentane = ——— x 100 = —————— x 100 = 35%

total mass - 169 + 30.g
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34.

35.

36.

mol pentane _ 0.22 mol
total mol 0.22mol + 0.34mol

Xpentane —

Molality = mol pentane _ 022 mol - 7.3 mol/kg

kg hexane 0.030 kg

mol pentane 0.22 mol 1000 mL

Molarity = - = X = 3.1 mol/L
L solution 25mL + 45mL 1L
50.0 mL toluene x O'SGZ 9 - 43.4 g toluene; 125 mL benzene x 08749 _ 109 g benzene
m
Mass % toluene = nassof toluene -, o 4340 149 = 2850
total mass 43.49+109¢
Molarity = 43.4 g toluene y 1000 mL N 1mol toluene — 269 mol/L
175 mL soln L 92.13 g toluene
Molality = 43.4 g toluene y 1000¢g 5 1 mol toluene - 4.32 mol/kg
109 g benzene kg 92.13 g toluene
1mol
43.4 g toluene x =0.471 mol toluene
92.13¢
109 g benzene x 1mol benzene = 1.40 mol benzene; Yioluene = & =0.252
78.119 benzene 0.471+1.40

If we have 100.0 mL of wine:

0.789¢g 1.00g

mL

12.5 mL C,HsOH x =9.86 g C,HsOH and 87.5 mL H,0 x =87.5gH0

9.86

Mass % ethanol = ————
8759+ 9.86¢

x 100 = 10.1% by mass

9869 C,H:OH _1mol

Molality = =2.45 mol/kg
0.0875kgH,0  46.07g
L00molacetone _ 4 o ojal 1,00 x 107 g CoHsOH x ™21 = 217 mol C,H:0H
1.00 kg ethanol 46.079
1.00
== 00441
Tacstone = 1 00+ 21.7

58.08g CH,COCH,  1mL
mol CH,COCH, ~ 0.788¢g

1 mol CH;COCHj; x =73.7 mL CH;COCHg3
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37.

38.

1.00 x 10° g ethanol x 1mL
0.789 g

=1270 mL; total volume =1270 + 73.7 = 1340 mL

1.00 mol

Molarity = =0.746 M

If we have 1.00 L of solution:

192.12¢
mol

1.37 mol citric acid x

= 263 g citric acid (H3C¢Hs0O7)

1.00 x 10° mL solution x 1'1?_g =1.10 x 10° g solution
m

263¢
1.10 x 10% g

Mass % of citric acid = x 100 = 23.9%

In 1.00 L of solution, we have 263 g citric acid and (1.10 x 10° — 263) = 840 g of H,0.

Molality = 1.37 mol citric acid - 1.6 mol/kg

0.84kg H,0

1mol 1.37
840 g H,0 x 18029 =47 mol H20; Yiticacia = TR =0.028

Because citric acid is a triprotic acid, the number of protons citric acid can provide is three
times the molarity. Therefore, normality = 3 x molarity:

normality =3 x 1.37 M =4.11 N

When expressing concentration in terms of normality, equivalents per liter are determined.
For acid-base reactions, equivalents are equal to the moles of H" an acid can donate or the
moles of H* a base can accept. For monoprotic acids like HCI, the equivalents of H*
furnished equals the moles of acid present. Diprotic acids like H,SO, furnish two equivalents
of H* per mole of acid, whereas triprotic acids like HsPO, furnish three equivalents of H* per
mole of acid. For the bases in this problem, the equivalents of H" accepted equals the number
of OH™ anions present in the formula (H* + OH™ — H,0). Finally, the equivalent mass of
a substance is the mass of acid or base that can furnish or accept 1 mole of protons (H" ions).

0.250 mol HCI y lequivalent _ 0.250 equivalents

a. Normality = T i
mo

Equivalent mass = molar mass of HCl = 36.46 ¢

0.105 mol H,SO, y 2 equivalents _ 0.210 equivalents
L mol H,SO, L

b. Normality =

Equivalent mass = 1/2(molar mass of H,SO,) = 1/2(98.09) = 49.05 g
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5.3 x 1072 mol H;PO, N 3equivalents _ 0.16 equivalents

c. Normality =
L mol H;PO, L

Equivalent mass = 1/3(molar mass of HsPO,) = 1/3(97.09) = 32.66 g

0.134 mol NaOH y lequivalent _ 0.134 equivalents

d. Normality = L mol NaOH L

Equivalent mass = molar mass of NaOH =40.00 g

0.00521 mol Ca(OH), g 2equivalents _ 0.0104 equivalents

e. Normality =
Y L mol Ca(OH), L

Equivalent mass = 1/2[molar mass of Ca(OH),] = 1/2(74.10) =37.05 g

Energetics of Solutions and Solubility

39. Using Hess’s law:
Nal(s) — Na*(g) + 1(g) AH = -AH g = —(-686 kJ/mol)
Na*(g) + 1'(g) — Na*(aq) + I"(aq) AH = AHpyg = -694 ki/mol
Nal(s) — Na'(aq) + 1(aq) AHgon = -8 kd/mol

AHgn refers to the heat released or gained when a solute dissolves in a solvent. Here, an
ionic compound dissolves in water.

40. a. CaCly(s) - Ca**(g) + 2 CI'(g) AH = —-AHg = —(-2247 kJ)
Ca**(g) + 2 CI(g) — Ca*(aq) + 2 Cl(aq) AH = AHpy

CaCly(s) — Ca**(aq) + 2 CI (aq) AHgon = —46 kJ

—-46 k] = 2247 kJ + Athd, Athd —2293 kJ

Caly(s) — Ca*(g) + 2 17(g) AH = —AH g = —(-2059 kJ)
Ca®*(g) + 2 1°(g) » Ca*(aq) + 2 1 (aq) AH = AHpy
Cal,(s) — Ca*"(aq) + 2 I"(aq) AHgyn = —104 k]

—104 kJ = 2059 kJ + Athd, Athd =-2163 kJ

b. The enthalpy of hydration for CaCl, is more exothermic than for Cal,. Any differences
must be due to differences in hydration between CI™ and I". Thus the chloride ion is more
strongly hydrated than the iodide ion.

41. Both AI(OH); and NaOH are ionic compounds. Since the lattice energy is proportional to the
charge of the ions, the lattice energy of aluminum hydroxide is greater than that of sodium
hydroxide. The attraction of water molecules for AI** and OH™ cannot overcome the larger
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42.

43.

lattice energy, and Al(OH); is insoluble. For NaOH, the favorable hydration energy is large
enough to overcome the smaller lattice energy, and NaOH is soluble.

The dissolving of an ionic solute in water can be thought of as taking place in two steps. The
first step, called the lattice-energy term, refers to breaking apart the ionic compound into
gaseous ions. This step, as indicated in the problem, requires a lot of energy and is
unfavorable. The second step, called the hydration-energy term, refers to the energy released
when the separated gaseous ions are stabilized as water molecules surround the ions. Because
the interactions between water molecules and ions are strong, a lot of energy is released when
ions are hydrated. Thus the dissolution process for ionic compounds can be thought of as
consisting of an unfavorable and a favorable energy term. These two processes basically
cancel each other out, so when ionic solids dissolve in water, the heat released or gained is
minimal, and the temperature change is minimal.

Water is a polar solvent and dissolves polar solutes and ionic solutes. Carbon tetrachloride
(CCl,) is a nonpolar solvent and dissolves nonpolar solutes (like dissolves like). To predict
the polarity of the following molecules, draw the correct Lewis structure and then determine
if the individual bond dipoles cancel or not. If the bond dipoles are arranged in such a manner
that they cancel each other out, then the molecule is nonpolar. If the bond dipoles do not
cancel each other out, then the molecule is polar.

a. KrF,8+2(7)=22¢ b. SF,,6+2(7)=20¢
.o * . .o ..S..
FKF—F: 27 ON\E

nonpolar; soluble in CCl, polar; soluble in H,O

c. SO, 6+2(6)=18¢ d CO,4+2(6)=16¢

/§\ + 1 more ” o
O N O=—=C—=0

O:

polar; soluble in H,O nonpolar; soluble in CCl,
e. MgF; is an ionic compound so it is soluble in water.
f. CH)O,4+2(1)+6=12¢ g CHy24)+4(1)=12¢
H H
\C_C/

c e N
H/ \H H H

:0:

polar; soluble in H,O nonpolar (like all compounds made up of
only carbon and hydrogen); soluble in CCl,
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44,

45,

46.

47.

48.

49,

Water is a polar solvent and dissolves polar solutes and ionic solutes. Hexane (C¢H14) is a
nonpolar solvent and dissolves nonpolar solutes (like dissolves like).

a. Water; Cu(NOs3); is an ionic compound.
b. CsHis; CS; is a nonpolar molecule. c. Water; CH30H is polar.

d. CgHy4; the long nonpolar hydrocarbon chain favors a nonpolar solvent (the molecule
is mostly nonpolar).

e. Water; HClis polar. f.  CeHiu; CsHs is nonpolar.

Water exhibits H-bonding in the pure state and is classified as a polar solvent. Water will
dissolve other polar solutes and ionic solutes.

a. NHgs; NH; is capable of H-bonding, unlike PHa.
b. CHsCN; CH3CN is polar, while CH3CHjs is nonpolar.
c. CH;CO,H; CH;CO;H is capable of H-bonding, unlike the other compound.

For ionic compounds, as the charge of the ions increases and/or the size of the ions decreases,
the attraction to water (hydration) increases.

a. Mg?"; smaller size, higher charge b. Be®": smaller size
c. Fe*: smaller size, higher charge d. F~; smaller size
e. CI7; smaller size f. SO higher charge

As the length of the hydrocarbon chain increases, the solubility decreases. The —OH end of
the alcohols can hydrogen-bond with water. The hydrocarbon chain, however, is basically
nonpolar and interacts poorly with water. As the hydrocarbon chain gets longer, a greater
portion of the molecule cannot interact with the water molecules, and the solubility decreases;
i.e., the effect of the —OH group decreases as the alcohols get larger.

The main intermolecular forces are:

hexane (CsHi4): London dispersion; chloroform (CHCIs): dipole-dipole, London
dispersion; methanol (CH3;OH): H-bonding; and H,O: H-bonding (two places)

There is a gradual change in the nature of the intermolecular forces (weaker to stronger).
Each preceding solvent is miscible in its predecessor because there is not a great change in
the strengths of the intermolecular forces from one solvent to the next.

4
c=kp, 321X 1|_0 mol _ \ « 0.790 atm. Kk = 1.04 x 10~* mol/Leatm
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-4
c=kp, c= x04x107 mol ) 10atm=1.14 x 10° mollL
L atm
-3
50. c=kp = 23x107mol o torr x 2™ =51 x 10 moliL
L atm 760 torr

Vapor Pressures of Solutions

1 mol

=1.78 mol C3HgO4
92.099

51. Mol C5HgO3 =164 g x

0.992¢ y 1mol

Mol H,O =338 mL x
mL 18.02¢g

= 18.6 mol H,0

Proin = ZH,0Pf0 = o MOl 5474 torr = 0.913 x 54.74 torr = 50.0 torr

° (1.78 +18.6) mol

moles of C,H;OH
total molesin solution

_ o - =
52. I:)soln - XCZHSOHPCZH5OH’ XCzHSOH -

1mol C;HgO,

53.6 g CsHgO; X
9 ~aflee 92.09g

= 0.582 mol C3Hg04
1mol C,H;OH

133.7 g C,HsOH x
9 %2 46.07 g

= 2.90 mol C,Hs0H; total mol = 0.582 + 2.90

= 3.48 mol
2.90 mol o

113 torr = m X PCZHSOH’ PCOZHSOH =136 torr

53. The normal boiling point of a substance is the boiling point at 1 atm pressure. So for this
problem, P° = 760. torr at 34.5°C (the normal boiling point of diethyl ether).

P =yP°; 698 torr = y(760. torr), x=0.918 = mole fraction of diethyl ether

54. Ps = zgP8, xg =Pg/Pg =0.900 atm/0.930 atm = 0.968

0.968 = M; mol benzene = 78.11 g C¢Hs % Lmol

total mol 78.11¢g

=1.000 mol

Let x = mol solute, then: yg = 0.968 = M , 0.968 + (0.968)x = 1.000, x=0.033 mol

1.000 + x

10.0g

———=_ =303 g/mol ~ 3.0 x 10° g/mol
0.033 mol

Molar mass =
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55.  25.8gCHN,O x M = 0.430 mol: 275 g H,0 x =M~ 153 mol
60.06 g 18.02g
=198 0978 Pun=yu 0P = 0.973(23.8 torr) = 23.2 torr at 25°C
AH,0 = 530430~ 7% soln = X H,0 PH,0 = 0. (23.8 torr) = 23.2 torr a

Peoin = 0.973(71.9 torr) = 70.0 torr at 45°C
56.  19.6torr =y, ,(23.810rT), yy 0= 0.824; 7y, = 1.000-0.824=0.176

0.176 is the mol fraction of all the solute particles present. Because NaCl dissolves to pro-
duce two ions in solution (Na* and CI"), 0.176 is the mole fraction of Na* and CI” ions present
(assuming complete dissociation of NaCl).

At 45°C, Py o =0.824(71.9 torr) = 59.2 torr

57, a 25mL CeHypx 2839 1Mol _ o) ol CeHay
mL 72.15¢
45 ML CeHyy x 2889 IMOl o) 0l CeHue: total mol = 0.22 + 0.34 = 0.56 mol
mL 86.17 g

pLen _ mol pentane. in SO|l'JtI0n _ 022 mol -039, 45 =100-0.39= 061
total mol in solution 0.56 mol

P Po =0.39(511 torr) = 2.0 x 10° torr; P, = 0.61(150. torr) = 92 torr

_ L
pen — Xpen'pen

Piotal = Poen + Prex = 2.0 x 10 + 92 = 292 torr = 290 torr

b. From Chapter 5 on gases, the partial pressure of a gas is proportional to the number of
moles of gas present (at constant volume and temperature). For the vapor phase:

v _ molpentane invapor Py, 2.0 x 10° torr 069
Xpen total mol vapor Pt 290 torr '

Note: In the Solutions Guide, we added V or L superscripts to the mole fraction symbol to
emphasize for which value we are solving. If the L or V is omitted, then the liquid phase is
assumed.

L _0.0300 mol CH,CI,

58.  Puow= Peuc, +Pome,i P=x"P° Zoua, = 0.0800 mol total =037

Pow = 0.375(133 torr) + (1.000 — 0.375)(11.4 torr) = 49.9 + 7.13 = 57.0 torr

Pen,cl, _ 49.9 torr
P 57.0 torr

total

In the vapor: g ¢, = = 0.875; %tu,e, =1.000 -0.875=0.125

Note: In the Solutions Guide, we added V or L superscripts to the mole fraction symbol to
emphasize for which value we are solving. If the L or V is omitted, then the liquid phase is
assumed.
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59.

60.

61.

62.

63.

Piota = Pretn + Pprop, 174101 =y (303 t0IT) + 0 (44.6 tOIT); %100 = 1.000 = % per

174 = 303\, + (1.000 -y~ )44.6 torr, % = % = 0.500

Yo = 1.000 — 0.500 = 0.500

Piot = %iaiPois Poen = XbenPaens fOr the vapor, x X = Pa/Pioa. Because the mole fractions of
benzene and toluene are equal in the vapor phase, P, = P, -

Xttt = LbenPoen = (1.00 = 161 )Pien s X1o1 (28 torr) = (1.00 — 751) 95 torr
123715 = 95, % = 0.77; %pgen = 1.00-0.77 =0.23

Compared to H,O, solution d (methanol-water) will have the highest vapor pressure since
methanol is more volatile than water (P,ﬂ20 = 23.8 torr at 25°C). Both solution b (glucose-
water) and solution ¢ (NaCl-water) will have a lower vapor pressure than water by Raoult's
law. NaCl dissolves to give Na* ions and CI™ ions; glucose is a nonelectrolyte. Because there
are more solute particles in solution c, the vapor pressure of solution ¢ will be the lowest.

Solution d (methanol-water); methanol is more volatile than water, which will increase the
total vapor pressure to a value greater than the vapor pressure of pure water at this tempera-
ture.

The first diagram shows positive deviation from Raoult's law. This occurs when the solute-
solvent interactions are weaker than the interactions in pure solvent and pure solute. The
second diagram illustrates negative deviation from Raoult's law. This occurs when the
solute-solvent interactions are stronger than the interactions in pure solvent and pure solute.
The third diagram illustrates an ideal solution with no deviation from Raoult's law. This
occurs when the solute-solvent interactions are about equal to the pure solvent and pure
solute interactions.

a. These two molecules are named acetone (CH3;COCH;) and water. As discussed in
section 11.4 on nonideal solutions, acetone-water solutions exhibit negative deviations
from Raoult’s law. Acetone and water have the ability to hydrogen bond with each other,
which gives the solution stronger intermolecular forces as compared to the pure states of
both solute and solvent. In the pure state, acetone cannot H-bond with itself. So the
middle diagram illustrating negative deviations from Raoult’s law is the correct choice
for acetone-water solutions.

b. These two molecules are named ethanol (CH;CH,OH) and water. Ethanol-water
solutions show positive deviations from Raoult’s law. Both substances can hydrogen
bond in the pure state, and they can continue this in solution. However, the solute-
solvent interactions are somewhat weaker for ethanol-water solutions due to the
significant nonpolar part of ethanol (CH;-CHj, is the nonpolar part of ethanol). This
nonpolar part of ethanol weakens the intermolecular forces in solution. So the first
diagram illustrating positive deviations from Raoult’s law is the correct choice for
ethanol-water solutions.
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64.

These two molecules are named heptane (C;Hjys) and hexane (C¢His). Heptane and
hexane are very similar nonpolar substances; both are composed entirely of nonpolar
C-C bonds and relatively nonpolar C-H bonds, and both have a similar size and shape.
Solutions of heptane and hexane should be ideal. So the third diagram illustrating no
deviation from Raoult’s law is the correct choice for heptane-hexane solutions.

These two molecules are named heptane (C;H;5) and water. The interactions between the
nonpolar heptane molecules and the polar water molecules will certainly be weaker in
solution as compared to the pure solvent and pure solute interactions. This results in
positive deviations from Raoult’s law (the first diagram).

An ideal solution would have a vapor pressure at any mole fraction of H,O between that
of pure propanol and pure water (between 74.0 and 71.9 torr). The vapor pressures of the
various solutions are not between these limits, so water and propanol do not form ideal
solutions.

From the data, the vapor pressures of the various solutions are greater than if the
solutions behaved ideally (positive deviation from Raoult’s law). This occurs when the
intermolecular forces in solution are weaker than the intermolecular forces in pure
solvent and pure solute. This gives rise to endothermic (positive) AHgqn Values.

The interactions between propanol and water molecules are weaker than between the pure
substances because the solutions exhibit a positive deviation from Raoult’s law.

At x,0= 0.54, the vapor pressure is highest as compared to the other solutions. Because
a solution boils when the vapor pressure of the solution equals the external pressure, the
%n,0 = 0.54 solution should have the lowest normal boiling point; this solution will have
a vapor pressure equal to 1 atm at a lower temperature as compared to the other solutions.

Colligative Properties

65.

66.

Molality =m =

AT, = Kym =

AT, =77.85°C - 76.50°C = 1.35°C; m=

Mol biomolecule = 0.0150 kg solvent x

molsolute _ 27.0g N,H,CO y 100049 5 1mol N,H,CO

= = 3.00 molal
kg solvent 150.0g H,0 kg 60.06 g N,H,CO

0.51°C
molal

x 3.00 molal = 1.5°C

The boiling point is raised from 100.0 to 101.5°C (assuming P = 1 atm).

AT, 1.35°C
K, 5.03°Ckg/mol

= 0.268 mol/kg

0.268 mol hydrocarbon

=4.02 x 10~*mol
kg solvent
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67.

68.

69.

70.

71.

From the problem, 2.00 g biomolecule was used that must contain 4.02 x 10~ mol
biomolecule. The molar mass of the biomolecule is:

2.00 93 =498 g/mol
4.02 x 10~° mol
ATs = Kim, AT;=1.50°C = 186°C x m, m=0.806 mol/kg
molal
0.200 kg H,0 x 0.806 mol C3HgO4 y 92.09 g C3HgO4 - 14.8 g C4H:Os
kg H,O mol C3HgO4
AT¢=25.50°C — 24.59°C =0.91°C=Kim, m= _09l*C = 0.10 mol/kg
9.1°C/molal

0.10 mol H,0 5 18.02g H,0

Mass H,0 = 0.0100 kg t-butanol x
kg t - butanol mol H,0

=0.018 g H,0

50.09 C,HgO,  1000g _imol
50.0g H,0 kg = 6207g

Molality =m = =16.1 mol/kg

AT = Kim = 1.86°C/molal x 16.1 molal = 29.9°C; T¢=0.0°C — 29.9°C =-29.9°C
AT, = Kym = 0.51°C/molal x 16.1 molal = 8.2°C; T, =100.0°C + 8.2°C = 108.2°C

AT 25.0°C

m= =
K¢ 1.86 °C kg/mol

= 13.4 mol CzHGOZ/kg

Because the density of water is 1.00 g/cm3, the moles of C,H¢O, needed are:

1.00 kg H,O g 13.4 mol C,H¢O,

15.0 L H,0 x
L H,0 kg H,0

=201 mol C,Hg0O,

62079 1cm®
molC,HsO,  1.11g

Volume C,HgO, = 201 mol C,HgO, x =11,200cm*=11.2 L

0.51°C

AT, = Kym =
molal

x 13.4 molal = 6.8°C; T, =100.0°C + 6.8°C = 106.8°C

AT, 263°C 6.6 x 107 mol reserpine

Ki  40.°Ckg/mol kg solvent

ATi= Kim, m =

The moles of reserpine present is:

6.6 x 1072 mol reserpine
kg solvent

0.0250 kg solvent x = 1.7 x 10~ mol reserpine
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72.

73.

74.

From the problem, 1.00 g reserpine was used, which must contain 1.7 x 10~ mol reserpine.
The molar mass of reserpine is:

% =590 g/mol (610 g/mol if no rounding of numbers)
1.7 x 107" mol
0
m=AT . 055C 54 mol/kg

Kp " 1.71°C kg/mol
0.32 mol hydrocarbon

= 0.030 mol hydrocarbon
kg solvent

Mol hydrocarbon = 0.095 kg solvent x

From the problem, 3.75 g hydrocarbon was used, which must contain 0.030 mol hydrocarbon.
The molar mass of the hydrocarbon is:

3.75¢

————— =130 g/mol (120 g/mol if no rounding of numbers)
0.030 mol

_10g¢ protein y 1mol

e 1.1 x 10°mol/L; ©==MRT
L 9.0x10% g

a. M

-5
1.1 x 10 mol N 0.08206 L atm X 298 K x 760 torr

, = 0.20 torr
L K mol atm

At 298 K: n=

Because d = 1.0 g/cm®, 1.0 L solution has a mass of 1.0 kg. Because only 1.0 g of protein
is present per liter of solution, 1.0 kg of H,O is present to the correct number of signifi-
cant figures, and molality equals molarity.

1.86°C
molal

x 1.1 x 10°molal =2.0 x 107°°C

ATs= Kim =

b. Osmotic pressure is better for determining the molar mass of large molecules. A tem-
perature change of 107°°C is very difficult to measure. A change in height of a column
of mercury by 0.2 mm (0.2 torr) is not as hard to measure precisely.

o]
m = AT = _0406°C 0.218 mol/kg

K; 1.86 °C/molal

n = MRT, where M = mol/L; we must assume that molarity = molality so that we can
calculate the osmotic pressure. This is a reasonable assumption for dilute solutions when 1.00
kg of water ~ 1.00 L of solution. Assuming NaCl exists as Na* and CI™ ions in solution, a
0.218 m solution corresponds to 6.37 g NaCl dissolved in 1.00 kg of water. The volume of
solution may be a little larger than 1.00 L but not by much (to three sig. figs.). The
assumption that molarity = molality will be good here.

n = (0.218 M)(0.08206 L atm/K » mol)(298 K) = 5.33 atm
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0.745 torr x 7(1sgttr2rr
I -5
75. M= — = =3.98 x 10~ mol/L
R 0.08206 L atm « 300 K
K mol
-5
1,00 L x 28~ lLO Mol _ 3 98 x 10-° mol catalase
Molar mass = 10.00% = 2.51 x 10° g/mol
3.98 x 10 mol
76.  w=MRT, n=186torr x —om_ = x 208200LaM , »g8 4 M= 1.00 x 10° moliL
760 torr K mol
-3 .
Mol protein = 0.0020 L x 1.00 ~ 10 Lmol protein _ 2.0 x 107° mol protein
Molar mass = 01—52 = 7.5 x 10* g/mol
2.0 x 107 mol
T 15atm
77. n=MRT, M= — = =0.62M
RT  0.08206 L atm « 205 K
K mol
0.62 mol y 342.30¢g - 212 g/l ~ 210 g/L
Dissolve 210 g of sucrose in some water and dilute to 1.0 L in a volumetric flask. To get 0.62
+0.01 mol/L, we need 212 +3 g sucrose.
T 15atm .
78. M= _—= = 0.62 M solute particles
RT  0.08206 L atm « 205 K
K mol

This represents the total molarity of the solute particles. NaCl is a soluble ionic compound
that breaks up into two ions, Na* and CI". Therefore, the concentration of NaCl needed is
0.62/2 = 0.31 M; this NaCl concentration will produce a 0.62 M solute particle solution
assuming complete dissociation.

« 0.31mol NaCl y 58.44 g NaCl
mol NaCl

10L

=18.1 =18 g NaCl

Dissolve 18 g of NaCl in some water and dilute to 1.0 L in a volumetric flask. To get 0.31
+0.01 mol/L, we need 18.1 g +0.6 g NaCl in 1.00 L solution.
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Properties of Electrolyte Solutions

79.

80.

81.

NasPO,(s) — 3 Na*(aq) + PO (aq), i =4.0; CaBry(s) - Ca’"(aq) + 2 Br(ag), i=3.0
KCI(s) — K*(aq) + Cl(ag), i=2.0
The effective particle concentrations of the solutions are (assuming complete dissociation):

4.0(0.010 molal) = 0.040 molal for the NazPO, solution; 3.0(0.020 molal) = 0.060 molal
for the CaBr; solution; 2.0(0.020 molal) = 0.040 molal for the KCI solution; slightly
greater than 0.020 molal for the HF solution because HF only partially dissociates in
water (it is a weak acid).

a. The 0.010 m NazPQO, solution and the 0.020 m KCI solution both have effective particle
concentrations of 0.040 m (assuming complete dissociation), so both of these solutions
should have the same boiling point as the 0.040 m CgH;,05 solution (a nonelectrolyte).

b. P=yP° as the solute concentration decreases, the solvent’s vapor pressure increases
because y increases. Therefore, the 0.020 m HF solution will have the highest vapor
pressure because it has the smallest effective particle concentration.

c. AT =Km; the 0.020 m CaBr, solution has the largest effective particle concentration, so
it will have the largest freezing point depression (largest AT).

The solutions of Cy,H2,04;, NaCl, and CaCl, will all have lower freezing points, higher
boiling points, and higher osmotic pressures than pure water. The solution with the largest
particle concentration will have the lowest freezing point, the highest boiling point, and the
highest osmotic pressure. The CaCl, solution will have the largest effective particle
concentration because it produces three ions per mole of compound.

a. pure water b. CaCl, solution c. CaCl, solution

d. pure water e. CacCl, solution

— 50g NaCl X Lmol _ 3.4 molal; NaCl(ag) — Na*(aqg) + Cl'(ag), i=2.0
0.025 kg 58.44 ¢

AT = iIKim = 2.0 x 1.86°C/molal x 3.4 molal = 13°C; T;=-13°C

ATp = iKym = 2.0 x 0.51°C/molal x 3.4 molal = 3.5°C; T, =103.5°C

m = 2.09 AI(NO3); y 1mol
0.015kg 213.01g

= 0.63 mol/kg

AI(NO3)s(aq) — Al**(ag) + 3 NO; (aq), i=4.0
AT = iKim = 4.0 x 1.86°C/molal x 0.63 molal = 4.7°C; T;=-4.7°C

ATy, = iKym = 4.0 x 0.51°C/molal x 0.63 molal = 1.3°C; T, =101.3°C
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82.

83.

84.

85.

86.

NaCl(s) — Na*(aq) + Cl(aq), i=2.0

0.10mol 5 0.08206 L atm
K mol

n=1iMRT =2.0 x x 293 K =4.8 atm

A pressure greater than 4.8 atm should be applied to ensure purification by reverse osmosis.

There are six cations and six anions in the illustration which indicates six solute formula units
initially. There are a total of 10 solute particles in solution (a combined ion pair counts as
one solute particle). So the value for the van’t Hoff factor is:
- moles of particles insolution 10 167
moles of solute dissolved 6

From Table 11.6, MgSO, has an observed i value of 1.3 while the observed i value for NaCl
is 1.9. Both salts have an expected i value of 2. The expected i value for a salt is determined
by assuming 100% of the salt breaks up into separate cations and anions. The MgSO, solu-
tion is furthest from the expected i value because it forms the most combined ion pairs in
solution. So the figure on the left with the most combined ion pairs represents the MgSO,
solution. The figure on the right represents the NaCl solution. When NaCl is in solution, it
has very few combined ion pairs and, hence, has a van’t Hoff factor very close to the
expected i value.
a. MgCly(s) - Mg**(aqg) + 2 Cl(ag), i =3.0 mol ions/mol solute

AT = iKim = 3.0 x 1.86 °C/molal x 0.050 molal = 0.28°C

Assuming water freezes at 0.00°C, the freezing point would be —0.28°C.

ATy = iKym = 3.0 x 0.51 °C/molal x 0.050 molal = 0.077°C; T, =100.077°C (Assuming
water boils at 100.000°C.)

b. FeClsy(s) — Fe**(aqg) + 3 Cl'(aqg), i = 4.0 mol ions/mol solute
AT = iKim = 4.0 x 1.86 °C/molal x 0.050 molal = 0.37°C; T¢=-0.37°C
ATy = iKym = 4.0 x 0.51 °C/molal x 0.050 molal =0.10°C; T, =100.10°C
a. MgCl,, i (observed) = 2.7
AT = iKgm = 2.7 x 1.86 °C/molal x 0.050 molal = 0.25°C; T¢=-0.25°C

ATy, = iKym = 2.7 x 0.51 °C/molal x 0.050 molal = 0.069°C; T, = 100.069°C

b. FeCls, i (observed) =3.4
ATs = iIKim = 3.4 x 1.86 °C/molal x 0.050 molal = 0.32°C; T;=-0.32°C

ATy, = iKym = 3.4 x 0.51°C/molal x 0.050 molal = 0.087°C; T, = 100.087°C
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87. ATe=iKm, i = ATy = 0.110°C = 2.63 for 0.0225 m CaCl,

Kim  1.86°C/molal x 0.0225 molal

0.440 . 1330

iz —— =2.60for 0.0910 m CaCl,; i= ———— =257 for 0.278 m CaCl,
1.86 x 0.0910 1.86 x 0.278

lave = (2.63 +2.60 + 2.57)/3 = 2.60

Note that i is less than the ideal value of 3.0 for CaCl,. This is due to ion pairing in solution.
Also note that as molality increases, i decreases. More ion pairing appears to occur as the
solute concentration increases.

AT, 0.440°C

88. For CaCl,: i = =26

K¢m  1.86 °C/molal x 0.091molal

26-1.0

Percent CaCl, ionized = x 100 = 80.%; 20.% ion association occurs.

0]
AT 0.320°C _1g

For CsCl: i = = =
K¢m  1.86 °C/molal x 0.091 molal

Percent CsCl ionized = ;'3_1'0

x 100 = 90.%; 10% ion association occurs.

The ion association is greater in the CaCl, solution.
89. a. Tc=5(Tg—32)/9 =5(-29 - 32)/9 = -34°C

Assuming the solubility of CaCl, is temperature independent, the molality of a saturated
CaCl, solution is:

74.5g CaCl, N 100049 g 1molCaCl, _ 6.71mol CaCl,
100.0g H,O kg 110.98 g CaCl, kg H,0

AT = iK¢m = 3.00 x 1.86 °C kg/mol x 6.71 mol/kg = 37.4°C
Assuming i = 3.00, a saturated solution of CaCl, can lower the freezing point of water to
—37.4°C. Assuming these conditions, a saturated CaCl, solution should melt ice at —-34°C
(-29°F).

b. From Exercise 87, i~ 2.6; AT;=iKim =2.6 x 1.86 x 6.71 = 32°C; T;=-32°C.

Assuming i = 2.6, a saturated CacCl, solution will not melt ice at —34°C (-29°F).

no_ 2.50 atm
200 x 0.08206 L atm
K mol

=511 x 1072 mol/L

90. n=IMRT, M= -

IRT « 298 K
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0.500g

5.11 x 1072 mol
L

Molar mass of compound = =97.8 g/mol

0.1000 L x

Additional Exercises

91.

92.

93.

Benzoic acid is capable of hydrogen-bonding, but a significant part of benzoic acid is the
nonpolar benzene ring. In benzene, a hydrogen-bonded dimer forms.

O----H—oO0
% \
C\ //C
O—H----0
The dimer is relatively nonpolar and thus more soluble in benzene than in water.

Benzoic acid would be more soluble in a basic solution because of the reaction C¢HsCO,H +
OH — C¢HsCO, + H,0. By removing the acidic proton from benzoic acid, an anion
forms, and like all anions, the species becomes more soluble in water.

Water is a polar solvent because the H,O molecule exhibits a dipole moment, that is, H,O is
a molecule which has a partial negative charged end and a partial positive charged end. The
electrostatic potential diagram for H,O illustrates this with colors. The partial negative end of
the dipole moment is the red end and the partial positive end is around the blue end.

Because water is a polar solvent, it will dissolve other polar covalent compounds. The
electrostatic potential diagram for NH; illustrates that NH; has a dipole moment (the red end
is the partial neative end and the light blue end is the partial positive end). Because NH3 has
a dipole moment (is polar), it will be soluble in water. However, the electrostatic potential
diagram for CH, doesn’t have one specific negative (red) end and has four blue regions
arranged symmetrically about the molecule. CH, does not have a dipole moment (is nonpolar)
and will not be soluble in water.

a. NH,NOs(s) — NH,(aq) + NOs(aq) AHgp = ?

Heat gain by dissolution process = heat loss by solution; we will keep all quantities posi-
tive in order to avoid sign errors. Because the temperature of the water decreased, the
dissolution of NH4NOj is endothermic (AH is positive). Mass of solution = 1.60 + 75.0
=76.6 g.

Heat loss by solution = % X 76.6 g % (25.00°C — 23.34°C) =532
°Cg
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532 ., 80.059 NH,;NO,

AHsoln =
1.60 g NH,NO, mol NH,NO,

=2.66 x 10* J/mol = 26.6 kJ/mol

b. We will use Hess’s law to solve for the lattice energy. The lattice-energy equation is:
NH4 (g) + NOs(g) - NH4NOs(s) AH = lattice energy

NH,"(g) + NOs(g) — NH,'(ag) + NO3 (aq) AH = AHpyg = —630. kd/mol
NH,"(aq) + NOs (ag) = NH;NOs(s) AH = —AHg, = —26.6 kd/mol
NH4+(g) + Nosi(g) - NH4NOS(S) AH = Athd - AHsoln
= -657 kJ/mol

12mLC,H.OH y 0.799C,H.OH y 1mol C,H;OH
100. mL juice mL 46.07¢g
N 2mol CO,

2 mol C,H,OH

94, 750. mL grape juice X

=154 mol CO, (carry extra significant figure)
1.54 mol CO; = total mol CO, = mol CO(g) + mol CO,(aq) = ng + Ny

0.08206 L atm
n| —— (298 K
ngRT g( mol K J( )

_ = 326n
€0, V 75 x 102 L o
naq
C 0.750 L
P, = —=——22 = =(43.0)n
€% Tk T 31x1072 mol “
L atm

Pco, = 326ng = (43.0)nyq, and from above, ny =1.54 —ng; solving:

326n, = 43.0(1.54 — ng), 369n,=66.2, ny=0.18 mol

Pco, = 326(0.18) = 59 atm in gas phase;

-2
1.8 mol L
C= kPCO = M x 59 atm = M (m Wme)
2 L atm
95. a. Water boils when the vapor pressure equals the pressure above the water. In an open pan,

Pam =~ 1.0 atm. In a pressure cooker, Pinsige > 1.0 atm, and water boils at a higher temper-
ature. The higher the cooking temperature, the faster is the cooking time.

b. Salt dissolves in water, forming a solution with a melting point lower than that of pure
water (AT = Kim). This happens in water on the surface of ice. If it is not too cold, the
ice melts. This won't work if the ambient temperature is lower than the depressed
freezing point of the salt solution.
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96.

97.

98.

C.

€.

When water freezes from a solution, it freezes as pure water, leaving behind a more
concentrated salt solution. Therefore, the melt of frozen sea ice is pure water.

In the CO, phase diagram in Chapter 10, the triple point is above 1 atm, so CO,(g) is the
stable phase at 1 atm and room temperature. CO,(l) can't exist at normal atmospheric
pressures. Therefore, dry ice sublimes instead of boils. In a fire extinguisher, P > 1 atm,
and COy(I) can exist. When CO; is released from the fire extinguisher, CO,(g) forms, as
predicted from the phase diagram.

Adding a solute to a solvent increases the boiling point and decreases the freezing point
of the solvent. Thus the solvent is a liquid over a wider range of temperatures when a
solute is dissolved.

A 92 proof ethanol solution is 46% C,HsOH by volume. Assuming 100.0 mL of solution:

0.79¢9 y 1mol C,H,OH

mol ethanol = 46 mL C,HsOH x
mL 46.07 ¢

=0.79 mol C,HsOH

molarity = 0.79 mol = 7.9 M ethanol

0.1000 L

Because partial pressures are proportional to the moles of gas present, then:

Zé/sz = Pcs2 IPygta

Pes, = 2, Protal = 0.855(263 torr) = 225 torr

Pcs, 225 torr

L L _
Pcs, = xcs,PCs,» XCs, = = =0.600

Pgsz 375 torr

AH; and AH, refer to the breaking of intermolecular forces in pure solute and in pure solvent.
AHs refers to the formation of the intermolecular forces in solution between the solute and
solvent. AHg,, is the sum AH; + AH, + AHs.

a.

The electrostatic potential diagram illustrates that acetone (CH3;COCHj3), like water, is a
polar substance (each has a red end indicating the partial negative end of the dipole
moment and a blue end indicating the partial positive end). For a polar solute in a polar
solvent, AH; and AH, will be large and positive, while AH; will be a large negative value.
As discussed in section 17.4 on nonideal solutions, acetone-water solutions exhibit
negative deviations from Raoult’s law. Acetone and water have the ability to hydrogen
bond with each other, which gives the solution stronger intermolecular forces as
compared to the pure states of both solute and solvent. In the pure state, acetone cannot
H-bond with itself. Because acetone and water show negative deviations from Raoult’s
law, one would expect AHg,, to be slightly negative. Here AH; will be more than
negative enough to overcome the large positive value from the AH; and AH, terms
combined.
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99.

b. These two molecules are named ethanol (CH;CH,OH) and water. Ethanol-water
solutions show positive deviations from Raoult’s law. Both substances can hydrogen
bond in the pure state, and they can continue this in solution. However, the solute-
solvent interactions are somewhat weaker for ethanol-water solutions due to the small
nonpolar part of ethanol (CH3;CHj is the nonpolar part of ethanol). This nonpolar part of
ethanol slightly weakens the intermolecular forces in solution. So as in part a, when a
polar solute and polar solvent are present, AH; and AH, are large and positive, while AH3
is large and negative. For positive deviations from Raoult’s law, the interactions in
solution are weaker than the interactions in pure solute and pure solvent. Here, AHgqn
will be slightly positive because the AH; term is not negative enough to overcome the
large, positive AH; and AH, terms combined.

c. As the electrostatic potential diagrams indicate, both heptane (C;Hi5) and hexane (CgH14)
are nonpolar substances. For a nonpolar solute dissolved in a nonpolar solvent, AH; and
AH, are small and positive, while the AH; term is small and negative. These three terms
have small values due to the relatively weak London dispersion forces that are broken
and formed for solutions consisting of a nonpolar solute in a nonpolar solvent. Because
AH;, AH,, and AHj; are all small values, the AHg, value will be small. Here, heptane and
hexane would form an ideal solution because the relative strengths of the London
dispersion forces are about equal in pure solute and pure solvent as compared to those LD
forces in solution. For ideal solutions, AHgy, = 0.

d. This combination represents a nonpolar solute in a polar solvent. AH; will be small due
to the relative weak London dispersion forces which are broken when the solute (C;He)
expands. AH, will be large and positive because of the relatively strong hydrogen
bonding interactions that must be broken when the polar solvent (water) is expanded.
And finally, the AH; term will be small because the nonpolar solute and polar solvent do
not interact with each other. The end result is that AHg, is a large positive value.

1mol

50.0 g CH3COCH; x =0.861 mol acetone
58.08¢9

50.0 g CHsOH x —~1°!
32.04g

= 1.56 mol methanol

. _ 0861

Xacetone — m = 0'356; X:‘Bethanol =1.000 - Xlefcetone =0.644

Ptota| = Pmethan0| + Pacetone = 0.644(143 torr) + 0.356(271 torr) = 92.1 torr + 96.5 torr
= 188.6 torr
Because partial pressures are proportional to the moles of gas present, in the vapor phase:

i Pacetone _ 96.5torr

Xacetone = Protal 188.6 torr

= 0.512; %Y e = 1.000 — 0.512 = 0.488

The actual vapor pressure of the solution (161 torr) is less than the calculated pressure
assuming ideal behavior (188.6 torr). Therefore, the solution exhibits negative deviations
from Raoult’s law. This occurs when the solute-solvent interactions are stronger than in pure
solute and pure solvent.
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100.

101.

102.

103.

0.1 mol y 0.08206 L atm
L K mol

n=MRT = x 298 K = 2.45 atm = 2 atm

760 mm Hg
atm

m =2 atm X ~ 2000 mm=2m

The osmotic pressure would support a mercury column of approximately 2 m. The height of
a fluid column in a tree will be higher because Hg is more dense than the fluid in a tree. If we
assume the fluid in a tree is mostly H,O, then the fluid has a density of 1.0 g/cm®. The
density of Hg is 13.6 g/cm”.

Height of fluid ~ 2 m x 13.6 ~ 30 m

AT, 0300°C _ 5.86 x 10 mol thyroxine

AT = Kfm, m= = =
K¢  5.12°Ckg/mol kg benzene

The moles of thyroxine present are:

5.86 x 10~* mol thyroxine

0.0100 kg benzene x
kg benzene

=5.86 x 10™* mol thyroxine

From the problem, 0.455 g thyroxine was used; this must contain 5.86 x 10~* mol thyroxine.
The molar mass of the thyroxine is:

0.455

molar mass = .
5.86 x 107" mol

=776 g/mol

=0.327 mol/L

1= MRT, M= o 8.00 atm
RT  0.08206 L atm/K « mol x 298 K
Out of 100.00 g, there are:

31.57gC x 2MIC _ 5 629 mot c: 2922~ 1 000
12.01 2.629

530gHx ~MH _ 5 o8 morH: 228 500
1.008¢ 2.629

631390 x ~190 _ 3 s mol0; 224~ 1 5m
16.00 2.629

Empirical formula: C,H4Os; use the freezing-point data to determine the molar mass.

ATy 5.20°C
K; 1.86°C/molal

m = = 2.80 molal

Mol solute = 0.0250 kg x M =0.0700 mol solute

kg
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104.

105.

106.

10.56¢

Molar mass = ———
0.0700 mol

=151 g/mol

The empirical formula mass of C,H,05; = 76.05 g/mol. Because the molar mass is about twice
the empirical mass, the molecular formula is C4HgOg, which has a molar mass of 152.10
g/mol.

Note: We use the experimental molar mass to determine the molecular formula. Knowing
this, we calculate the molar mass precisely from the molecular for
mula using the atomic masses in the periodic table.

a. As discussed in Figure 11.18 of the text, the water would migrate from left to right (to the
side with the solution). Initially, the level of liquid in the left arm would go down, and the
level in the right arm would go up. At some point the rate of solvent (H,O) transfer will
be the same in both directions, and the levels of the liquids in the two arms will stabilize.
The height difference between the two arms is a measure of the osmotic pressure of the
solution.

b. Initially, H,O molecules will have a net migration into the solution side. However, the
solute can now migrate into the H,O side. Because solute and solvent transfer are both
possible, the levels of the liquids will be equal once the rates of solute and solvent
transfer are equal in both directions. At this point the concentration of solute will be equal
in both chambers, and the levels of liquid will be equal.

If ideal, NaCl dissociates completely, and i = 2.00. AT¢ = iK¢m; assuming water freezes at
0.00°C:

1.28°C = 2 x 1.86°C kg/mol x m, m =0.344 mol NaCl/kg H,O

Assume an amount of solution that contains 1.00 kg of water (solvent).

58.44 ¢
mol
20.1g
1.00 x 10° g +20.1g

0.344 mol NaCl x

= 20.1 g NaCl

Mass % NaCl = x 100=1.97%

The main factor for stabilization seems to be electrostatic repulsion. The center of a colloid
particle is surrounded by a layer of same charged ions, with oppositely charged ions forming
another charged layer on the outside. Overall, there are equal numbers of charged and
oppositely charged ions, so the colloidal particles are electrically neutral. However, since the
outer layers are the same charge, the particles repel each other and do not easily aggregate for
precipitation to occur.

Heating increases the velocities of the colloidal particles. This causes the particles to collide
with enough energy to break the ion barriers, allowing the colloids to aggregate and
eventually precipitate out. Adding an electrolyte neutralizes the adsorbed ion layers, which
allows colloidal particles to aggregate and then precipitate out.
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0
107. AT=Kkm m=2T__27C  _150molal
K; 1.86 °C/molal

a. AT= Kym, AT =(0.51°C/molal)(1.50 molal) = 0.77°C, T,= 100.77°C

mol H,0
mol H,O + mol solute

b. P

_ o
soln Xwaterpwaterv Xwater ~

Assuming 1.00 kg of water, we have 1.50 mol solute, and:

1mol H,0
mol H,0 = 1.00 x 10° g H,0 x — > "2 — 55 5 mol H,0
18.02g H,0
55.5 mol
usr = T = 0.974; Paon = (0.974)(28.76 mm Hg) = 23.1mm Hg

c. We assumed ideal behavior in solution formation, we assumed the solute was nonvolatile,
and we assumed i = 1 (no ions formed).

108. a. The average values for each ion are:
300. mg Na*, 15.7 mg K*, 5.45 mg Ca®*, 388 mg CI", and 246 mg lactate (CsHsO3 )

Note: Because we can precisely weigh to £0.1 mg on an analytical balance, we'll carry
extra significant figures and calculate results to +0.1 mg.

The only source of lactate is NaC3HsOs.

112.06 mg NaC;H;O,

246 mg C3H5037 X _
89.07 mg C,H0,

= 309.5 mg sodium lactate

The only source of Ca®* is CaCl,*2H-0.
147.01mg CaCl, . 2H,0

5.45 mg Ca®* x =19.99 or 20.0 mg CaCl,*2H,0

40.08 mg Ca?*
The only source of K" is KCI.
157 mgK* x LH99MIKCL _ 59 5 g kel
39.10mg K*

From what we have used already, let's calculate the mass of Na* added.
309.5 mg sodium lactate — 246.0 mg lactate = 63.5 mg Na*

Thus we need to add an additional 236.5 mg Na* to get the desired 300. mg.

58.44 mg NaCl

236.5 mg Na* x
22.99mg Na*

=601.2 mg NacCl
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Now let's check the mass of CI™ added:

70.90 mg CI~

20.0 mg CaCly*2H,0 x
147.01mg CaCl, . 2H,0

=9.6 mg CI”

20.0 mg CaCl,*2H,0 = 9.6 mg CI”
29.9 mg KCl - 15.7mg K" = 14.2 mg CI”
601.2 mg NaCl — 236.5 mg Na" = 364.7 mg CI”

Total CI" = 388.5mg CI

This is the quantity of CI” we want (the average amount of CI").

An analytical balance can weigh to the nearest 0.1 mg. We would use 309.5 mg sodium
lactate, 20.0 mg CaCly*2H,0, 29.9 mg KCI, and 601.2 mg NaCl.

b. To get the range of osmotic pressure, we need to calculate the molar concentration of
each ion at its minimum and maximum values. At minimum concentrations, we have:

285mg Na y 1 mmol = 0.124 M: 14.1mgK y 1 mmol — 0.00361 M
100. mL 22.99 mg 100.mL  39.10 mg
2+ -
4.9mg Ca 5 1mmol _ 0.0012 M: 368 mg Cl y 1mmol _ 0.104 M
100. mL 40.08 mg 100.mL  35.45mg

231mg C;HO4 y 1 mmol
100. mL 89.07 mg

=0.0259 M (Note: Molarity = mol/L = mmol/mL.)

Total =0.124 + 0.00361 + 0.0012 + 0.104 + 0.0259 = 0.259 M

0.259 mol y 0.08206 L atm
K mol

n=MRT = x 310. K= 6.59 atm

Similarly, at maximum concentrations, the concentration for each ion is:
Na*: 0.137 M; K*: 0.00442 M; Ca*": 0.0015 M; CI: 0.115 M; C3HsO5: 0.0293 M

The total concentration of all ions is 0.287 M.

a— 0.287 mol y 0.08206 L atm
L K mol

x 310. K = 7.30 atm

Osmotic pressure ranges from 6.59 atm to 7.30 atm.

0.995¢

109. Mass of H,O = 160. mL x =159 g=0.159 kg

Mol NaDTZ =0.159 kg x %mol =0.0601 mol

g
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Molar mass of NaDTZ = _ 3849 _ 639 g/mol
0.0601 mol
- o . _ 1mol _
Psomn = XHZOPHZO, mol H,O =159 g x 1802 =8.82 mol

Sodium diatrizoate is a salt because there is a metal (sodium) in the compound. From the
short-hand notation for sodium diatrizoate, NaDTZ, we can assume this salt breaks up into
Na*and DTZ" ions. So the moles of solute particles are 2(0.0601) = 0.120 mol solute
particles.

o = 8.82 mol = 0.987; Pen= 0.987 x 34.1 torr = 33.7 torr
2 0.120 mol +8.82 mol
ChemWork Problems

The answers to the problems 110-117 (or a variation to these problem) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

118.

For the second vapor collected, 5 , = 0.714 and %y , = 0.286. Let x5 , =mole fraction of
benzene in the second solution and X'|L',2 = mole fraction of toluene in the second solution.

18,2 +xt,2 = 1.000

Ps  Pg %5,2(750.0 torr)
P

oul P+ Pr %5,2(750.0 torr) + (1.000 — %5 ,)(300.0 torr)

As o =0.714=

Solving: x5, =0.500=x},

This second solution came from the vapor collected from the first (initial) solution, so, s , =
%y = 0.500. Let x5 ,= mole fraction benzene in the first solution and y , = mole fraction
of toluene in first solution. x5, + %, = 1.000.

P, Py %5.1(750.0 torr)
P

ol Pa+Pr %5.1(750.0 torr) + (1.000 — x5 ,)(300.0 torr)

xp1 = 0.500 =

Solving: x5, = 0.286

The original solution had yg = 0.286 and y = 0.714.
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119.

120.

Pa

ATFB

For 30.% A by moles in the vapor, 30. = % 100:

0.30= — %X __ 30 = KX
XaXt XY xaX+(@.00-%)y

7a X = 0.30(3a X) + 0.30 y — 0.30(3a ¥), %a X — (0.30)xa X + (0.30)3ay = 0.30y

0.30y
0.70x+0.30y

7a(x—0.30 X + 0.30y) = 0.30 y, ya = ;s =1.00 - ya

Similarly, if vapor above is 50.% A: y, = y 7 g =1.00— y

X+Yy X+Yy

. 0.80y
If vapor above is 80.% A: R o =1.00 -
P P AT 920x+080y 1

If the liquid solution is 30.% A by moles, xa = 0.30.

Thus s = P Pr_ - 030 and yy =1.00 — _030x
A+Pg  030x+0.70y 0.30x+0.70y

If solution is 50.% A: 3 = —> and zY =1.00—4Y
X+Yy

0.80 x

If SOIUtion iS 80.% A: XX = m
. X+ 0. Yy

and yy =1.00 —y

a. Freezing-point depression is determined using molality for the concentration units,
whereas molarity units are used to determine osmotic pressure. We need to assume that
the molality of the solution equals the molarity of the solution.

moles solvent . moles solvent
; molality = ———

b. Molarity = —;
liters solution kg solvent

When the liters of solution equal the kilograms of solvent present for a solution, then
molarity equals molality. This occurs for an aqueous solution when the density of the
solution is equal to the density of water, 1.00 g/cm®. The density of a solution is close to
1.00 g/cm® when not a lot of solute is dissolved in solution. Therefore, molarity and
molality values are close to each other only for dilute solutions.

Assuming 0.334 mol/kg = 0.334 mol/L:

0.334 mol y 0.08206 L atm
L K mol

n=MRT = x 298 K =8.17 atm
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121.

122.

This solution is much more concentrated than the isotonic solution in part c. Here, water
will leave the plant cells in order to try to equilibrate the ion concentration both inside
and outside the cell. Because there is such a large concentration discrepancy, all the
water will leave the plant cells, causing them to shrivel and die.

0
m= ATy __ 0426°C =0.229 molal

K, 1.86 °C/molal

Assuming a solution density = 1.00 g/mL, then 1.00 L contains 0.229 mol solute.
NaCl — Na'+CIl™ i=2; so: 2(mol NaCl) + mol C;,H;,01; = 0.229 mol
Mass NaCl + mass Cy,H»,05; =20.0 g

2Nnact + Ny o, = 0.229 and 58.44(nnaci) + 342'3(n012H22011) =20.0

Solving: NeH =0.0425 mol = 14.5 g and ny,c; = 0.0932 mol =5.45 g

22011

Mass % C1,H,,041 = % x 100 = 72.5 % and 27.5% NaCl by mass
Ug
0.0425 mol
= =0.313
XeuHz0u " 0425 mol + 0.0932 mol
i 7.83atm

a. n=iIiMRT, iM =0.320 mol/L

" RT _ 0.08206 L atm/K - mol x 298 K
Assuming 1.000 L of solution:

total mol solute particles = mol Na* + mol CI” + mol NaCl = 0.320 mol

mass solution = 1000. mL x 1'0759

= 1071 g solution

mass NaCl in solution = 0.0100 x 1071 g = 10.7 g NaCl

1mol _ ;183 mol Nacl
58.44 ¢

mol NaCl added to solution = 10.7 g x

Some of this NaCl dissociates into Na* and CI™ (two moles of ions per mole of NaCl),
and some remains undissociated. Let x = mol undissociated NaCl = mol ion pairs.

Mol solute particles = 0.320 mol = 2(0.183 — x) + x

0.320 =0.366 — x, x=0.046 mol ion pairs

Fraction of ion pairs = % =0.25, or 25%
0.183
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123.

b. AT =Km, where K¢ =1.86 °C kg/mol; from part a, 1.000 L of solution contains 0.320
mol of solute particles. To calculate the molality of the solution, we need the kilograms
of solvent present in 1.000 L of solution.

Mass of 1.000 L solution = 1071 g; mass of NaCl =10.7 g

Mass of solvent in 1.000 L solution = 1071 g — 10.7 g = 1060. g

y 0.320 mol
60 kg

AT =1.86 °C kg/mol =0.562°C

Assuming water freezes at 0.000°C, then T¢ = -0.562°C.

P
XE)/en =0.15= Ppi; Ppen = Xlﬁen P;en; IDtotal = Ppen + I:’hex =Xlﬁen (511) + Xrl;ex (150)

total

Because gpex = 1.000 = ¥pen © Protar = Zpen (511) + (1.000 — ypeq )(150.) = 150. + 3615,

P L (511
X?)/en _ _pen ’ 0.15 = Xpen( )L
150. + 361 %y

total

, 0.15(150. + 361y,,) =511y,

23+ 54 x5 = 51155, Xpen = % =0.050

[0]
a m= At 132C = 0.258 mol/kg
K  5.12°C kg/mol
Mol unknown = 0.01560 kg x 0.258 mokl unknown - _ 4.02 x 107 mol
g
Molar mass of unknown = 122 ?3 = 303 g/mol
4.02 x 107 mol

Uncertainty in temperature = ggg x 100 = 3%
A 3% uncertainty in 303 g/mol = 9 g/mol.

So molar mass = 303 £9 g/mol.

b. No, codeine could not be eliminated since its molar mass is in the possible range
including the uncertainty.

d. We would like the uncertainty to be £1 g/mol. We need the freezing-point depression to
be about 10 times what it was in this problem. Two possibilities are:

(1) make the solution 10 times more concentrated (may be solubility problem)

(2) use a solvent with a larger Ky value, e.g., camphor
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AT, 270°C
K 5.12°C/molal

125, AT¢=551-281=270°C; m= = 0.527 molal

Let x = mass of naphthalene (molar mass = 128.2 g/mol). Then 1.60 — x = mass of
anthracene (molar mass = 178.2 g/mol).

—X
= moles anthracene

X
—— = moles naphthalene and

1282
X 160 - x
0.527 mol solute 1282 * 1782 105 x10°2 = (178.2)x + 160(128.2) — (128.2)x
kg solvent 0.0200 kg solvent "~~~ 128.2(178.2)

(50.0)x + 205 = 240., (50.0)x = 240. — 205, (50.0)x = 35, x = 0.70 g naphthalene

So the mixture is:

S;g 9 x 100 = 44% naphthalene by mass and 56% anthracene by mass
-oUg
126. M= % = Wmm = 0.01614 mol/L = total ion concentration

x 298.2 K
K mol

0.01614 mol/L = MNIgz+ + M + M

Na* o Mg = 2M|v|92+ + M. (charge balance)
Combining: 0.01614 = 3M Mg?* + 2M Na*

Let x = mass MgCl, and y = mass NaCl; then x + y = 0.5000 g.

M, = X and M_ . = Y (Because VV =1.000 L.)
Mo 95.21 Na 58.44

2 - 0.01614 mollL

Total ion concentration = ———
95.21 58.44

Rearranging: 3x + (3.258)y = 1.537

Solving by simultaneous equations:

3x + (3.258)y = 1.537
3+ y) =-3(0.5000)
(0.258)y = 0.037, y=0.14 g NaCl

0.369

Mass MgCl, = 0.5000 g — 0.14 g = 0.36 g; mass % MgCl, =
gCl, g g g o MgCl; 050009

x 100 = 72%
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127.

128.

129.

HCO,H — H" + HCO;; only 4.2% of HCO,H ionizes. The amount of H" or HCO,~
produced is 0.042 x 0.10 M = 0.0042 M.

The amount of HCO,H remaining in solution after ionization is 0.10 M — 0.0042 M = 0.10 M.

The total molarity of species present = My,co ,, + M, . + M HEO,"

=0.10 + 0.0042 + 0.0042=0.11 M

Assuming 0.11 M = 0.11 molal, and assuming ample significant figures in the freezing point
and boiling point of water at P = 1 atm:

AT = Km = 1.86°C/molal x 0.11 molal = 0.20°C; freezing point = -0.20°C

AT =Kpm =0.51°C/molal x 0.11 molal = 0.056°C; boiling point = 100.056°C

Let x5 =mole fraction A in solution, so 1.000 — y 5 = x5 . From the problem, ¥ =2y%.

v_ Pa _ % a (350.0 torr)
xa Pow  Xa (350.0 torr) + (1.000 — % )(100.0 torr)
L
) =2yk = COOR (5500t =750, 4L =0.300

~ (250.0)35 +100.0

The mole fraction of A in solution is 0.300.

a. Assuming MgCOs(s) does not dissociate, the solute concentration in water is:

560 pg MgCO,(s) _ 560mg _ 560 x 107° g N 1 mol MgCO,
mL L L 84.32¢
= 6.6 x 107> mol MgCO4/L

An applied pressure of 8.0 atm will purify water up to a solute concentration of:

_ T 8.0 atm _0.32mol
RT  0.08206 L atm/K mol x 300.K L

When the concentration of MgCOs(s) reaches 0.32 mol/L, the reverse osmosis unit can
no longer purify the water. Let V = volume (L) of water remaining after purifying 45 L
of H,O. When V + 45 L of water has been processed, the moles of solute particles will
equal:

6.6 x 10 mol/L x (45 L + V) = 0.32 mol/L x V
Solving: 0.30 =(0.32 - 0.0066) x V, V =0.96 L

The minimum total volume of water that must be processed is45 L + 0.96 L =46 L.

Note: If MgCO; does dissociate into Mg” and CO5> ions, then the solute concentration
increases to 1.3 x 1072 M, and at least 47 L of water must be processed.
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b. No; a reverse osmosis system that applies 8.0 atm can only purify water with a solute
concentration of less than 0.32 mol/L. Salt water has a solute concentration of 2(0.60 M)
= 1.2 mol/L ions. The solute concentration of salt water is much too high for this reverse
0Smosis unit to work.

Integrative Problems

1L y 10dL y 1.0mgC,H,N;O y 1g y 1molC,H,N,0O
1000mL 1L 1dL blood 1000 mg 113.13¢9
=8.8 x 1077 mol C4H;N3O

130.  10.0 mL blood x

Mass of blood = 10.0 mL x 1025¢ =10.3¢g
-7
Molality = 8810 MOl _ g 5. 105 molikg
0.0103 kg
-7
x= MRT, M = 88x107mol _ g0 10 moliL
0.0100 L
7=88x 105 mol/L x 2082061 aM o8 Kk = 2.2 x 10~ atm
K mol
(o]
131, AT=imK;, i= 21 = 219°C =3.00
mK;  0.250 mol y 1.86 °C kg
0.500 kg mol

We have three ions in solutions, and we have twice as many anions as cations. Therefore, the
formula of Q is MCl,. Assuming 100.00 g of compound:

38.68 g Cl x M€l _ 1 091 mol ¢
35.45¢
mol M = 1.091 mol CI x =M _ 4 5455 mol M
2 mol CI
Molar mass of M = M =112.4 g/mol; M is Cd, so Q = CdCl..
0.5455 mol M
132 142mgCO,x —20IMIC 3 o8 e e = 388MI 100 =g0.8%C
44.01mg CO, 4.80 mg
165 mg H,0 x 08 MIH 165 mg H: 06 H= 918MI 100 = 38506 H
18.02mg H,0 4.80 mg

Mass % O = 100.00 — (80.8 + 3.85) = 15.4% O
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Out of 100.00 g:

80.8gCx ~M _g73moric; 273 —g99~7
12.01g 0.963

385gHx ~1% 35 motH: 282 39744
1.008¢ 0.963

15.490x ~M _ 6963 moro: 9983~ 109
16.00g 0.963

Therefore, the empirical formula is C;H4O.

[o]
ATy . 223°C = 0.56 molal

ATi= Kim, m = =
K¢  40.°C/molal

0.56 mol anthraquinone

Mol anthraguinone = 0.0114 kg camphor x = 6.4 x 107 mol
kg camphor
Molar mass = % =210 g/mol
6.4 x 10~ mol

The empirical mass of C;H,O is 7(12) + 4(1) + 16 ~ 104 g/mol. Because the molar mass is
twice the empirical mass, the molecular formula is C14HgO.
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CHEMICAL KINETICS

Questions

10.

11.

12.

13.

14.

a. Activation energy and AE are independent of each other. Activation energy depends on
the path reactants to take to convert to products. The overall energy change AE only
depends on the initial and final energy states of the reactants and products. AE is path-
independent.

b. The rate law can only be determined from experiment, not from the overall balanced
reaction.

c. Most reactions occur by a series of steps. The rate of the reaction is determined by the
rate of the slowest step in the mechanism.

In a unimolecular reaction, a single reactant molecule decomposes to products. In a
bimolecular reaction, two molecules collide to give products. The probability of the
simultaneous collision of three molecules with enough energy and the proper orientation is
very small, making termolecular steps very unlikely.

a. T,>Ty; astemperature increases, the distribution of collision energies shifts to the right.
That is, as temperature increases, there are fewer collision energies with small energies
and more collisions with large energies.

b. As temperature increases, more of the collisions have the required activation energy
necessary to convert reactants into products. Hence, the rate of the reaction increases
with increasing temperature.

All of these choices would affect the rate of the reaction, but only b and ¢ affect the rate by
affecting the value of the rate constant k. The value of the rate constant depends on
temperature. The value of the rate constant also depends on the activation energy. A catalyst
will change the value of k because the activation energy changes. Increasing the
concentration (partial pressure) of either O, or NO does not affect the value of k, but it does
increase the rate of the reaction because both concentrations appear in the rate law.

One experimental method to determine rate laws is the method of initial rates. Several
experiments are carried out using different initial concentrations of reactants, and the initial
rate is determined for each experiment. The results are then compared to see how the initial
rate depends on the initial concentrations. This allows the orders in the rate law to be
determined. The value of the rate constant is determined from the experiments once the
orders are known.

418
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15.

16.

17.

18.

The second experimental method utilizes the fact that the integrated rate laws can be put in
the form of a straight-line equation. Concentration versus time data are collected for a
reactant as a reaction is run. These data are then manipulated and plotted to see which
manipulation gives a straight line. From the straight-line plot we get the order of the reactant,
and the slope of the line is mathematically related to k, the rate constant.

The average rate decreases with time because the reverse reaction occurs more frequently as
the concentration of products increase. Initially, with no products present, the rate of the
forward reaction is at its fastest, but as time goes on, the rate gets slower and slower since
products are converting back into reactants. The instantaneous rate will also decrease with
time. The only rate that is constant is the initial rate. This is the instantaneous rate taken at t ~
0. At this time, the amount of products is insignificant, and the rate of the reaction only
depends on the rate of the forward reaction.

The most common method to experimentally determine the differential rate law is the method
of initial rates. Once the differential rate law is determined experimentally, the integrated rate
law can be derived. However, sometimes it is more convenient and more accurate to collect
concentration versus time data for a reactant. When this is the case, then we do “proof” plots
to determine the integrated rate law. Once the integrated rate law is determined, the
differential rate law can be determined. Either experimental procedure allows determination
of both the integrated and the differential rate law; and which rate law is determined by
experiment and which is derived is usually decided by which data are easiest and most
accurately collected.

Rate, _ k[Al} _ {[A]zJX
[AL

Rate,  Kk[A]}
The rate doubles as the concentration quadruples:

2=(4), x=1/2
The order is 1/2 (the square root of the concentration of reactant).

For a reactant that has an order of —1 and the reactant concentration is doubled:

Rate,

-@t =
Rate; 2

The rate will decrease by a factor of 1/2 when the reactant concentration is doubled for a -1
order reaction. Negative orders are seen for substances that hinder or slow down a reaction.

Some energy must be added to get the reaction started, that is, to overcome the activation
energy barrier. Chemically what happens is:

Energy + H, > 2 H

The hydrogen atoms initiate a chain reaction that proceeds very rapidly. Collisions of H, and
O, molecules at room temperature do not have sufficient kinetic energy to form hydrogen
atoms and initiate the reaction.



420

CHAPTER 12 CHEMICAL KINETICS

19.

20.

21.

22.

Two reasons are:

(1) The collision must involve enough energy to produce the reaction; that is, the
collision energy must be equal to or exceed the activation energy.

(2) The relative orientation of the reactants when they collide must allow formation of
any new bonds necessary to produce products.

a. The blue plot is the catalyzed pathway. The catalyzed pathway has the lower activation.
This is why the catalyzed pathway is faster.

b. AE; represents the activation energy for the uncatalyzed pathway.

c. AE; represents the energy difference between the reactants and products. Note that AE; is
the same for both the catalyzed and the uncatalyzed pathways. It is the activation energy
that is different for a catalyzed pathway versus an uncatalyzed pathway.

d. Because the products have a higher total energy as compared to reactants, this is an
endothermic reaction.

Enzymes are very efficient catalysts. As is true for all catalysts, enzymes speed up a reaction
by providing an alternative pathway for reactants to convert to products. This alternative
pathway has a smaller activation energy and hence, a faster rate. Also true is that catalysts
are not used up in the overall chemical reaction. Once an enzyme comes in contact with the
correct reagent, the chemical reaction quickly occurs, and the enzyme is then free to catalyze
another reaction. Because of the efficiency of the reaction step, only a relatively small
amount of enzyme is needed to catalyze a specific reaction, no matter how complex the
reaction.

The slope of the In k versus 1/T plot (with temperature in Kelvin) is equal to —E,/R. Because
E, for the catalyzed reaction will be smaller than E, for the uncatalyzed reaction, the slope of
the catalyzed plot should be less negative.

Exercises

Reaction Rates

23.

The coefficients in the balanced reaction relate the rate of disappearance of reactants to the
rate of production of products. From the balanced reaction, the rate of production of P, will
be 1/4 the rate of disappearance of PHs;, and the rate of production of H, will be 6/4 the rate
of disappearance of PH;. By convention, all rates are given as positive values.

~A[PH;] _ —(-0.048 mol/2.0 L)
At s

Rate = = 2.4 x 103 mol/Lss

A[P,] _ _1 A[PH,]
At 4 At

=24x107°/4=6.0x 10 mol/Les
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24,

25.

26.

27.

28.

A[H,] _ _ 6 A[PH,]
At 4 At

=6(2.4 x 107°)/4 = 3.6 x 10 mol/Les

Using the coefficients in the balanced equation to relate the rates:

AlH,1 _ 5 AINo] 4 AINHs] _ 5 A[N,]

At At At At
so- _L1AMHp] _ 1AINHg] o AINHs] _ 2 A[H,]
3 At 2 At At 3 At

Ammonia is produced at a rate equal to 2/3 of the rate of consumption of hydrogen.

~A[H,0,] _ —(0.500 M —1.000 M)

- =2.31 x 10°° mol/Les
At (2.16 x 10* s - 0)

a. Average rate =

From the coefficients in the balanced equation:

AlO,] _ _ 1 AIH:0.1 _ 4 16 105 mol/Les

At 2 At
p, —AH0.1 _ —(O20-05000M _ _4 15, 105 moyies
At (4.32 x 10° ~2.16 x 10%) s
A[O,]

=1/2 (1.16 x 10°) =5.80 x 10™° mol/Les

Notice that as time goes on in a reaction, the average rate decreases.

0.0120/0.0080 = 1.5; reactant B is used up 1.5 times faster than reactant A. This corres-
ponds to a 3 to 2 mole ratio between B and A in the balanced equation. 0.0160/0.0080 = 2;
product C is produced twice as fast as reactant A is used up, so the coefficient for C is twice
the coefficient for A. A possible balanced equation is 2A + 3B — 4C.

a. The units for rate are always mol/Les. b. Rate =k; k must have units of mol/Les.
2
c. Rate=ka] Mo _ (Mol d Rate=kKA] 1Y — Mol
Ls L Ls L
k must have units of s™. k must have units of L/moles.
e. L¥mol%s

1/2
Rate = k[CI]"*[CHCL], TOI =k ( mLon (mLon; k must have units of L"?/mol"/%ss.
s
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Rate Laws from Experimental Data: Initial Rates Method

29. a.

30. a.

In the first two experiments, [NO] is held constant and [Cl,] is doubled. The rate also
doubled. Thus the reaction is first order with respect to Cl,. Or mathematically, Rate =
K[NOT[CIL,]".

0.36 _ k(0.10)*(0.20)" _ (0.20)"

,20=20, y=1
018  k(0.10)*(0.10)Y  (0.10)

We can get the dependence on NO from the second and third experiments. Here, as the
NO concentration doubles (Cl, concentration is constant), the rate increases by a factor of
four. Thus the reaction is second order with respect to NO. Or mathematically:

145 _ k(0.20)*(0.20) _ (0.20)"

, 40=2.0" x = 2; so Rate = k[INOJ’[Cl.].
0.36  k(0.10)*(0.20)  (0.10)*

Try to examine experiments where only one concentration changes at a time. The more
variables that change, the harder it is to determine the orders. Also, these types of
problems can usually be solved by inspection. In general, we will solve using a
mathematical approach, but keep in mind that you probably can solve for the orders by
simple inspection of the data.

The rate constant k can be determined from the experiments. From experiment 1:

0.18mol _ k(o.lo moljz [0.10 mol
L min L L

j, k = 180 L¥mol?smin
From the other experiments:
k = 180 L%mol’smin (second exp.); k = 180 L*mol?smin (third exp.)

The average rate constant is Kmean = 1.8 x 10% L?/molmin.

-6 X y
Rate = K[ T[S,0 T 125 x 10 - k(0.080)* (0.040) 2.00=20° x=1
6.25 x 10°  k(0.040)*(0.040)"

-6 y
125 x 10 © k(0.080)(0.040)" " 1 5 vy =1. Rate = K[I][S:04]
6.25x10°  Kk(0.080)(0.020)"

For the first experiment:

125 x 10° mol I{0.080 molj[0.040 mol

. k=13.9 x 1072 L/moles
Ls L L

Each of the other experiments also gives k = 3.9 x 103 L/molss, SO Kmean
=3.9 x 10°% L/moles.
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31. a. Rate = k[NOCI]"; using experiments two and three:

4 16\n
266107 _ K20x10) " 401 =507 n=2; Rate = kINOCIP
664 x10°  K(LO x 10°)"

4 16 2
b, 5.98 x 10 3molecules _ k(s.o x 10 n;oleculesJ k=66 x 102 cm¥moleculeses
cm®s cm
The other three experiments give (6.7, 6.6, and 6.6) x 10>° cm*/moleculeses,
respectively. The mean value for k is 6.6 x 107 cm*moleculesss.
6.6 x 10 cm? L 1L 6022 10% molecules _ 4.0 x10™° L
moleculess 1000 cm?® mol mol s
32. Rate = K[N,Os]; the rate laws for the first two experiments are:

2.26 x 107° = k(0.190)* and 8.90 x 10~* = k(0.0750)*

(0.190)

Dividing the two rate laws: 2.54 =
(0.0750)*

= (2.53)%, x =1; Rate = k[N,Os]
Rate _ 8.90 x 10 mol/L.s

= = =1.19x 1025
[N,Oq] 0.0750 mol/L

The other experiments give similar values for K. Kmean = 1.19 x 107257

791x1072  k(0.12)*(0.18)"
3.95x1072  k(0.060)*(0.18)"

33. a. Rate=Kk[IJ[OCIT; =2.0¥ 2.00=2.0" x=1
3.95x107% _ k(0.060)(0.18)"

T = , 400=2.0x20, 20=20, y=1
9.88 x 1073 Kk(0.030)(0.090)"

Rate = k[I'][OCI ]

b. From the first experiment:

7.91x 10 mol _ (0.12mol)(0.18 mol
Ls L L

J, k = 3.7 L/moles

All four experiments give the same value of k to two significant figures.

3.7L y 0.15 mol y 0.15 mol
mol s L

C. Rate = = 0.083mol/L.s

34. Rate = KINO]'[O,]’; comparing the first two experiments, [O,] is unchanged, [NO] is tripled,
and the rate increases by a factor of nine. Therefore, the reaction is second order in NO (3% =
9). The order of O, is more difficult to determine. Comparing the second and third
experiments:
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3.13 x 10" k(2.50 x 10")*(2.50 x 10"°)¥

1.80 x 10" Kk(3.00 x 10')?(1.00 x 10'®)Y
1.74 = 0.694(2.50), 2.51=2.50", y=1

Rate = K[NO]’[O,]; from experiment 1:

2.00 x 10" molecules/cm®s = k(1.00 x 10'® molecules/cm®)?
x (1.00 x 10" molecules/cm?)

k = 2.00 x 10*® cm®/molecules®ss = Kmean

Rate =

2.00 x 107 cm® y [6.21 x 101 moIecuIesJ2 y 7.36 x 10* molecules

molecules? s cm?® cm?®

Rate = 5.68 x 10" molecules/cm®ss
35. a. Rate = k[HbJ[COY

Comparing the first two experiments, [CO] is unchanged, [Hb] doubles, and the rate
doubles. Therefore, x = 1, and the reaction is first order in Hb. Comparing the second
and third experiments, [Hb] is unchanged, [CO] triples, and the rate triples. Therefore, y
= 1, and the reaction is first order in CO.

b. Rate = k[Hb][CO]

c. From the first experiment:

0.619 pmol/Les = k(2.21 pumol/L)(1.00 pmol/L), k =0.280 L/umoles

The second and third experiments give similar k values, S0 Kmea, = 0.280 L/pumoles

0280L  3.36umol 240 pmol

d. Rate =k[HDb][CO] =
umol s L L

= 2.26 pmol/Les

36. a. Rate = K[CIO,]'[OH]; from the first two experiments:

2.30 x 10" = k(0.100)%(0.100)’ and 5.75 x 102 = k(0.0500)*(0.100)"

Dividing the two rate laws: 4.00 = w =200 x=2

(0.0500)*

Comparing the second and third experiments:

2.30 x 10" = k(0.100)(0.100) and 1.15 x 10°* = k(0.100)(0.0500)"

y
Dividing: 2.00= {2200 _5 5 -1
(0.050)
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The rate law is Rate = k[CIO,][OH].

2.30 x 107" mol/Les = k(0.100 mol/L)*(0.100 mol/L), k = 2.30 x 10* L¥mol°s = Kuean

2,2
b Rates 230x10°L X(

5 =0.594 mol/Les
mol- s

0.175 moljz . 0.0844 mol
L

Integrated Rate Laws

37. The first assumption to make is that the reaction is first order. For a first order reaction, a
graph of In[H,0,] versus time will yield a straight line. If this plot is not linear, then the
reaction is not first order, and we make another assumption.

Time [HQOQ] |n[H202]
(s) (mol/L) R T T T T
0 1.00 0.000
120. 0.91 -0.094
300. 0.78 -0.25 i
600. 0.59 —0.53 -
1200. 0.37 -0.99 2..
1800. 0.22 -1.51 =
2400. 0.13 -2.04 a ]
3000. 0.082 -2.50
3600. 0.050 -3.00

o 560 IZ‘OO 18.00 2;00 JOIOO 36.00
time . (s)
Note: We carried extra significant figures in some of the natural log values in order to reduce

round-off error. For the plots, we will do this most of the time when the natural log function
is involved.

The plot of In[H,0,] versus time is linear. Thus the reaction is first order. The rate law and
integrated rate law are Rate = k[H,0,] and In[H,O,] = —kt + In[H,0;],.

We determine the rate constant k by determining the slope of the In[H,O,] versus time plot

(slope = —Kk). Using two points on the curve gives:

slope = —k = Ay _0-(3.00) _ -83x10%s? k=83x10"s"
Ax  0-3600.

To determine [H,0;] at 4000. s, use the integrated rate law, where [H,O,]o = 1.00 M.
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|n[H202] =kt + In[H202]0 or In(MJ = —kt
[H,0,],

|n(%) =-8.3%x10"s"%x4000.s, In[H,0,] =-3.3, [H,0;] =e>*=0.037 M

38. a. Because the In[A] versus time plot was linear, the reaction is first order in A. The slope
of the In[A] versus time plot equals —k. Therefore, the rate law, the integrated rate law,
and the rate constant value are:

Rate = K[A]; In[A] = —kt + In[A]y; k=2.97 x 102 min™*

b. The half-life expression for a first order rate law is:

,,=Mn2_o601 _ 06931 o,

k Kk 2.97 x 102 min*

c. 2.50 x 10~° M is 1/8 of the original amount of A present initially, so the reaction is 87.5%
complete. When a first-order reaction is 87.5% complete (or 12.5% remains), then the
reaction has gone through 3 half-lives:

100% — 50.0% — 25.0% — 12.5%; t=3Xty,=3x23.3min=69.9 min

tyo tye ty

Or we can use the integrated rate law:

-3
'”[[[AA]] j I %%J = ~(2.97 x 10”2 min Yt
0 ' x

_ In(0.125)
-2.97 x 102 min*t

= 70.0 min

39. Assume the reaction is first order and see if the plot of IN[NO,] versus time is linear. If this
isn’t linear, try the second-order plot of 1/[NO,] versus time because second-order reactions
are the next most common after first-order reactions. The data and plots follow.

Time (s) [NO,] (M) In[NO,] 1/[NO;] (M)
0 0.500 ~0.693 2.00
1.20 x 10° 0.444 ~0.812 2.25
3.00 x 10° 0.381 ~0.965 2.62
4.50 x 10° 0.340 ~1.079 2.94
9.00 x 10° 0.250 ~1.386 4.00

1.80 x 10* 0.174 -1.749 5.75
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(o)
I /INO)
(o)

In [NO2]

NS TR N S SN MY SN SN S vy
0.00 4.00 8.00 12.00 16.00

time (s/1000)

The plot of 1/[NO,] versus time is linear. The reaction is second order in NO.

kt + L

The rate law and integrated rate law are: Rate = K[NO,]° and ——— =
[NO,] [NO,]o

The slope of the plot 1/[NO;] vs. t gives the value of k. Using a couple of points on the plot:

Ay _(5.75-2.000M "

. =2.08 x 10~ L/moles
AX  (1.80 x 10" -0)s

slope=k =

To determine [NO,] at 2.70 x 10*s, use the integrated rate law, where 1/[NO;], = 1/0.500 M

=2.00M ™,
-4
L gt 1 2080 L5 o0k10ts + 200 M
[NO;] [NO;Jo  [NOy] mol's
_1 . 7.62, [NO,] =0.131 M
[NO,]
40. a. Because the 1/[A] versus time plot was linear, the reaction is second order in A. The

slope of the 1/[A] versus time plot equals the rate constant k. Therefore, the rate law, the
integrated rate law, and the rate constant value are:

Rate = KIA: —— =kt + ——: k=3.60x 107 L mol* s
[A] [Al
b. The half-life expression for a second-order reaction is: ty, = L
K[A],
For this reaction: ty, = L =0.92 x10%s

3.60 x 1072 L/mol.s x 2.80 x 10~ mol/L

Note: We could have used the integrated rate law to solve for ty,,, where
[A] = (2.80 x 107%/2) mol/L.

c. Because the half-life for a second-order reaction depends on concentration, we must use
the integrated rate law to solve.
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41.

42.

43.

1 1 1 3.60 x 1072 L 1
— =kt+ , Z = Xt ——————
[A] [Al, 7.00x10™*M mol's 280 x10™° M
1.43 x 10° — 357 = (3.60 x 1079)t, t=2.98 x 10"s
a. Because the [C,HsOH] versus time plot was linear, the reaction is zero order in C,HsOH.
The slope of the [C,HsOH] versus time plot equals -k. Therefore, the rate law, the

integrated rate law, and the rate constant value are: Rate = k[C,HsOH]® = k; [C,HsOH]
= —kt + [C,HsOH]o; k =4.00 x 10~° mol/Lss

b. The half-life expression for a zero-order reaction is ty, = [A]o/2k.

[C,H.OH] 1.25 x 102 mol/L
2''5 0 _

= =156
2k 2 x 4.00 x 10° mol/L«s

typ =

Note: We could have used the integrated rate law to solve for ty,, where
[C2HsOH] = (1.25 x 10%/2) mol/L.

c. [CoHsOH] = —kt + [C,H50H]o, 0 mol/L =—(4.00 % 10° mol/Les)t +
1.25 x 1072 mol/L

_1.25 x 10* mol/L
4.00 x 10> mol/L .s

=313s

From the data, the pressure of C,HsOH decreases at a constant rate of 13 torr for every 100. s.
Because the rate of disappearance of C,HsOH is not dependent on concentration, the reaction
is zero order in C,HsOH.

_ 13torr y latm
100.s 760 torr

=1.7 x 10 atm/s

The rate law and integrated rate law are:

Rate = k= 1.7 x 10 atm/s; P ,, oy = —kt + 250. torr latm
o 760 torr

]: —kt + 0.329 atm

At900.s: Pe y op=-1.7% 10™* atm/s x 900. s + 0.329 atm = 0.176 atm = 0.18 atm = 130 torr

The first assumption to make is that the reaction is first order. For a first-order reaction, a
graph of In[C4Hs] versus t should yield a straight line. If this isn't linear, then try the second-
order plot of 1/[C4Hs] versus t. The data and the plots follow:

Time 195 604 1246 2180 6210's
[C4Hg] 1.6 x 107 1.5x 107 1.3x 107 1.1x10%  0.68x107°M
IN[C4Hg] —4.14 -4.20 —4.34 —4.51 —4.99
1/[C4Hg] 62.5 66.7 76.9 90.9 147 M

Note: To reduce round-off error, we carried extra significant figures in the data points.
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—4.0 -160
—4.2 140
—44f 120 1
In [C4Hg] [CaHgl
- 100
(x) (..
—-4.8 : B8O

- =50 60

L I 1 40
0] 2000 4000 6000

t(s)

The natural log plot is not linear, so the reaction is not first order. Because the second-order
plot of 1/[C4Hs] versus t is linear, we can conclude that the reaction is second order in
butadiene. The rate law is:

Rate = K[C4Hg]

For a second-order reaction, the integrated rate law is _t . kt + ! :
[C4Hs] [C.Hslo

The slope of the straight line equals the value of the rate constant. Using the points on the
line at 1000. and 6000. s:

k = slope = 144 Limol = 73L/mol _ ;4 152 | jmoles
6000.s5 —1000.s

44, a. First, assume the reaction to be first order with respect to O. Hence a graph of In[O]
versus t would be linear if the reaction is first order.
t (s) [O] (atoms/cm®) In[O]
0 5.0 x 10° 22.33
10. x 103 1.9 x 10° 21.37
20. x 10°° 6.8 x 10° 20.34
30. x 10°° 2.5 x 108 19.34

T T T

0 10 2|0 30
tx 103 (s)

Because the graph is linear, we can conclude the reaction is first order with respect to O.




430

CHAPTER 12 CHEMICAL KINETICS

45,

46.

47.

b. The overall rate law is Rate = K[NO,][O].

Because NO, was in excess, its concentration is constant. Thus, for this experiment, the
rate law is Rate = K'[O], where k' = K[NO,]. In a typical first-order plot, the slope
equals —k. For this experiment, the slope equals —k’ = —k[NO,]. From the graph:

19.34 - 22.23

slope =
P (30.x 10° - 0)s

=-1.0x10°s™, k' = -slope=1.0x 10°s™*

To determine k, the actual rate constant:
k' = K[NO,], 1.0 x 10*s™ = k(1.0 x 10** molecules/cm?)

k = 1.0 x 107! cm*moleculeses

Because the 1/[A] versus time plot is linear with a positive slope, the reaction is second order
with respect to A. They intercept in the plot will equal 1/[A]o. Extending the plot, the y
intercept will be about 10, so 1/10 = 0.1 M = [A],.

a.

The slope of the 1/[A] versus time plot in Exercise 45 will equal k.
(60 —20) L/mol

Slope =k = =10 L/moles
5-1s
i=kt+ ! =&x95+ ! =100, [A]=0.01 M
[A] [A]l, mols M
For a second-order reaction, the half-life does depend on concentration: ty, = k[i\]
0
First half-life: ty, = L =1s
ST 0L . 0.Lmol
mol's L

Second half-life ([A]o is now 0.05 M): ty, = 1/(10 x 0.05) = 2 s

Third half-life ([A]o is now 0.025 M): ty, = 1/(10 x 0.025) =4 s

[A] = —kt + [Alp; if k =5.0 x 102 mol/Les and [A], = 1.00 x 10~° M, then:
[A] = —(5.0 x 1072 mol/Les)t + 1.00 x 10~ mol/L

[Az]O = ~(5.0x 10)ty + [Alo because at t = tyy, [A] = [Al/2.

0.50(1.00 x 107%)
5.0 x 1072

—0.50[A]o = —(5.0 X 10 )ty ty = =1.0%x107%s

Note: We could have used the t;,, expression to solve (ty, =

[Al,
2k )



CHAPTER 12 CHEMICAL KINETICS 431

48.

49.

50.

c. [A]=—kt+[Alo=—(5.0 x 10> mol/Les)(5.0 x 10°s) + 1.00 x 10~° mol/L
[A] = 7.5 x 10~ mol/L
[Alreactes = 1.00 x 107> mol/L — 7.5 x 10~ mol/L = 2.5 x 10~* mol/L
[Blproduced = [Alreacted = 2.5 x 107 M

a. The integrated rate law for this zero-order reaction is [HI] = —kt + [HI]o.

-4
[HI] = —kt + [HI],, [HI] = — 1.20 x 10~ mol y (25min y 695) . 0.250 mol
Ls min L

[HI] = -0.18 mol/L + 0.250 mol/L = 0.07 M

b. [HI]=0=—kt+[HI]o, kt=[HI]o, t= %

t= 0.250mollL  _ 5000 s = 34.7 min
1.20 x 10™* mol/L«s

If [A]o = 100.0, then after 65 s, 45.0% of A has reacted, or [A] = 55.0. For first order
reactions:

In [A] =_Kkt, |n(ﬂj: —k(655s), k=9.2 x 1035t
[Al, 100.0
In2 _ 0.693

=75s

typ =

k 92x1073s?

a. When a reaction is 75.0% complete (25.0% of reactant remains), this represents two half-

lives (100% — 50% — 25%). The first-order half-life expression is tiy, = (In 2)/k.
Because there is no concentration dependence for a first-order half-life, 320. s = two half-
lives, ti», = 320./2 = 160. s. This is both the first half-life, the second half-life, etc.

In2 _In2 _ In2

b, ty = 2, -
Tk t,, 160.5

=433x103s!

At 90.0% complete, 10.0% of the original amount of the reactant remains, so [A] =
0.100[A]o.

In [A] = —kt, In% = —(4.33x 103 s, t= In(0.100)3 T = 532s
[Alq [Al, ~433x107°%s"
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51. For a first-order reaction, the integrated rate law is In([A]/[A]o) = —kt. Solving for k:
o $20MOVL |-y« 120, 5, k=0.0116 5
1.00 mol/L
i 2350MOIL | 5116 5% xt, t=150.5
2.00 mol/L
52.  In| LAl | = k= N2 0698 515447
[Alo t;;,  56.0days
-7
| 241X 10" mOlL | 4 0104 ¢y, t= 519 days
8.75 x 10~ mol/L
53. Comparing experiments 1 and 2, as the concentration of AB is doubled, the initial rate
increases by a factor of 4. The reaction is second order in AB.
Rate = K[AB]?, 3.20 x 107 mol/Les = k(0.200 M)?
k =8.00 x 107> mol/Ls$ = Kean
For a second order reaction:
typ = L = 5 L =125s
kK[AB], 8.00 x 107 L/mol«s x 1.00 mol/L
54. a. The integrated rate law for a second order reaction is 1/[A] = kt + 1/[A]o, and the half-
life expressionis ty, = 1/k[A]o. We could use either to solve for t;,. Using the
integrated rate law:
1 _kx200s+ Lo Lumol b 565 Limotes
(0.900/2) mol/L 0.900 mol/L 2.00s
L 0555 L/mols xt + L - _89Umol
0.100 mol/L 0.900 mol/L 0.555 L/mol .s
55. Successive half-lives double as concentration is decreased by one-half. This is consistent

with second-order reactions, so assume the reaction is second order in A.

1 1 1

ty, = , k= = , = 1.0 L/molemin
k[Al, ty»[Al, 10.0min(0.10 M)
a. 1. kt + 1 _ 10 L_ % 80.0 min + L. 90.M ™, [A]=11x107%M
[A] [Aly mol min 0.10M

b. 30.0 min = 2 half-lives, so 25% of original A is remaining.

[A] = 0.25(0.10 M) = 0.025 M
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56.

57.

58.

The consecutive half-life values of 24 hours, then 12 hours, show a direct relationship with
concentration; as the concentration decreases, the half-life decreases. Assuming the drug
reaction is either zero, first, or second order, only a zero order reaction shows this direct
relationship between half-life and concentration. Therefore, assume the reaction is zero order
in the drug.

-3
ty, = Mo Ay _ 20107 Mol _ )5 155 oy
2k 2t 2(241)

Because [V]o >> [AV]o, the concentration of V is essentially constant in this experiment. We
have a pseudo-first-order reaction in AV:

Rate = k[AV][V] = K'TAV], where k' = K[V],

The slope of the In[AV] versus time plot is equal to —k'.

k'  032st

k'=-slope=0.32s" k = =
[V, 0.20 mol/L

= 1.6 L/moles

Because [B]o>> [A]o, the B concentration is essentially constant during this experiment, so

rate = k'[A] where k' = k[B]?. For this experiment, the reaction is a pseudo-first-order
reaction in A.

-3
a. In ﬂ =-k't, In M =-k'x80s, kk=012s*
[A], 1.0x10°M

For the reaction: k' = k[B]>, k=0.12s7(3.0 mol/L)* = 1.3 x 102 L* mol*s™

In 0.693
b. typ=—

2 J—
k' 0.12s

=58s

C. |n[LJ: —-0.12 st x 13.0's, AL g 012130 = g 21

1.0x 107 M 1.0 x 1072

[A] =2.1x 10°M

d. [A] reactea = 0.010 M - 0.0021 M = 0.008 M

2mol C

[C] reacted = 0.008 M % Lol A

=0.016 M~ 0.02 M

[Clremaining = 2.0 M — 0.02 M = 2.0 M; as expected, the concentration of C basically
remains constant during this experiment since [C]o >> [Alo.
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Reaction Mechanisms

59. For elementary reactions, the rate law can be written using the coefficients in the balanced
equation to determine orders.

a. Rate = k[CH;3NC] b. Rate = k[O3][NO]
c. Rate =Kk[O3] d. Rate = k[O3][O]
60. From experiment (Exercise 37), we know the rate law is Rate = k|[H,O,]. A mechanism

consists of a series of elementary reactions where the rate law for each step can be
determined using the coefficients in the balanced equation for each respective step. For a
plausible mechanism, the rate law derived from a mechanism must agree with the rate law
determined from experiment. To derive the rate law from the mechanism, the rate of the
reaction is assumed to equal the rate of the slowest step in the mechanism.

This mechanism will agree with the experimentally determined rate law only if step 1 is the
slow step (called the rate-determining step). If step 1 is slow, then Rate = k[H,O], which
agrees with experiment.

Another important property of a mechanism is that the sum of all steps must give the overall
balanced equation. Summing all steps gives:

H202 — 20H
H202 +OH —> HQO + H02
H02 +OH —> H20+ Og

2 H202 - 2 H20+ Og

61. A mechanism consists of a series of elementary reactions in which the rate law for each step
can be determined using the coefficients in the balanced equations. For a plausible
mechanism, the rate law derived from a mechanism must agree with the rate law determined
from experiment. To derive the rate law from the mechanism, the rate of the reaction is
assumed to equal the rate of the slowest step in the mechanism.

Because step 1 is the rate-determining step, the rate law for this mechanism is Rate =
k[C4H¢Br]. To get the overall reaction, we sum all the individual steps of the mechanism.
Summing all steps gives:

CsHsBr —» C4H9Jr + Br-
C4H9Jr + HQO d C4H9()H2Jr
C4H9()H2Jr + HQO d C4H90H + H;g()Jr

CsHsBr + 2 H,O0 — C,H,OH + Br + H;g()Jr

Intermediates in a mechanism are species that are neither reactants nor products but that
are formed and consumed during the reaction sequence. The intermediates for this
mechanism are C,Hs" and C,HsOH,".
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62. Because the rate of the slowest elementary step equals the rate of a reaction:

Rate = rate of step 1 = K[NO,]

The sum of all steps in a plausible mechanism must give the overall balanced reaction.
Summing all steps gives:

NO; + NO, — NO; + NO
NO; + CO — NO, + CO,

NO; + CO — NO + CO;

Temperature Dependence of Rate Constants and the Collision Model
63. In the following plot, R = reactants, P = products, E, = activation energy, and RC = reaction

coordinate, which is the same as reaction progress. Note for this reaction that AE is positive
because the products are at a higher energy than the reactants.

RC

64. When AE is positive, the products are at a higher energy relative to reactants, and when AE is

negative, the products are at a lower energy relative to reactants. RC = reaction coordinate,
which is the same as reaction progress.




436 CHAPTER 12 CHEMICAL KINETICS

65.
E
Ea, reverse
RC
The activation energy for the reverse reaction is:
Ea reverse = 216 kJ/mol + 125 kJ/mol = 341 kJ/mol
66.

Reaction Coordinate —————»

The activation energy for the reverse reaction is Eg in the diagram.
Er = 167 — 28 = 139 kJ/mol

67. The Arrhenius equation is k = A exp(—E«/RT) or, in logarithmic form, In k = —-E,/RT + In A.
Hence a graph of In k versus 1/T should yield a straight line with a slope equal to —E./R since
the logarithmic form of the Arrhenius equation is in the form of a straight-line equation, y =
mx + b. Note: We carried extra significant figures in the following In k values in order to
reduce round off error.

T (K) UT (K™ k(s™) In k
338 2.96 x 10°° 49x10° -5.32
318 3.14x 1073 5.0x 10 -7.60

298 3.36 x 10°° 35x10° -10.26
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68.

69.

Ink
&
I

1 i 1 | ! |

29 30 31 32 33 34
1000
T(K)

~10.76 — (-5.85)

Slope =
P 3.40 x 107 — 3.00 x 107

=-12x10°K = -E,/R

8.3145

E.=-slope x R = 1.2 x 10" K x
K mol

., E,=1.0 % 10° J/mol = 1.0 x 10 kJ/mol

From the Arrhenius equation in logarithmic form (In k = —E//RT + In A), a graph of In k

versus 1/T should yield a straight line with a slope equal to —E./R and a y intercept equal to
In A.

83195 _ 9 15 x 10* Jimol = 91.5 ki/mol

a. Slope=-E4/R, E,=1.10 x 10* K x

b. The units for A are the same as the units for k (s™).
y intercept = In A, A=¢e**=354x 10" s
C. Ink=-EJ/RT+InA or k=Aexp(-E«/RT)

—-9.15 x 10* J/mol
8.3145 J/K « mol x 298 K

k=354 x 10" s7'x exp( J =3.24x107%s™*

-E . .
k=Aexp(-E/RT) or Ink= RTa + In A (the Arrhenius equation)

For two conditions: In L3 = Ejji_1 (Assuming A is temperature independent.)
K4 R{T, T,

Let k; = 3.52 x 1077 L/moles, T, =555 K; k, =2, T, =645 K; E,= 186 x 10° J/mol
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n K, _186x10°Umol( 1 1 _.g
3.52 x 1077 8.3145J/K . mol ( 555 K 645K '
k
——2—— =¢"°=270, k; =270(3.52 x 107") = 9.5 x 10-°L/moles
3.52 x 10~
L K, E.(1 1 . . .
70. For two conditions: In| —= | = =%| — — — | (Assuming A is temperature independent.)
K4 R{T, T,
[ 81x107s7 ) E, 11
46 x1072st ] 83145J)/K.mol| 273K 293K
0.57 = Eq (2.5 x 10*4), E, = 1.9 x 10* J/mol = 19 kJ/mol
8.3145
71. In Kp|_Esf L _L ; K - 7.00, T, = 295 K, E, = 54.0 x 10° J/mol
4
In(7.00) = 5.4 x 10" J/mol 1 1 , 1 1 —3.00x 10°*
8.3145J/K.mol | 295K T, 295K T,
L. 3.09 x107*, T,=324 K =51°C
T2
72. In ﬁ = E i - i : because the rate doubles, k, = 2k;.
ky R{T, T,
E
In(2.00) = a 1 , Ea=5.3x 10" J/mol = 53 kJ/mol
8.3145J/K.mol| 298K 308 K
73. Hs0"(aq) + OH (ag) — 2 H,O(l) should have the faster rate. H;0" and OH™ will be electro-
statically attracted to each other; Ce** and Hg,>* will repel each other. The activation energy
for the Ce** and Hg,** reaction should be a larger quantity, making it the slower reaction.
74. Carbon cannot form the fifth bond necessary for the transition state because of the small
atomic size of carbon and because carbon doesn’t have low-energy d orbitals available to
expand the octet.
Catalysts
75. a. NO is the catalyst. NO is present in the first step of the mechanism on the reactant side,

but it is not a reactant. NO is regenerated in the second step and does not appear in
overall balanced equation.
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b. NO,is an intermediate. Intermediates also never appear in the overall balanced equation.
In a mechanism, intermediates always appear first on the product side, whereas catalysts
always appear first on the reactant side.

¢ k= Aexp(_EJRT): Keat _ Aexp[-E,(cat)yRT] _ {Ea(un)—Ea(cat)}

Kun A exp[-E (un)/RT] RT
Keat _ - 2100 J/mol — %5 -3
Kun 8.3145J/K « mol x 298 K
The catalyzed reaction is approximately 2.3 times faster than the uncatalyzed reaction at
25°C.
76. The mechanism for the chlorine catalyzed destruction of ozone is:

O; + Cl—> O, + ClO (SIOW)
ClO+0 - 0, +Cl (fast)

03+O—)202

Because the chlorine atom-catalyzed reaction has a lower activation energy, the Cl-catalyzed
rate is faster. Hence Cl is a more effective catalyst. Using the activation energy, we can
estimate the efficiency that Cl atoms destroy ozone compared to NO molecules (see Exercise
75c).

At 25°C: lf—c' = exp{

NO

~E,(Cl) | Eg(NO)]_ [ (=2100 +11,900) ol | _ s _
RT RT (8.3145 x 298) J/mol

At 25°C, the Cl-catalyzed reaction is roughly 52 times faster than the NO-catalyzed reaction,
assuming the frequency factor A is the same for each reaction.

77. The reaction at the surface of the catalyst is assumed to follow the steps:
r|| T DCH,

D D H—C—C—H D D —— D CH, D D ——= CH,DCH,D(g)
I I l —

metal surface

Thus CH,D—CH,D should be the product. If the mechanism is possible, then the reaction

must be:
C2H4 + Dz — CHZDCHZD

If we got this product, then we could conclude that this is a possible mechanism. If we got
some other product, for example, CH3CHD,, then we would conclude that the mechanism is
wrong. Even though this mechanism correctly predicts the products of the reaction, we
cannot say conclusively that this is the correct mechanism; we might be able to conceive of
other mechanisms that would give the same products as our proposed one.
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78.

79.

80.

81.

82.

a. W because it has a lower activation energy than the Os catalyst.

b. Ky =AyexXp[-EaW)/RT]; Kuncat = Auncat EXp[—Ea(uncat)/RT]; assume Ay = Auncat-

W exp —E.(W) | Ea(uncat)}
K uncat | RT RT
Ky _ exp —-163,000 J/mol + 335,000 J/mol — 141 x 10%
Ky | 8.3145J/K . mol x 298K

The W-catalyzed reaction is approximately 10* times faster than the uncatalyzed
reaction.

c. Because [H;] is in the denominator of the rate law, the presence of H, decreases the rate
of the reaction. For the decomposition to occur, NH; molecules must be adsorbed on the
surface of the catalyst. If H, is also adsorbed on the catalyst surface, then there are fewer
sites for NH; molecules to be adsorbed, and the rate decreases.

The rate depends on the number of reactant molecules adsorbed on the surface of the catalyst.
This quantity is proportional to the concentration of reactant. However, when all the catalyst
surface sites are occupied, the rate becomes independent of the concentration of reactant.

At high [S], the enzyme is completely saturated with substrate. Once the enzyme is com-
pletely saturated, the rate of decomposition of ES can no longer increase, and the overall rate
remains constant.

Assuming the catalyzed and uncatalyzed reactions have the same form and orders, and be-
cause concentrations are assumed equal, the rates will be equal when the k values are equal.

k = A exp(_Ea/RT); kcat = kun When Eavcat/RTcat = Eavun/RTun.

4.20 x 10* J/mol 7.00x10* J/mol

- T = 488 K =215°C
8.3145J/K . mol x 293K  8.3145J/K .mol x T,,

Rate = Al _ K[A]*
At

Assuming the catalyzed and uncatalyzed reaction have the same form and orders, and
because concentrations are assumed equal, rate oc 1/At, where At = Atime.

Rate,, _ At,, _ 2400yr and rate,; _ Ko
Rate Aty At rate,, Kun
Rate

at . Keat A exp[-E, (cat)/RT] _ ex —E,(cat) + E, (un)
Rate , Kun A exp[-E, (un)/RT] RT
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Keat _ exp(—s.go x 10* J/mol + 1.84 x 10° Jmol

=7.62 x 10%°
8.3145 J/K « mol x 600. K

un

Ay _ Ty _ Kea - 280097 _ 765 10 Aty=315%10° yr=1s
At cat rate un k un At cat
Additional Exercises
83. Box a has 8 NO, molecules. Box b has 4 NO, molecules, and box ¢ has 2 NO, molecules.

Box b represents what is present after the first half-life of the reaction, and box c represents
what is present after the second half-life.

a. For first order Kinetics, ti, = 0.693/k; the half-life for a first order reaction is concen-
tration independent. Therefore, the time for box c, the time it takes to go through two
half-lives, will be 10 + 10 = 20 minutes.

b. For second order kinetics, t;, = 1/k[A]o; the half-life for a second order reaction is in-
versely proportional to the initial concentration. So if the first half-life is 10 minutes, the
second half-life will be 20 minutes. For a second order reaction, the time for box ¢ will
be 10 + 20 = 30 minutes.

c. For zero order kinetics, ty, = [A]o/2k; the half-life for a zero order reaction is directly
related to the initial concentration. So if this reaction was zero order, then the second
half-life would decrease from 10 min to 5 min. The time for box ¢ will be 10 + 5 = 15
minutes if the reaction is zero order.

84. Rate = k[H,SeO,;]*[H]’[1"]*; comparing the first and second experiments:

3.33x 107 k(2.0 x 107)*(2.0 x 107%)Y (2.0 x 107%)*

== 7 5 5 , 201=2.0", x=1
1.66 x 10~ K(1.0 x 107%)*(2.0 x 107°)¥(2.0 x 107%)*

Comparing the first and fourth experiments:

6.66 x 107" k(1.0 x 107#)(4.0 x 107%)Y (2.0 x 107%)*

- = . > S, 401=20, y=2
1.66 x 10~ K(1.0 x 107%)(2.0 x 1079)Y(2.0 x 107°)?
Comparing the first and sixth experiments:
13.2 x 107" k(1.0 x 107#)(2.0 x 107%)?(4.0 x 107%)?
1.66 x 1077 K(1.0 x 107)(2.0 x 1072)2(2.0 x 1072)?
7.95= 2.0%, log(7.95) = z log(2.0), z= 109(7.99) _ 5 99~ 3
log(2.0)

Rate = k[H,SeOs][H'T[I']®
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Experiment 1:

-7 _4 _2 2 2 3
1.66 x 107" mol _ K 1.0 x 107" mol |[ 2.0 x 10™“ mol | | 2.0 x 10™“ mol
Ls L L L

k =5.19 x 10° L/mol°ss = 5.2 x 10° L% /molI’s = Kmean
85. The integrated rate law for each reaction is:
In[A] = —4.50 x 10~*s7(t) + In[A], and In[B] = -3.70 x 107 s7(t) + In[B],
Subtracting the second equation from the first equation (In[A]o = In[Blo):

In[A] — In[B] = —4.50 x 107(t) + 3.70 x 107%(t), In [%J =3.25 x 107(t)

When [A] = 4.00 [B], In(4.00) = 3.25 x 10°%(t), t = 427 s.

86. The pressure of a gas is directly proportional to concentration. Therefore, we can use the
pressure data to solve the problem because Rate = ~A[SO,ClJ/At o« —APgp ¢, /At.

Assuming a first order equation, the data and plot follow.

Time (hour) 0.00 1.00 200 400 8.00 16.00
Pso,c, (atm) 493 426 352 253 130 0.34
InPgo 1.595 1.449 1.258 0.928 0.262 —1.08
2.00 T T ] | ] T T T
4
Slope = -0.168 hour -1
1.00 -
o)
Uﬂ
3
[« W)
& 0.00 +—
-1.00
1 | | i 1 ! I I

0 2 4 6 8 10 12 14 16
Time (hours)

Because the In Py, ¢, versus time plot is linear, the reaction is first order in SO.Cl,.
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87.

88.

a. Slope of In(P) versus t plot: —0.168 hour™ = -k, k=0.168 hour *=4.67 x 10> s™

Because concentration units don’t appear in first-order rate constants, this value of k
determined from the pressure data will be the same as if concentration data in molarity
units were used.

In2 06931  0.6931

b, ty,= _
T k  0168h"

=4.13 hour

P, P,
c. |n(%c'2j: —kt = -0.168 h™%(20.0 h) = —3.36, (%C'ZJ = ¢3%=347x 107
0 0

Fraction remaining = 0.0347 = 3.47%
From 338 K data, a plot of In[N,Os] versus t is linear, and the slope = —4.86 x 10~® (plot not
included). This tells us the reaction is first order in N,Os with k = 4.86 x 10~%at 338 K.

From 318 K data, the slope of In[N,Os] versus t plot is equal to —4.98 x 107*, so k = 4.98 x
10~ at 318 K. We now have two values of k at two temperatures, so we can solve for E,.

n(Kz2|_Eaf1 1) (486x107] E, 11
k) R\ T, ) (498x10") 83145J/K.mol(318K 338K

E,=1.0 x 10° J/mol = 1.0 x 10% kJ/mol

The Arrhenius equation is k = A exp(—E4/RT) or, in logarithmic form, In k = —E,/RT + In A.
Hence a graph of In k versus 1/T should yield a straight line with a slope equal to -E./R since
the logarithmic form of the Arrhenius equation is in the form of a straight-line equation, y =
mx + b. Note: We carried one extra significant figure in the following In k values in order to
reduce round-off error.

T (K) UT (K k (L/molss) In k
195 5.13 x 10°° 1.08 x 10° 20.80
230. 4.35x 107 2.95 x 10° 21.81
260. 3.85x 10°° 5.42 x 10° 22.41
298 3.36 x 10 12.0 x 10° 23.21
369 2.71x10°° 35.5 x 10° 24.29
- T T I
24.00+ —
23.00 + -1

ink

22.00 - ]

21.00 + =1

L
2.00 3.00 4.00 5.00 6.00
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89.

90.

91.

Using a couple of points on the plot:

20.95 — 23.65 =270
5.00 x 10°-3.00 x10°  2.00 x 10°®

_Ea

slope = =-1.35x10°K =

E,=1.35x 10° K x 8.3145 J/Kemol = 1.12 x 10* J/mol = 11.2 kJ/mol

To determine the rate of reaction, we need to calculate the value of the rate constant k. The
activation energy data can be manipulated to determine k.

—26.2 x 10° J/mol
8.3145 J/K « mol x 310.2 K

k= AeERT =0.850s" x exp( J =3.29x10°s™

Rate = k[acetycholine receptor-toxin complex]

=6.58 x 107° mol/Les

Rate = 3.29x 1075 s‘l[%mm)

Rate = KIDNA][CH:l]’; comparing the second and third experiments:

1.28 x 107 _ K(0.200)*(0.200)”

; , 2.00 = 200%, x =1
6.40x 10  Kk(0.100)*(0.200)Y

Comparing the first and second experiments:

6.40 x 10™* _ k(0.100)(0.200)"

— y —
-~ S 2,00 = 2007, y =1
3.20 x 10 k(0.100)(0.100)

The rate law is Rate = K[DNA][CHjsl].

Mechanism | is possible because the derived rate law from the mechanism (Rate =
k[DNA][CHjsl]) agrees with the experimentally determined rate law. The derived rate law for
Mechanism Il will equal the rate of the slowest step. This is step 1 in the mechanism giving a
derived rate law that is Rate = k[CH;l]. Because this rate law does not agree with experi-
ment, Mechanism Il would not be a possible mechanism for the reaction.

a. If the interval between flashes is 16.3 s, then the rate is:

1 flash/16.3s=6.13 x 102s* =k

Interval k T
16.3s 6.13x 102 s 21.0°C (294.2 K)
13.0s 7.69x 107 s 27.8°C (301.0 K)

|n(ﬁ] = Q(Ti - TLJ ; solving using above data: E,=2.5 x 10* J/mol = 25 kJ/mol
1 2
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k 2.5 x 10* J/mol 1 1 _
b. In = - =0.30
6.13x 1072 ) 8.3145J/K.mol( 2942K  303.2K

k=¢e"¥x(6.13x 107 =8.3x107s"; interval = 1/k = 12 seconds.

C. T Interval 54-2(Intervals)
21.0°C 16.3s 21°C
27.8°C 13.0s 28°C
30.0°C 12s 30°C

This rule of thumb gives excellent agreement to two significant figures.

92. k - A exp(—Ea/RT); kcat — Acat exp (_Ea,cat/RT) Xp(_ Ea,cat + Ea, uncat J

Kuncat ~ Auncat €XP(—Eq uncat/RT) RT

250 % 10°= Kt _ ¢

uncat

—E, e +5.00 x 10* J/mol
X
Pl 83145 J/K - mol x 310.K

In(2.50 x 10°) x 2.58 x 10° J/mol = —E, ¢ + 5.00 x 10" J/mol

E. . =5.00x 10%J/mol — 2.02 x 10* J/mol = 2.98 x 10* J/mol = 29.8 kJ/mol

a,cat —

93. a. Because [A]o<< [B]o or [C]o, the B and C concentrations remain constant at 1.00 M for
this experiment. Thus Rate = K[AJ’[B][C] = k'[A]?, where k' = K[B][C].

For this pseudo-second-order reaction:

Lo L L _k@Eoomin+ T
[A] [Al, 326 x10° M 100 x10* M

k' = 6890 L/molemin = 115 L/moles

k' 115 L/mol.s

— k= = 115 L¥/molPes
[B][C] (1.00 M )(1.00 M)

k' = K[B][C], k =

b. For this pseudo-second-order reaction:

Rate = K'[A], tip = — t _ 1 - =87.0s
k'[Al,  115L/mol.s(1.00 x 10~ mol/L)
1 1 1 .
c. — =k't+ =115 L/moles x 600.s + 2 =7.90 x 10" L/mol
[A] [Al, 1.00 x 104 mol/L

[A] = 1/7.90 x 10* L/mol = 1.27 x 10™ mol/L
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From the stoichiometry in the balanced reaction, 1 mol of B reacts with every 3 mol of A.

Amount A reacted =1.00 x 10*M-1.27x10°M=8.7x 10° M

1mol B
3mol A

Amount B reacted = 8.7 x 10™° mol/L x =29x10°M

[B]=1.00M-2.9x10°M=1.00 M

As we mentioned in part a, the concentration of B (and C) remains constant because the
A concentration is so small compared to the B (or C) concentration.

ChemWork Problems

The answers to the problems 94-101 (or a variation to these problem) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

—d[A] _,aee UF Al
102. ———= =K[A]’, —— =—|kdt
dt Al [J]o [AJ £

n+1 1

[Al; 1 1

Ix” dx = = t, — =+ =
[Al, AAL;  2AAL

7 S0: —
n+1 2[AY

For the half-life equation, [A]: = 1/2[Alo:

1 1 4 1
1 2+aM2‘_m”'imﬁ+2mﬁ_
{JMJ ’

- t1/2

3 3
- = —kt,, tp= ———
2AL: Ve T AT K

The first half-life is t;, = 40. s and corresponds to going from [A]oto 1/2 [A]o. The second
half-life corresponds to going from 1/2 [A]o to 1/4 [A], .

3 _ 6
[ALL k

>— second half-life =

First half-life = 3 5
2[A]y 1
2 1AL |
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3
. . 2
First half -life _ AAL K _ oo -9
Second half - life 6
[ATG k

Because the first half-life is 40. s, the second half-life will be four times this, or 160 s.

103.  Rate = K[I'T[OCI'P[OH]’; comparing the first and second experiments:

18.7 x 10° _ k(0.0026)*(0.012) (0.10)*

— = ,20=2.0 x=1
9.4x10°  K(0.0013)*(0.012)(0.10)’

Comparing the first and third experiments:

9.4 x10° _ k(0.0013)(0.012)" (0.10)* 20220 y=1
47 x10°  Kk(0.0013)(0.0060)Y(0.10)* © '

Comparing the first and sixth experiments:

-3 z
4.8 x10 _ k(0.0013)(0.012)(0.20) 1/2=20, z=—1

9.4 x10°  k(0.0013)(0.012)(0.10)*

Rate = w; the presence of OH™ decreases the rate of the reaction.

[OH"]
For the first experiment:

-3
9.4 x107° mol —k (0.0013 mol/L)(0.012 mol/L) k=603
Ls (0.10 mol/L)

1=60. st

For all experiments, Kmean = 60. s7*.

104.  For second order kinetics: i - L =kt and ty, = L
[A]  [Alp k[Aly

a. L (0.250 L/moles)t + i . 0.250 x 180. s + ;2

Al [Aly [A] 1.00 x 1072 M

%] =145 M*, [A] =6.90 x 10°M

Amount of A that reacted = 0.0100 — 0.00690 = 0.0031 M.

(Al = %(3.1 x 10*M) = 1.6 x 10°M
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b. After 3.00 minutes (180. s): [A] = 3.00[B], 6.90 x 10~*M = 3.00[B]
[B] =2.30 x 10°M

I C R ET: 5 [ ——
B] [Bl, 230 x10°M 250 x 102 M

k, = 2.19 L/moles

1 1

- - =4.00 x 10°s
K[A], 0.250 L/mol.s x 1.00 x 1072 mol/L

c. tp=

105. a. We check for first-order dependence by graphing In[concentration] versus time for each
set of data. The rate dependence on NO is determined from the first set of data because
the ozone concentration is relatively large compared to the NO concentration, so [O3] is
effectively constant.

Time (ms) [NO] (molecules/cm?) In[NO]
0 6.0 x 10° 20.21
100. 5.0 x 108 20.03
500. 2.4 x 108 19.30
700. 1.7 x 108 18.95
1000. 9.9 x 10’ 18.41
21 T T T I
— 20 1
o
Z,
c
£ ol i
18 | 1 i |
0 250 500 750 1000
time(ms)

Because In[NO] versus t is linear, the reaction is first order with respect to NO.

We follow the same procedure for ozone using the second set of data. The data and

plot are:
Time (ms) [03] (molecules/cm®) In[O4]
0 1.0 x 10*° 23.03
50. 8.4 x 10° 22.85
100. 7.0 x 10° 22.67
200. 4.9 x 10° 22.31

300. 3.4 x 10° 21.95
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106.

On the energy profile to the right, R =

reactants, P = products, E, = activation

energy, AE = overall energy change

for the reaction, | = intermediate, and

RC = reaction coordinate, which is the E
same as reaction progress.

23 -

22 .

In [04]

21 1 | ]
0 100 200 300

time (ms)

The plot of In[O3] versus t is linear. Hence the reaction is first order with respect to
ozone.

Rate = K[NO][Og] is the overall rate law.

For NO experiment, Rate = k'[NO] and k' = — (slope from graph of In[NO] versus t).
18.41-20.21

k' = —slope = — — =185

(1000.-0) x10™°s
For ozone experiment, Rate = k''[Os] and k' = — (slope from In[O3] versus t plot).
k' = slope = — (21.95-23.03) _ 36

(300.—0) x 1035

From the NO experiment, Rate = K[NO][O3] = k' [NO] where k' = k[Og].
k'=1.8 s = k(1.0 x 10" molecules/cm®), k = 1.8 x 107** cm*/moleculeses
We can check this from the ozone data. Rate = k'’ [O3] = K[INO][Os], where k" = k[NO].

k" =3.6 s* = k(2.0 x 10" molecules/cm®), k = 1.8 x 107** cm*/moleculeses

Both values of k agree.

a-d.  See plot to the right. RC
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107.

e. This is a two-step reaction since an intermediate plateau appears between the reactant and
the products. This plateau represents the energy of the intermediate. The general reaction
mechanism for this reaction is:

R—I
I->P
R—P

In a mechanism, the rate of the slowest step determines the rate of the reaction. The
activation energy for the slowest step will be the largest energy barrier that the reaction
must overcome. Since the second hump in the diagram is at the highest energy, the
second step has the largest activation energy and will be the rate-determining step (the
slow step).

|n(k2] = 5(i - i] assuming rate, _ % = 40.0:
1

k) R\T, T, rate,
— Ea 1 1 - 5 —
In(40.0) = - . E.= 1.55 x 10° J/mol = 155 kJ/mol
8.3145J/K .mol (308 K 328K

(carrying an extra sig. fig.)

Note that the activation energy is close to the F, bond energy. Therefore, the rate-
determining step probably involves breaking the F, bond.

Ha(g) + F2(g) — 2 HF(g); for every 2 moles of HF produced, only 1 mole of the reactant is
used up. Therefore, to convert the data to Pyesctant VErsus time, Preactant = 1.00 atm — (1/2)Pye.

Preactant Time
1.000 atm 0 min
0.850 atm 30.0 min
0.700 atm 65.8 min
0.550 atm 110.4 min
0.400 atm 169.1 min
0.250 atm 255.9 min

The plot of In Preactant Versus time (plot not included) is linear with negative slope, so the
reaction is first order with respect to the limiting reagent.

For the reactant in excess, because the values of the rate constant are the same for both
experiments, one can conclude that the reaction is zero order in the excess reactant.
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a. For a three-step reaction with the first step limiting, the energy-level diagram could be:

Reaction coordinate

Note that the heights of the second and third humps must be lower than the first-step acti-
vation energy. However, the height of the third hump could be higher than the second
hump. One cannot determine this absolutely from the information in the problem.

b. We know the reaction has a slow first step, and the calculated activation energy indicates
that the rate-determining step involves breaking the F, bond. The reaction is also first
order in one of the reactants and zero order in the other reactant. All this points to F,
being the limiting reagent. The reaction is first order in F,, and the rate-determining step
in the mechanism is F, — 2 F. Possible second and third steps to complete the
mechanism follow.

F,—> 2F slow
F+H, > HF+H fast
H+F — HF fast
F2+H2—) 2 HF

c. F,was the limiting reactant.

108.  We need the value of k at 500. K; In[%) = 5(1 - i}

1 R, T,
In Ky _111x10%0mol( 1 1 ) _,,,
2.3 x 107 L/mol .s 8.3145J/K «mol | 273K 500 K '
L712 =% k, = 1.0 x 107 L/moles
2.3 x 10

Because the decomposition reaction is an elementary reaction, the rate law can be written
using the coefficients in the balanced equation. For this reaction, Rate = k[NO,]°. To solve
for the time, we must use the integrated rate law for second-order kinetics. The major
problem now is converting units so they match. Rearranging the ideal gas law gives n/V =
P/RT. Substituting P/RT for concentration units in the second-order integrated rate equation:
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109.

110.

=kt + Kt + , ———=kt, t=—
P x P,

1 1 1 1 RT RT RT( P,-P
[NO,] [NO,],  P/RT P,/RT" P P, k

(= (0.08206 L atm/K « mol)(500. K) 8 2.5atm — 1.5atm | _ 11x10%s

1.0 x 107 L/mol s 1.5atm x 2.5atm
[B] >> [A], so [B] can be considered constant over the experiments. This gives us a
pseudo-order rate law equation.

Note that in each case, the half-life doubles as times increases (in experiment 1, the first
half-life is 40. s, and the second half-life is 80. s; in experiment 2, the first half-life is 20.
s, and the second half-life is 40. s). This occurs only for a second-order reaction, so the
reaction is second order in [A]. Between experiment 1 and experiment 2, we double [B],
and the reaction rate doubles, thus it is first order in [B]. The overall rate law equation is
rate = k[A]’[B].

Using ty, = kL ,Wwe getk= L = 0.25 L/mol s; but this is

[Al, "~ (40.5)(10.0 x 1072 mol/L)
actually k', where Rate = k'[A]* and k' = k[B].

K _025L/mol-S _ 050 1 2moltes

[B] 5.0 mol/L

k=

Rate = k[A]'[B}; looking at the data in experiment 2, notice that the concentration of A
is cut in half every 10. s. Only first-order reactions have a half-life that is independent of
concentration. The reaction is first order in A. In the data for experiment 1, notice that the
half-life is 40. s. This indicates that in going from experiment 1 to experiment 2, where
the B concentration doubled, the rate of reaction increased by a factor of four. This tells
us that the reaction is second order in B.

Rate = k[A][B]?

This reaction in each experiment is pseudo-first order in [A] because the concentration of
B is so large, it is basically constant.

Rate = k[BI’[A] = K’ [A], where k' = K[B]?

For a first-order reaction, the integrated rate law is:

.n(ﬂJ - ki

[Alo

Use any set of data you want to calculate kN. For example, in experiment 1, from 0 to
20. s the concentration of A decreased from 0.010 M to 0.0071 M:

[ 2970} - 20.5), Kk =17x107 5
0.010
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k' =K[B]>, 1.7 x 107?s* = k(10.0 mol/L)>?
k=1.7 x 107 L%mol%s

We get similar values for k using other data from either experiment 1 or experiment 2.

| AL | == (1.7 x 1072 L?/mol?es) x 30.'s, [A]=6.0x10° M
0.010 M

111.  Rate = K[A]'[BY’[C]% during the course of experiment 1, [A] and [C] are essentially constant,
and Rate = k'[B]” , where k' = k[A]3[C]§ -

[B] (M) Time (8) In[B] 1/[B](M™
1.0x10°° 0 -6.91 1.0 x 10°
2.7%x10* 1.0 x 10° -8.22 3.7 x10°
1.6 x 10 2.0 x 10° -8.74 6.3 x 10°
1.1x10™* 3.0 x 10° -9.12 9.1 x 10°
8.5%107° 4.0 x 10° -9.37 12 x 10°
6.9%x10°° 5.0 x 10° -9.58 14 x 10°
5.8 % 107° 6.0 x 10° -9.76 17 x 10°

A plot of 1/[B] versus t is linear (plot not included), so the reaction is second order in B, and
the integrated rate equation is:

1/[B] = (2.7 x 1072 L/moles)t + 1.0 x 10° L/mol; k' = 2.7 x 1072 L/molss

For experiment 2, [B] and [C] are essentially constant, and Rate = k”’[A]", where k'’ =
KIBI3[Cl; = KIBI[CI5.

[A] (M) Time (s) In[A] U[A] (MY
1.0 x 1072 0 ~4.61 1.0 x 10?
8.9x10°° 1.0 ~4.95 140
5.5x 107° 5.0 -5.20 180
38x10°° 8.0 -5.57 260
2.9x107° 10.0 -5.84 340
2.0x10°° 13.0 -6.21 5.0 x 102

A plot of In[A] versus tis linear, so the reaction is first order in A, and the integrated rate law
is:

In[A] = —(0.123 st —4.61; k' =0.123 5!

Note: We will carry an extra significant figure in k’'.



454 CHAPTER 12 CHEMICAL KINETICS
Experiment 3: [A] and [B] are constant; Rate = k’’[C]*
The plot of [C] versus tis linear. Thusz = 0.
The overall rate law is Rate = K[A][B]*.
From Experiment 1 (to determine k):
k' = 2.7 x 1072 L/molss = k[AJX[C]3= k[Al, = k(2.0 M), k=1.4 x 1072 L¥mols
From Experiment 2: k"=0.123s™ = k[B]2, k= % = 1.4 x 1072 L¥mol?es
Thus Rate = K[A][B]* and k = 1.4 x 107% L?/mol’ss.
112.  a. Rate= (ki + k[H [T [H0.]"

In all the experiments, the concentration of H,O; is small compared to the concentrations
of I and H*. Therefore, the concentrations of I~ and H" are effectively constant, and the
rate law reduces to:

Rate = kops[H20,]", where Kops = (K1 + ko[HT)[17]"

Because all plots of In[H,0,] versus time are linear, the reaction is first order with respect
to H,O, (n = 1). The slopes of the In[H,0,] versus time plots equal —kq,s, Which equals
—(ky + ko[H'D[I']™. To determine the order of I, compare the slopes of two experiments
in which I~ changes and H" is constant. Comparing the first two experiments:

slope (exp.2) = —-0.360 _ —[k, +k,(0.0400 M)] (0.3000 M )"
slope (exp.1) —-0.120  —[k; +k,(0.0400 M)](0.1000 M )"

00 = 0.3000 M
0.1000 M

J = (3.000)", m=1

The reaction is also first order with respect to I".
The slope equation has two unknowns, k; and k,. To solve for k; and k,, we must have

two equations. We need to take one of the first set of three experiments and one of the
second set of three experiments to generate the two equations in k; and k.

Experiment 1: Slope = —(k; + k[H)[I7]
~0.120 min™ = —[k; + k»(0.0400 M)](0.1000 M) or 1.20 = k; + k,(0.0400)

Experiment 4:

~0.0760 min* = —[k; + ky(0.0200 M)](0.0750 M) or 1.01 = k; + k,(0.0200)
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Subtracting 4 from 1:

1.20= K + ky(0.0400)
~1.01 = —k; — ky(0.0200)

0.19 = k»(0.0200), k, = 9.5 L?/mol’min
1.20 = ky + 9.5(0.0400), k; = 0.82 L/molsmin

c. There are two pathways, one involving H" with Rate = ko[H"][I"][H20-] and another not
involving H* with Rate = k;[I"][H202]. The overall rate of reaction depends on which of
these two pathways dominates, and this depends on the H" concentration.

Integrative Problems

36005 N2 In2

— -5 -1
= e 220%x 107 s
t1/2 3.15x 10" s

113. 8.75hx =3.15x10%s; k=

The partial pressure of a gas is directly related to the concentration in mol/L. So, instead of
using mol/L as the concentration units in the integrated first-order rate law, we can use partial
pressures of SO,Cl,.

"{Pij - ki, In[ P j = (220x10%s 1) x 125 h x 36?5

; 791 torr
P =204torr x &M 0387 atm
80,Cl Otorr
n= BV _ > 8532%23"_‘2“: LBLE - 9.94x10° mol sO.C,
RT ~ DOocblam  —rqsp
K mol

6.022 x 10%% molecules

9.94 x 10~ mol x =5.99 x 10 molecules SO,Cl,

mol
114, k=2 _1n2 _ ) 4x10%s
t,, 667s
2389 InCl x 1;"5%' 'B”C' y 1"“"""(‘:'
[In]o = g MOLINYT _ 40317 mol/L
0.500 L

| 101 —kt, In ] o —(1.04x10%s ) x 1.25 h x 36005

[In], 0.0317 M h

[In"]=2.94 x10™* mol/L
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The balanced equation for the reaction is: 3 In“(ag) — 2 In(s) + In**(aq)

-4
Mol In" reacted = 0.500 L x m - 0500 L x 2.94 x Il_O mol
=157 x10* mol In*
157 x10% mol In* x 2molin 1148910 _ 4 56 41
3mol In* mol In

115.

K2 ZBa( 1 1) [17x107s7) E, 11
k) R, T,)0 (72x10"s?) 83145)K.mol|660.K 720.K
E.= 2.1 x 10° J/mol

For k at 325°C (598 K):

-2 -1 5
In 17 x10"s _ 2.1 x 10” J/mol 1 1 k=13 x 1055
k 8.3145J/K.mol | 598 K  720.K

For three half-lives, we go from 100% — 50% — 25% — 12.5%. After three half-lives,
12.5% of the original amount of C,Hsl remains. Partial pressures are directly related to gas
concentrations in mol/L:

Pe,ng = 894 torr x 0.125 = 112 torr after 3 half-lives

Marathon Problem

116.

a. Rate = K[CHsX]'[Y]'; for experiment 1, [Y] is in large excess, so its concentration will
be constant. Rate = k'[CH3X]", where k' = k(3.0 M)".

A plot (not included) of In[CH3X] versus tis linear (x = 1). The integrated rate law is:
IN[CH3X] = —(0.93)t — 3.99; k' =0.93h™

For experiment 2, [Y] is again constant, with Rate = k" [CH3X]", where k'’ = k(4.5 M)".
The natural log plot is linear again with an integrated rate law:

In[CHsX] = —(0.93)t — 5.40; k" =0.93 h™

' y
Dividing the rate-constant values: £ = % = k(3.0) ,
k" 093 k(4.5)’

1.0=(0.67), y=0

The reaction is first order in CH3;X and zero order in Y. The overall rate law is:

Rate = K[CH3X], where k = 0.93 h™* at 25°C
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b. ty,=(In2)/k = 0.6931/(7.88 x 10® h™*) = 8.80 x 107" hour

o K| Eaf1 1)  [7.88x10°) E, 11
' Ky RIT, T,) 0.93 8.3145J/K . mol 298 K 358 K

E. = 3.0 x 10° J/mol = 3.0 x 102 kJ/mol

From part a, the reaction is first order in CH3X and zero order in Y. From part c, the acti-
vation energy is close to the C-X bond energy. A plausible mechanism that explains the

results in partsa and c is:

CHsX —> CHz + X (slow)
CHs + Y — CHyY (fast)

CHsX+Y — CH3Y + X

Note: This is a plausible mechanism because the derived rate law is the same as the
experimental rate law (and the sum of the steps gives the overall balanced equation).
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CHEMICAL EQUILIBRIUM

Questions

10.

11.

12.

13.

14.

a. This experiment starts with only H, and N,, and no NH; present. From the initial mix-
ture diagram, there is three times as many H, as N, molecules. So the green line, at the
highest initial concentration is the H, plot, the blue line is the N, plot, and the red line,
which has an initial concentration of zero, is the NH;plot.

b. Na(g) + 3H,(g) = 2NH;(g); when a reaction starts with only reactants present initially,
the reactant concentrations decrease with time while the product concentrations increase
with time. This is seen in the various plots. Also notice that the H, concentration
initially decreases more rapidly as compared to the initial decrease in N, concentration.
This is due to the stoichiometry in the balanced equation, which dictates that for every 1
molecule of N, that reacts, 3 molecules of H, must also react. One would expect the NH3
plot to initially increase faster than the N, plot decreases (due to the 2 : 1 mole ratio in the
balanced equation), and for the H, plot to initially decrease faster than the NH; plot
increases (due to the 3 : 2 mole ratio). This is seen in the various plots.

c. Equilibrium is reached when the rate of the forward reaction equals the rate of the reverse
reaction. At this time, there is no net change in any of the reactant and product
concentrations; so the various plots indicate equilibrium has been reached when their
concentrations no longer change with time (when the plots reach a plateau).

No, equilibrium is a dynamic process. Both reactions:

H,O + CO —- H, + CO, and H, + CO, - H,O + CO
are occurring at equal rates. Thus *C atoms will be distributed between CO and CO,.
No, it doesn't matter from which direction the equilibrium position is reached (as long as
temperature is constant). Both experiments will give the same equilibrium position because
both experiments started with stoichiometric amounts of reactants or products.
A K value much greater than one (K >> 1) indicates there are relatively large concentrations
of product gases/solutes as compared with the concentrations of reactant gases/solutes at
equilibrium. A reaction with a very large K value is a good source of products.
A K value much less than one (K << 1) indicates that there are relatively large concentrations

of reactant gases/solutes as compared with the concentrations of product gases/solutes at
equilibrium. A reaction with a very small K value is a very poor source of products.

458
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15.

16.

[H,][CO,]
H0(g) + CO(g) = Ha(g) + COx(9) K= _—="——"2 =20
[H,O][CO]
K is a unitless number because there are an equal number of moles of product gases as moles
of reactant gases in the balanced equation. Therefore, we can use units of molecules per liter
instead of moles per liter to determine K.

We need to start somewhere, so let’s assume 3 molecules of CO react. If 3 molecules of CO
react, then 3 molecules of H,O must react, and 3 molecules each of H, and CO, are formed.
We would have 6 — 3 = 3 molecules of CO, 8 — 3 =5 molecules of H,0, 0 + 3 = 3 molecules
of Hy, and 0 + 3 = 3 molecules of CO, present. This will be an equilibrium mixture if K =2.0:

(3 moleculesH, )(3 molecules CO, j

I S 3 3
(5 molecules HZOJ(3 moleculesCOJ 5
L L

Because this mixture does not give a value of K = 2.0, this is not an equilibrium mixture.
Let’s try 4 molecules of CO reacting to reach equilibrium.

Molecules CO remaining = 6 — 4 = 2 molecules of CO
Molecules H,O remaining = 8 — 4 = 4 molecules of H,0
Molecules H, present = 0 + 4 = 4 molecules of H,

Molecules CO, present = 0 + 4 = 4 molecules of CO,

(4 moleculesH, j(4 molecules COZ)
2.0

L L
- (4 molecules HZOJEZ moIecuIesCO) B
L L

Because K = 2.0 for this reaction mixture, we are at equilibrium.

When equilibrium is reached, there is no net change in the amount of reactants and products
present because the rates of the forward and reverse reactions are equal to each other. The
first diagram has 4 A,B molecules, 2 A, molecules, and 1 B, molecule present. The second
diagram has 2 A,B molecules, 4 A, molecules, and 2 B, molecules. Therefore, the first
diagram cannot represent equilibrium because there was a net change in reactants and
products. Is the second diagram the equilibrium mixture? That depends on whether there is a
net change between reactants and products when going from the second diagram to the third
diagram. The third diagram contains the same numbers and types of molecules as the second
diagram, so the second diagram is the first illustration that represents equilibrium.

The reaction container initially contained only A,B. From the first diagram, 2 A, molecules
and 1 B, molecule are present (along with 4 A,B molecules). From the balanced reaction,
these 2 A, molecules and 1 B, molecule were formed when 2 A,B molecules decomposed.
Therefore, the initial number of A,B molecules present equals 4 + 2 = 6 molecules A;B.
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17.

18.

19.

20.

K and K, are equilibrium constants, as determined by the law of mass action. For K,
concentration units of mol/L are used, and for K,, partial pressures in units of atm are used
(generally). Q is called the reaction quotient. Q has the exact same form as K or K, but
instead of equilibrium concentrations, initial concentrations are used to calculate the Q value.
The use of Q is when it is compared with the K value. When Q = K (or when Q, = K,), the
reaction is at equilibrium. When Q # K, the reaction is not at equilibrium, and one can deduce
the net change that must occur for the system to get to equilibrium.

— [I ”]2
Hz + |2 — 2 HI g K=z ———

2
Ha(g) + 1x(s) — 2 HI(g) K= % (Solids are not included in K expressions.)
2

Some property differences are:
(1) the reactions have different K expressions.

(2) for the first reaction, K = K, (since An = 0), and for the second reaction,
K # K, (since An # 0).

(3) a change in the container volume will have no effect on the equilibrium for reaction 1,
whereas a volume change will affect the equilibrium for reaction 2 (shifts the reaction left
or right depending on whether the volume is decreased or increased).

We always try to make good assumptions that simplify the math. In some problems we can
set up the problem so that the net change x that must occur to reach equilibrium is a small
number. This comes in handy when you have expressions like 0.12 — x or 0.727 + 2x, etc.
When x is small, we can assume that it makes little difference when subtracted from or added
to some relatively big number. When this is the case, 0.12 — x ~ 0.12 and 0.727 + 2x = 0.727,
etc. If the assumption holds by the 5% rule, the assumption is assumed valid. The 5% rule
refers to x (or 2x or 3x, etc.) that is assumed small compared to some number. If x (or 2x or
3x, etc.) is less than 5% of the number the assumption was made against, then the assumption
will be assumed valid. If the 5% rule fails to work, one can use a math procedure called the
method of successive approximations to solve the quadratic or cubic equation. Of course, one
could always solve the quadratic or cubic equation exactly. This is generally a last resort (and
is usually not necessary).

Only statement e is correct. Addition of a catalyst has no effect on the equilibrium position;
the reaction just reaches equilibrium more quickly. Statement a is false for reactants that are
either solids or liquids (adding more of these has no effect on the equilibrium). Statement b is
false always. If temperature remains constant, then the value of K is constant. Statement ¢ is
false for exothermic reactions where an increase in temperature decreases the value of K. For
statement d, only reactions that have more reactant gases than product gases will shift left
with an increase in container volume. If the moles of gas are equal, or if there are more moles
of product gases than reactant gases, the reaction will not shift left with an increase in
volume.
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The Equilibrium Constant

2 2
21. = _INOI" b, K= NO.I"
[N,][O,] [N,O,]
K = [SiCl,][H,]° d K= [PCL,)°[Br,]°
[SiH,][CI,] ' [PBr,J*[CI,T°
2 p2
22 a Ky=_No b K,= 2
PNZ X POZ PNZO4
_ Psici, x P4, _ Péai, % Pay,
Psin, % Pci, Pear, * P,
} NH,]?
23, K=13x102= Nt Nyg) + 3 Hyg) = 2 NHy(g).
[N,I[H, T

When a reaction is reversed, then Kyew = 1/Korigina.- VWhen a reaction is multiplied through by a
Value Of n, then KneW = (Korigina|)n.

2
a. 1/2 Na(g) + 3/2 Hx(g) = NH3(9) K'= % =K"= (1.3x102)"2=0.11
[N217[H,]
3
b. 2NHy(g) = Nig) +3H(g) Kr= Rall 2 1

== =77
[NH,1? K 13x107?

/2 1/2
- [N ]"?[H,]"2 (1)1 1
c. NHs(g) = 1/2 N,(qg) + 3/2 H k=l M2l (1) |+
3(9) 2(9) 2(9) [NH, ] K 132102
=88
4
d. 2 Ny(g) + 6 Hy(g) = 4 NHs(g) K= [NZLS]G: (K)’=(1.3%x102)°=17%x10"*
[N,1°[H,]
24, Hyg)+ Brag) = 2HBr(g) K= — B =35x10°
T i PP
. P Y2 (p_ )12 1/2 1/2
a. HBr=12H,+12Br, K, = Pu)"Pe)™ (1) _ (%}
Ps: K, 3.5 x 10
=5.3x10°
.« (P, )P
b. 2HBr = H,+Br, K :M:i ; =29x 10>

P P2, K, 35x10°
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c. 12H,+1/2Br,= HBr K, P = (K

= )2 =190
" P (Pe)”

p

_ [N, ][H,07

25.  2NO(g) + 2 Hy(9) = Na(g) +2H,0(g) K [NOT[H, I

Ko (53x 1072)(2.9 x 1073)?

=4.0 x 10°
(8.1x107%)2(4.1x 107°)?

2 —4 2
[NOP  _  (47x107°M)® _ .o i0e

26. " [N,1[0,]  (0.041M)(0.0078 M)

-3
27.  [NOJ = %OL’“O' = 15% 10°M: [Cl] = 2.340mLo|

=0.80 M

1.0 mol [NOP’[Cl,] _ (L5 x 107%)%(0.80)

=033M; K= . ; =17%x10°
[NOCI] (0.33)

[NOCI] =

2.00 x 1072 mol 2.80 x 10~ mol 2.50 x 10~ mol
28.  [N,O] = X © N2 = X © [0 = X
2.00L 2.00L 2.00L

- [N,OJ? _ 2.00 _ (1.00 x 107%)?
[N,]?[0,] [ 2.80 x 10—4J2(2_50 % 105 ] (1.40 x 1074)?(1.25 x 107°)

2.00 2.00
=4.08 x 10®

If the given concentrations represent equilibrium concentrations, then they should give a
value of K = 4.08 x 10°.

2
(0.200) = 4,08 x 10°
(2.00 x 10)7(0.00245)

Because the given concentrations when plugged into the equilibrium constant expression give
a value equal to K (4.08 x 10°), this set of concentrations is a system at equilibrium.

P2ox Py, _ (65 x10°)%(45 x 107)

} - =6.3x 107"
Po, (0.55)

29.  Kp=

P§H3 _ (81x10%?

— = —~— =3.8x10°
Py, xP3,  (0.85)(3.1x107)

30.  Kp=




CHAPTER 13 CHEMICAL EQUILIBRIUM 463

31.

32.

33.

34.

35.

36.

(0.0167)?
(0.525)(0.00761)*

=1.21x10°

When the given partial pressures in atmospheres are plugged into the K, expression, the value
does not equal the K, value of 3.8 x 10%. Therefore, one can conclude that the given set of
partial pressures does not represent a system at equilibrium.

K, = K(RT)*", where An = sum of gaseous product coefficients — sum of gaseous reactant
coefficients. For this reaction, An=3 —1=2,

K = [COI[H,]* _ (0.24)1.1)* _

1.9
[CH,OH] (0.15)

K, = K(RT)* =1.9(0.08206 L atm/Ksmol x 600. K)* = 4.6 x 10°

K, = KRT)™, K =

=—"— An=2-3=-1
(RT)™

K 0.25
(0.08206 L atm/K mol x 1100 K) ™

Solids and liquids do not appear in equilibrium expressions. Only gases and dissolved solutes
appear in equilibrium expressions.

H,O P
SN L) B PN b. K=[N[Br]% Kp= Py, x P,
[NHS] [Coz] PNH3 X PCOz
P
[HZ] PHz
a. KP:—13/2 b. Ky= :
(Po,) Feo,
C. Kp = : d. Kp = 22
Pr,0 Phio

K, = K(RT)*", where An equals the difference in the sum of the coefficients between gaseous
products and gaseous reactants (An = mol gaseous products — mol gaseous reactants). When
An = 0, then K, = K. In Exercise 33, only reaction d has An = 0, so only reaction d has K, =
K.

K, =K when An=0. In Exercise 34, none of the reactions have K, = K because none of the

reactions have An = 0. The values of An for the various reactions are —1.5, -1, 1, and 1, res-
pectively.
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37. Because solids do not appear in the equilibrium constant expression, K = 1/[0,]°.
[02]21.0x103moI;K: 13: 1 _ 1 80 x10°
20L [0, (10x103)F (0x107%3
5"
4
38 K,= F"‘i; Pow = Puo +Py,, 363torr=15.0torr + P, , P, =213 torr
H,0

4
[21.3torr X 7égttm J
o)~ 407

4
15.0 torr x 1atm
760 torr

Because | atm = 760 torr: K, =

Note: Solids and pure liquids are not included in K expressions.

Equilibrium Calculations

[HOCI]?

L =0.0900
[H20][CI;0]

39.  H,0(g) + CLO(g) — 2HOCI(g) K=

Use the reaction quotient Q to determine which way the reaction shifts to reach equilibrium.
For the reaction quotient, initial concentrations given in a problem are used to calculate the
value for Q. If Q < K, then the reaction shifts right to reach equilibrium. If Q > K, then the
reaction shifts left to reach equilibrium. If Q = K, then the reaction does not shift in either
direction because the reaction is already at equilibrium.

(1.0 moIJ2
2 1.0L
Q= tHoclh _ 0 = 1.0 x 10?
[H,0],[C1,0l, (0.10mol ) 0.10 mol
1.0L 1.0L

Q > K, so the reaction shifts left to produce more reactants to reach equilibrium.
2
0.084 mol
20L

Q= = 0.090 = K; at equilibrium
0.98 mol }( 0.080 mol
20L 20L
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40.

41.

42.

0.25mol )’

~ ( 30L J
Q= 0.56 mol }( 0.0010 mol
(3.0L J[ 30L J

Q > K, so the reaction shifts to the left to reach equilibrium.

As in Exercise 39, determine Q for each reaction, compare this value to K, (= 0.0900), and
then determine which direction the reaction shifts to reach equilibrium. Note that for this
reaction, K = K, because An = 0.

a Q= Pioci  _ (1.00 atm)? _
' Puox Poi,o  (1.00atm)(L.00 atm)

Q > K,, so the reaction shifts left to reach equilibrium.

2
b, Q= (21.0 torr)

= =4.43x 107 <K,
(200. torr) (49.8 torr)

The reaction shifts right to reach equilibrium. Note: Because Q and K, are unitless, we
can use any pressure units when determining Q without changing the numerical value.

¢ 0= (20.0 torr)?
' (296 torr) (15.0 torr)

=0.0901 = K,; at equilibrium

CaCOs(s) = CaO(s) + COx(9) Kp= P, =1.04

a. Q= Pgp,; we only need the partial pressure of CO, to determine Q because solids do not
appear in equilibrium expressions (or Q expressions). At this temperature, all CO, will be
in the gas phase. Q = 2.55, so Q > K,; the reaction will shift to the left to reach
equilibrium; the mass of CaO will decrease.

b. Q=1.04 =K, so the reaction is at equilibrium; mass of CaO will not change.
c. Q=1.04 =K, so the reaction is at equilibrium; mass of CaO will not change.

d. Q=0.211 < K,; the reaction will shift to the right to reach equilibrium; mass of CaO will
increase.

CH3COZH + C2H5OH = CH3COZC2H5 + Hzo K= [CH3C02C2H5][H20] =2.2

" [CH,CO,H][C,HOH]
Q= w =220 > K; reaction will shift left to reach equilibrium, so the
(0.010)(0.010) concentration of water will decrease.



466

CHAPTER 13 CHEMICAL EQUILIBRIUM

43.

44,

45,

b. Q= w =22=K; reaction is at equilibrium, so the concentration of
(0.0020)(0.10) water will remain the same.

c. Q= w =040< K; because Q < K, the concentration of water will in-
(0.044)(6.0) crease because the reaction shifts right to reach equi-

librium.

d Q= w =22=K; at equilibrium, so the water concentration is un-
(0.88)(10.0) changed.

e. K=22= M [H0]=0.55 M

(0.10)(5.0)

f.  Water is a product of the reaction, but it is not the solvent. Thus the concentration of
water must be included in the equilibrium expression because it is a solute in the reaction.
When water is the solvent, then it is not included in the equilibrium expression.

k= [HI[021 5, 1os _ (L9x107)°0,] [0,] = 0.080 M
[H,0] (0.11)2

0.080 mol O,

Moles of O, = 2.0 L x =0.16 mol O,

_ Piosr 100 — (0.0768)2

y =3 , PNO = 0.0583 atm
P2, x 0.0159

Kp = 5
Pro % P,

[SO,][NO]

SO(g) + NO(g) = SOs(g) + NO(g) K=
(9) + NOx(g) (9) + NO(g) [SO,]INO,]

To determine K, we must calculate the equilibrium concentrations. The initial concentrations
are:

2.00 mol
SO;3]o=[NO]p =0; [SO5]o=[NOy]Jg= —=2.00 M
[SOs]o = [NOJo [SOz]o = [NO2]o TO0L

Next, we determine the change required to reach equilibrium. At equilibrium, [NO] = 1.30
mol/1.00 L = 1.30 M. Because there was zero NO present initially, 1.30 M of SO, and 1.30 M
NO, must have reacted to produce 1.30 M NO as well as 1.30 M SOs, all required by the
balanced reaction. The equilibrium concentration for each substance is the sum of the initial
concentration plus the change in concentration necessary to reach equilibrium. The equi-
librium concentrations are:

[SOs] = [NO] =0+ 1.30 M = 1.30 M; [SO,] = [NO;]=2.00 M —-1.30 M=0.70 M

We now use these equilibrium concentrations to calculate K:

« - [SO31INO] _ (1.30)4.30) _,,
[SO,][NO,] ~ (0.70)(0.70) ~
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46.

47.

P
Se(@) = 4S:(9) Kp= 5

Sg

Initially: P, =1.00 atmand Py =0 atm

Change: Because 0.25 atm of Sg remain at equilibrium, 1.00 atm — 0.25 atm = 0.75 atm of Sg
must have reacted in order to reach equilibrium. Because there is a 4 : 1 mole ratio between
S, and Sg (from the balanced reaction), 4(0.75 atm) = 3.0 atm of S, must have been produced
when the reaction went to equilibrium (moles and pressure are directly related at constant T

and V).
Equilibrium: PSB =0.25 atm, PSZ =0+3.0atm = 3.0 atm; solving for K:

_ 30)*
0.25

0 =3.2x10°

When solving equilibrium problems, a common method to summarize all the information in
the problem is to set up a table. We commonly call this table an ICE table because it
summarizes initial concentrations, changes that must occur to reach equilibrium, and
equilibrium concentrations (the sum of the initial and change columns). For the change
column, we will generally use the variable x, which will be defined as the amount of reactant
(or product) that must react to reach equilibrium. In this problem, the reaction must shift
right to reach equilibrium because there are no products present initially. Therefore, x is
defined as the amount of reactant SO; that reacts to reach equilibrium, and we use the
coefficients in the balanced equation to relate the net change in SO; to the net change in SO,
and O,. The general ICE table for this problem is:

« - [50,[0,]

2 S03(9) 2505(g) + 0O2A9) SO,
Initial 12.0 mol/3.0 L 0 0
Let x mol/L of SOj; react to reach equilibrium.
Change —X - +X +X/2
Equil. 4.0-x X x/2

From the problem, we are told that the equilibrium SO, concentration is 3.0 mol/3.0 L =

1.0 M ([SO;]e = 1.0 M). From the ICE table setup, [SO;]. = X, so x = 1.0. Solving for the
other equilibrium concentrations: [SO;zle =4.0 -x=4.0-1.0=3.0M; [O,] =x/2=1.0/2 =
0.50 M.

K = [SOT°[0,] _ (1.0)% (0.50)

0.7 a0 = 0.056

Alternate method: Fractions in the change column can be avoided (if you want) be defining x
differently. If we were to let 2x mol/L of SO; react to reach equilibrium, then the ICE table
setup is:



468 CHAPTER 13 CHEMICAL EQUILIBRIUM
- [SO,I°[O,]
2SO0 = 2SO + O K= >—=2—"2
3(9) 2(9) 2(9) 50, ]
Initial 40M 0 0
Let 2x mol/L of SO; react to reach equilibrium.
Change —2X - +2X +X
Equil. 4.0 — 2x 2X X
Solving: 2x=[SO;]e = 1.0 M, x=0.50 M; [SO;]e =4.0 — 2(0.50) = 3.0 M; [O;]e =X
=050M
These are exactly the same equilibrium concentrations as solved for previously, thus K will
be the same (as it must be). The moral of the story is to define x in a manner that is most
comfortable for you. Your final answer is independent of how you define x initially.
48. When solving equilibrium problems, a common method to summarize all the information in

the problem is to set up a table. We commonly call this table the ICE table because it
summarizes initial concentrations, changes that must occur to reach equilibrium, and
equilibrium concentrations (the sum of the initial and change columns). For the change
column, we will generally use the variable x, which will be defined as the amount of reactant
(or product) that must react to reach equilibrium. In this problem, the reaction must shift
right since there are no products present initially. The general ICE table for this problem is:

_ _ [NOP’[0,]
= + =
2 NO,(g) 2 NO(g) 02(0) K NG, T
Initial 8.0 mol/1.0 L 0 0
Let x mol/L of NO; react to reach equilibrium
Change —X - +X +X/2
Equil. 8.0-x X x/2

Note that we must use the coefficients in the balanced equation to determine the amount of
products produced when x mol/L of NO, reacts to reach equilibrium. In the problem, we are
told that [NO]e = 2.0 M. From the set-up, [NO]J. = x =2.0 M. Solving for the other concen-
trations: [NO],=8.0-x=8.0-2.0=6.0M; [O;]e =x/2=2.0/2=1.0 M. Calculating K:

« = INOF[0,] _ (20M)*@OM) _ ooy 0
[NO,]? (6.0 M)?

Alternate method: Fractions in the change column can be avoided (if you want) by defining x
differently. If we were to let 2x mol/L of NO, react to reach equilibrium, then the ICE table
set-up is:

_ _ [NOJP*[0,]
= + =
2 NO,(g) 2 NO(g) 02(0) K NG, T
8.0M 0 0
Let 2x mol/L of NO, react to reach equilibrium
Change —2X - +2X +X

Equil. 8.0 — 2x 2X X
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49.

50.

51.

Solving: 2x = [NO], =2.0 M, x=1.0 M; [NO,]. =8.0—2(1.0)= 6.0 M; [O;]. = x=1.0M

These are exactly the same equilibrium concentrations as solved for previously; thus K will
be the same (as it must be). The moral of the story is to define x in a manner that is most
comfortable for you. Your final answer is independent of how you define x initially.

3 Hz(9) + No(g) =  2NH;3(9)

Initial [Hz]o [Nz]o 0
x mol/L of N, reacts to reach equilibrium

Change —3X —X - +2X

EquI [Hz]o - 3x [Nz]o —X 2X

From the problem:
[NH3le =4.0 M =2x, x=2.0M; [Hz]e =5.0 M = [Hz]o —3%; [N2]e =8.0 M = [Nz]o — x
5.0 M =[Hzo — 3(2.0 M), [H2]o=11.0M; 8.0 M=[Nz]o— 2.0 M, [N2]o=10.0M

N2(g) + 3 Hx(g) = 2 NHa3(g); with only reactants present initially, the net change that must
occur to reach equilibrium is a conversion of reactants into products. At constant volume and
temperature, n oc P. Thus, if x atm of N, reacts to reach equilibrium, then 3x atm of H, must
also react to form 2x atm of NHj; (from the balanced equation). Let’s summarize the problem
in a table that lists what is present initially, what change in terms of x that occurs to reach
equilibrium, and what is present at equilibrium (initial + change). This table is typically
called an ICE table for initial, change, and equilibrium.

P2
NAG)  + BHAQ) = 2NH(g) K= —
PN2 X PH2
Initial 1.00 atm 2.00 atm 0
x atm of N, reacts to reach equilibrium
Change —X —3x —  +2x
Equil. 1.00 — x 2.00 — 3x 2X
From the setup: Py = 2.00 atm = PN2 + PHZ + PNH3
2.00 atm = (1.00 — x) + (2.00 — 3x) + 2x =3.00 — 2x, x=0.500
P, =200-3x=2.00- 3(0.500) = 0.50 atm
(2x)? B [2(0.500)]? _ (1.00)2

P = 100 x)(2.00-3x)° _ (1.00—0.500)[2.00—3(0.500)F _ (0.50)(0.50)°

Q = 1.00, which is less than K. The reaction shifts to the right to reach equilibrium.
Summarizing the equilibrium problem in a table:
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SOg) + NOy(g = SO5(g + NO(g K=375

Initial 0.800 M 0.800 M 0.800 M 0.800 M
x mol/L of SO, reacts to reach equilibrium

Change —X —X — +X +X

Equil. 0.800 — x 0.800 — x 0.800 + x 0.800 + x

Plug the equilibrium concentrations into the equilibrium constant expression:

2
K= w 3.75 = M take the square root of both sides and solve

0.800 + x
0.800 — x

=1.94, 0.800 +x =1.55—(1.94)x, (2.94)x =0.75, x=0.26 M
The equilibrium concentrations are:
[SO;] = [NO] =0.800 + x =0.800 + 0.26 = 1.06 M; [SO,] = [NO,] =0.800 —x=0.54 M

52. Q =1.00, which is less than K. Reaction shifts right to reach equilibrium.

- [HIP?
Hy9)  + 12(9) = 2HI(Q) K= _—~——=
[H,[l;]
Initial 1.00 M 1.00 M 1.00 M
x mol/L of H, reacts to reach equilibrium
Change —X —X —  +2X
Equil. 1.00 — x 1.00 — x 1.00 + 2x
2
K=100. = M taking the square root of both sides:
(1.00-x)
10.0= M, 10.0 - (10.0)x = 1.00 + 2%, (12.0)x=9.0, x=0.75M
1.00 — x
[H2] =[l] =1.00 —0.75=0.25 M; [HI] =1.00 + 2(0.75) = 2.50 M
53. Because only reactants are present initially, the reaction must proceed to the right to reach

equilibrium. Summarizing the problem in a table:

NA®) + Of9) = 2NO@G  K,=0.050

Initial 0.80 atm 0.20 atm 0
x atm of N, reacts to reach equilibrium
Change —X —X - +2X
Equil. 0.80 — x 0.20 — x 2X
2 2
K, =0.050 = Plo (2) 0.050[0.16 — (1.00)x + x?] = 4x?

Py, x Po,  (0.80-x)(0.20-X)’
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4x* = 8.0 x 10°° - (0.050)x + (0.050)x?, (3.95)x* + (0.050)x — 8.0 x 10° =0

Solving using the quadratic formula (see Appendix 1 of the text):

(= bt (b? —4ac)"”> _ —0.050 + [(0.050)]* — 4(3.95)(-8.0 x10°)]""2
2a 2(3.95)

x=3.9x 1072 atm or x = -5.2 x 10 atm; only x = 3.9 x 107 atm makes sense (x cannot
be negative), so the equilibrium NO concentration is:

Pno = 2x=2(3.9 x 102 atm) = 7.8 x 102 atm

R [HOCI]?
54, H,0(g) + Cl,0(g) = 2 HOCI(g) K=0090= ———
[H,0][CI,0]
a. The initial concentrations of H,O and CI,O are:

1.0gH,0 g 1mol _ 5.5 x 102 mol/L: 2.0gCl,0 y 1 mol
10L 18.02¢ 10L 86.909

=2.3x 102 mol/L

H.O(g + Cl,0(0) = 2 HOCI(g)

Initial  5.5x 102 M 23x10°M 0
x mol/L of H,O reacts to reach equilibrium

Change —X —X — +2X

Equil. 55x107%—x 2.3x102—x 2X

(2x)°
(55 x 1072 - x)(2.3 x 1072 = x)

K =0.090 =

1.14 x 107 = (7.02 x 107%)x + (0.090)x* = 4%
(3.91)x* + (7.02 x 10°)x —1.14x 10™*=0 (We carried extra significant figures.)
Solving using the quadratic formula:

~7.02x107° + (493 x107° +1.78 x 107°)!/2
7.82

A negative answer makes no physical sense; we can't have less than nothing. Thus
x=4.6x10°M.

=4.6x10°%0r—6.4% 1072

[HOCI] = 2x = 9.2 x 10°M; [Cl,0] = 2.3 x 102 - x = 0.023 — 0.0046 = 1.8 x 102 M

[H,0]=5.5% 102 —x=0.055-0.0046 = 5.0 x 10> M
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55.

b. H,0(9g) + Cl,O(y = 2HOCI(g)
Initial 0 0 1.0 mol/2.0L =0.50 M
2x mol/L of HOCI reacts to reach equilibrium
Change +X +X — —2X
Equil. X X 0.50 — 2x
2 2
K = 0.090 = [HOCI] _ (0.50—22x)
[H,0][CI,0] X
The expression is a perfect square, so we can take the square root of each side:
0.30= M (0.30)x = 0.50 — 2x, (2.30)x = 0.50
X

x =0.217 (We carried extra significant figures.)
x = [H,0] = [CI,0] = 0.217 = 0.22 M; [HOCI] =0.50 — 2x = 0.50 — 0.434 = 0.07 M

2S0,9) + OJg) = 2S0ig) K, =025

Initial 0.50 atm 0.50 atm 0

2x atm of SO, reacts to reach equilibrium
Change —2X —X - +2X
Equil. 0.50 — 2x 0.50 — x 2X

2
K,=025= % (2%°

P2, x P, (0.50-2x)%(0.50 - x)

This will give a cubic equation. Graphing calculators can be used to solve this expression.
If you don’t have a graphing calculator, an alternative method for solving a cubic equation is
to use the method of successive approximations (see Appendix 1 of the text). The first step is
to guess a value for x. Because the value of K is small (K < 1), not much of the forward
reaction will occur to reach equilibrium. This tells us that x is small. Let’s guess that x =
0.050 atm. Now we take this estimated value for x and substitute it into the equation
everywhere that x appears except for one. For equilibrium problems, we will substitute the
estimated value for x into the denominator and then solve for the numerator value of x. We
continue this process until the estimated value of x and the calculated value of x converge on
the same number. This is the same answer we would get if we were to solve the cubic
equation exactly. Applying the method of successive approximations and carrying extra
significant figures:

2 2
4)‘2 - 4’2( — 025, Xx=0.067
[0.50 — 2(0.050)]2[0.50 — (0.050)]  (0.40)2(0.45)
2 2
ax ax — 0.25. x=0.060

[0.50 — 2(0.067)]%[0.50 — (0.067)] - (0.366)%(0.433)
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4x? B B _ 4x? B B
—— = 0.25, x=10.063; > =0.25, x=0.062
(0.38)?(0.44) (0.374)%(0.437)

The next trial gives the same value for x = 0.062 atm. We are done except for determining
the equilibrium concentrations. They are:

Pso, = 0.50 — 2x = 0.50 — 2(0.062) = 0.376 = 0.38 atm

Po, = 0.50 —x = 0.438 = 0.44 atm; Py, = 2x=0.124 = 0.12 atm

56. a. The reaction must proceed to products to reach equilibrium because no product is present
initially. Summarizing the problem in a table where x atm of N,O, reacts to reach
equilibrium:

N,04(9) = 2 NO4(9) K,=10.25
Initial 4.5 atm 0
Change —X — +2x
Equil. 45-x 2X

Plgloz _ (2x)?

PN204 45-x

Ky = =0.25, 4x°=1.125- (0.25)x, 4x*+ (0.25)x —1.125=0

We carried extra significant figures in this expression (as will be typical when we solve
an expression using the quadratic formula). Solving using the quadratic formula
(Appendix 1 of text):

(= 025+ [(0.25)% —4(4)(-1.125)]"* _ —0.25 + 4.25

, X =0.50 (Other value is
2(4) 8

negative.)

pNOz =2x=1.0 atm; PN204 =45—-x=4.0atm

b. The reaction must shift to reactants (shifts left) to reach equilibrium.

N2O4(@) =  2NO2(9)

Initial 0 9.0 atm
Change  +x <« —2X
Equil. X 9.0 —2x
_ 2
Kp= ©0=29" _ 0.25, 4x*—(36.25)x + 81 = 0 (carrying extra significant figures)
X
— (- + [(— 2 1/2
Solving: x = (=36.25) + [(=36.25)" —4(4)(81)] , Xx=4.0 atm

2(4)

The other value, 5.1, is impossible. Py o =x=4.0atm; Py, =9.0-2x=1.0atm
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57.

C.

No, we get the same equilibrium position starting with either pure N,O,4 or pure NO, in
stoichiometric amounts.

The reaction must proceed to products to reach equilibrium because only reactants are
present initially. Summarizing the problem in a table:

2NOCI[g) = 2NO(@ + Clg) K=16x10"°

2.0 mol
20L
2x mol/L of NOCI reacts to reach equilibrium

Change —2X - +2X +X
Equil. 1.0—2x 2X X

Initial =10M 0 0

[NOI[Cl,] _ (20%(%)

K=16x107° = > >
[NOCI] (1.0 - 2x)

If we assume that 1.0 — 2x =~ 1.0 (from the small size of K, we know that the product
concentrations will be small), then:
4x3

1.6 x 10°= 02 x=1.6 x107%; now we must check the assumption.

1.0 -2x=1.0-2(0.016) = 0.97 = 1.0 (to proper significant figures)

Our error is about 3%); that is, 2x is 3.2% of 1.0 M. Generally, if the error we introduce by
making simplifying assumptions is less than 5%, we go no further; the assumption is said
to be valid. We call this the 5% rule. Solving for the equilibrium concentrations:

[NO] = 2x =0.032 M; [Cl,] =x=0.016 M; [NOCI]=1.0-2x=0.97 M~ 1.0 M

Note: If we were to solve this cubic equation exactly (a longer process), we get x = 0.016.
This is the exact same answer we determined by making a simplifying assumption. We
saved time and energy. Whenever K is a very small value ( K << 1), always make the
assumption that x is small. If the assumption introduces an error of less than 5%, then the
answer you calculated making the assumption will be considered the correct answer.

2 NOCI(g) = 2NO(g) + Cly(9)

Initial 1.0M 1.0M 0
2x mol/L of NOCI reacts to reach equilibrium

Change —2X - +2X +X

Equil. 1.0—2x 1.0 + 2x X

@L.0+2x)2(x) _ (1.0)*(x)
(1.0 — 2x)? (1.0)2
x = 1.6 x 107°; assumptions are great (2x is 3.2 x 10% of 1.0).

1.6 x 107°= (assuming 2x << 1.0)

[Cl;] = 1.6 x 10°°M and [NOCI] = [NO] = 1.0 M
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C. 2 NOCI(g) = 2NO(g) + Cly(g)
Initial 20M 0 1.0M
2x mol/L of NOCI reacts to reach equilibrium
Change —2X - +2X +X
Equil. 2.0 —2x 2X 1.0+x

(20%(@0+x) _ 4%
(2.0 — 2x)? 4.0

1.6 x 107°= (assuming x << 1.0)

Solving: x = 4.0 x10°%; assumptions good (x is 0.4% of 1.0 and 2x is 0.4% of 2.0).

[CL]=1.0+x=1.0M; [NO]=2(4.0x 10°)=8.0x 10° M; [NOCI]=2.0M

2
58. N,04(9) = 2 NOy(g) K= M =4.0x 10"
[N,O,]
Initial 1.0 mol/10.0 L 0
x mol/L of N,O, reacts to reach equilibrium
Change —X - +2X
Equil. 0.10 — x 2X

2 2
K= [NO,] = (2x) =4.0x% 107"; because K has a small value, assume that x is small
[N.O,]  0.10-x compared to 0.10, so that 0.10 — x ~ 0.10. Solving:

4x?
0.10

40x% 107"~ , 42 =4.0%x10"°, x=1.0x 10 M

4
Checking the assumption by the 5% rule: o)io x 100 = % x 100 = 0.10%

Because this number is less than 5%, we will say that the assumption is valid.
[N;O,] =0.10-1.0x 10*=0.10 M; [NO;] =2x=2(1.0x 10*)=20%x10*M

« - [COF[0,]

59. 2CO = 2CO + O =2.0x10°
2(9) ) 2(9) (O, T’
Initial 2.0 mol/5.0 L 0 0
2x mol/L of CO; reacts to reach equilibrium
Change —2X — 2 +X
Equil. 0.40 — 2x 2X X
2 2
Kk=20x10° = [COTIO1 @070 . oo ming 2x << 0.40:

[CO,T? (0.40 — 2x)?

3 3
2.0x10‘6z(0L, 2.0x10°° = 326 X=43x10°M

40)?
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60.

61.

62.

2(4.3 x 107%)

Checking assumption: x 100 = 2.2%; assumption is valid by the 5% rule.

[CO,] =0.40 — 2x=0.40 — 2(4.3x 10°) = 0.39 M

[CO]=2x=2(4.3x107°)=8.6 x10"M; [0)]=x=43%x10"°M

cocl = - Peo xFa, _ -
29) = CO(g) + Cl(g) Ky= ——==68x10
PCOCIZ
Initial 1.0 atm 0 0
x atm of COCI, reacts to reach equilibrium
Change —X —  +X +X
Equil. 1.0-x X X
2 2
68x10° = coxfen X (Assuming 1.0 —x ~1.0.)

x = 8.2 x 10°atm; assumption is good (x is 8.2 x 10°°% of 1.0).
Peoet,=1.0-x=1.0-82x 10° =1.0atm; P, = Py =x=82x 10 °atm

This is a typical equilibrium problem except that the reaction contains a solid. Whenever
solids and liquids are present, we basically ignore them in the equilibrium problem.

NH,OCONH,(s) = 2NHs(g) + COxg) K,=29x1073

Initial 0 0

Some NH,OCONH, decomposes to produce 2x atm of NH; and x atm of CO.,.
Change - +2X +X
Equil. 2X X

Kp =29x10°3%= P§H3 X P(;o2 = (ZX)Z(X) = 4x°

_ (2.9 x 1073
X=|—

1/3
7 ] =9.0x 10 atm; Py, =2x=0.18atm; Py, =x=9.0x 107 atm

Piota = PNH3 + Pgo, = 0.18atm + 0.090 atm = 0.27 atm

NH4C|(S) = NHg(g) + HCI(g) Kp = PNH3 X Puel

For this system to reach equilibrium, some of the NH,CI(s) decomposes to form equal moles
of NH3(g) and HCI(g) at equilibrium. Because moles of HCI produced = moles of NH;
produced, the partial pressures of each gas must be equal to each other.

At equilibrium: Py = PNH3+ Pua and pNH3: Phal

Pow = 4.4atm = 2P, , 2.2atm= P, = Pyc; Ky =(22)(2.2) =438

NH;
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Le Chatelier's Principle

63. a. No effect; adding more of a pure solid or pure liquid has no effect on the equilibrium
position.
b. Shifts left; HF(g) will be removed by reaction with the glass. As HF(g) is removed, the
reaction will shift left to produce more HF(g).
c. Shifts right; as H,O(g) is removed, the reaction will shift right to produce more H,O(g).
64. When the volume of a reaction container is increased, the reaction itself will want to increase

its own volume by shifting to the side of the reaction that contains the most molecules of gas.
When the molecules of gas are equal on both sides of the reaction, then the reaction will
remain at equilibrium no matter what happens to the volume of the container.

a.

65. a.

66. a.

Reaction shifts left (to reactants) because the reactants contain 4 molecules of gas
compared with 2 molecules of gas on the product side.

Reaction shifts right (to products) because there are more product molecules of gas (2)
than reactant molecules (1).

No change because there are equal reactant and product molecules of gas.
Reaction shifts right.

Reaction shifts right to produce more CO,(g). One can ignore the solids and only
concentrate on the gases because gases occupy a relatively huge volume compared with
solids. We make the same assumption when liquids are present (only worry about the gas
molecules).

Right b. Right c. No effect; He(g) is neither a reactant nor a product.

Left; because the reaction is exothermic, heat is a product:
CO(g) + H,0(g) — Ha(g) + CO4(g) + heat
Increasing T will add heat. The equilibrium shifts to the left to use up the added heat.

No effect; because the moles of gaseous reactants equals the moles of gaseous products
(2 mol versus 2 mol), a change in volume will have no effect on the equilibrium.

The moles of SOz will increase because the reaction will shift left to use up the added
04(9).

Increase; because there are fewer reactant gas molecules than product gas molecules, the
reaction shifts left with a decrease in volume.

No effect; the partial pressures of sulfur trioxide, sulfur dioxide, and oxygen are
unchanged, so the reaction is still at equilibrium.
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d. Increase; heat + 2 SO; = 2 SO, + O,; decreasing T will remove heat, shifting this
endothermic reaction to the left to add heat.
e. Decrease

67. a. Left b. Right c. Left
d. No effect; the reactant and product concentrations/partial pressures are unchanged.

e. No effect; because there are equal numbers of product and reactant gas molecules, a
change in volume has no effect on this equilibrium position.

f. Right; a decrease in temperature will shift the equilibrium to the right because heat is a
product in this reaction (as is true in all exothermic reactions).
68. a. Shift to left
b. Shift to right; because the reaction is endothermic (heat is a reactant), an increase in
temperature will shift the equilibrium to the right.

c. No effect; the reactant and product concentrations/partial pressures are unchanged.

d. Shift to right

e. Shift to right; because there are more gaseous product molecules than gaseous reactant
molecules, the equilibrium will shift right with an increase in volume.

69. An endothermic reaction, where heat is a reactant, will shift right to products with an increase
in temperature. The amount of NH3(g) will increase as the reaction shifts right, so the smell
of ammonia will increase.

70. As temperature increases, the value of K decreases. This is consistent with an exothermic

reaction. In an exothermic reaction, heat is a product, and an increase in temperature shifts
the equilibrium to the reactant side (as well as lowering the value of K).

Additional Exercises

71.

72.

0(g) + NO(g) = NO(9) K =1/(6.8x10*)=1.5x 10"
NO,(g) + 0x(g) = NO(g) + 0s(9) K=1/(5.8x107*) = 1.7 x 10*
0,(g) + O(g) = 0s(g) K= (1.5 % 10%)(1.7 x 10%¥) = 2.6 x 10*
a. Na,O(s) = 2 Na(l) + 1/2 O,(g) K,
2 Na(l) + Oz(g) = NaQOQ(S) 1/K3

NaQO(S) +1/2 Oz(g) = NaQOQ(S) K= (Kl)(]./Kg)



CHAPTER 13 CHEMICAL EQUILIBRIUM
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2x107% 3
K=(K)(1/K;) = —/———— =4x10
(KK = 0%
b. NaO(g) = Na(l) + 1/2 O,(g) K
Na,O(s) = 2 Na(l) + 1/2 O,(g) K
2 Na(l) + Oz(g) - NaQOQ(S) 1/K3

NaO(g) + NayO(s) = Na,O,(s) + Na(l) K = Ky(Ky)(1/K3) = 8 x 107

C. 2 NaO(g) = 2 Na(l) + Ox(g) (Ky)?
2 Na(l) + Oz(g) - NaQOQ(S) 1/K3
2 NaO(g) = NayO,(s) K= (K,)?(1/K;) =8x10"
1molC.H.O —
73, 5.63gCsHeOs x —> 25623 = () 0493 mol CsHeOs initially
114.10g
Total moles of gas at equilibrium = iy = Ptgi'rv = O.OESSS:_matEZfZ; . =0.105 mol
K mol
CsHeO3(g) = C,He(g) + 3 CO(g)
Initial 0.0493 mol 0 0
Let x mol CsHsO3 react to reach equilibrium.
Change —X —> X +3X
Equil. 0.0493 — x X 3x

0.105 mol total = 0.0493 — x + x + 3x = 0.0493 + 3x, x = 0.0186 mol

{0.0186 mol C,H, } {3(0.0186) mol c:o}3
3
« = [CoHG]ICOT _ 2.50L 250L =6.74 x 107
[CoH.O5] (0.0493 — 0.0186) mol CsH4O,
2.50 L
Pio  _ Pio

74, a. Nyg)+Oy(g) = 2NO(g) K,=1x10""=

Py, ¥ Po,  (08)(02)

Solving: Pno =1 x 107" atm

PV (1x107'°atm)(1.0 x107°L)

T 0.08205 =4 x 107 mol NO
( . Latmj(298 K)

In 1.0 cm® of air; nyo=

K mol

4 x 107 mol NO . 6.02 x 10% molecules _ 2 x 10° molecules NO
cm?® mol NO cm?®
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75.

76.

b. There is more NO in the atmosphere than we would expect from the value of K. The
answer must lie in the rates of the reaction. At 25°C, the rates of both reactions:

N, + O, - 2 NO and 2NO—-> N, + 0O,

are so slow that they are essentially zero. Very strong bonds must be broken; the
activation energy is very high. Therefore, the reaction essentially doesn’t occur at low
temperatures.  Nitric oxide, however, can be produced in high-energy or high-
temperature environments because the production of NO is endothermic. In nature, some
NO is produced by lightning, and the primary manmade source is automobiles. At these
high temperatures, K will increase, and the rates of the reaction will also increase,
resulting in a higher production of NO. Once the NO gets into a more normal
temperature environment, it doesn’t go back to N, and O, because of the slow rate.

a. 2 AsHs(g) = 2As(s) + 3Hx0)
Initial 392.0 torr 0
Equil. 392.0 — 2x 3x

Using Dalton’s law of partial pressure:

Pioa = 488.0 torr = Py, + Py =392.0 — 2x + 3x, x =96.0 torr

1latm

P, = 3x=3(96.0) = 288 torr x =0.379 atm
: 760 torr

1latm

b. Pagy, =392.0 —2(96.0) = 200.0 torr x =0.2632 atm
: 760 torr

_ ()’ (0379° _
(Past,)®  (0.2632)°

p

FeSCN*(ag) = Fe*(ag) + SCN(aq) K=9.1x10"

Initial 20M 0 0
x mol/L of FeSCN?* reacts to reach equilibrium
Change —X -  *X +X
Equil. 20-x X X
3+ - 2 2
91x10%= FETISCNTT X0 X° o ociming 2.0 — x ~ 2.0)

[FeSCN2*]  20-x 20
X = 4.3 x 1072 M; assumption good by the 5% rule (x is 2.2% of 2.0).

[FeSCN*1=2.0-x=2.0-43%x102=2.0M; [Fe*]=[SCN]=x=43x10°M
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77. There is a little trick we can use to solve this problem without having to solve a quadratic
equation. Because K is very large (K >> 1), the reaction will have mostly products at
equilibrium. So we will let the reaction go to completion (with Fe** limiting), and then solve
an equilibrium problem to determine the molarity of reactants present at equilibrium (see the
following set- up).

Fe*(ag) + SCN(ag) = FeSCN*(aq) K=11x10°

Before 0.020 M 0.10 M 0

Let 0.020 mol/L Fe** react completely (K is large; products dominate).
Change -0.020 —0.020 — +0.020 React completely
After 0 0.08 0.020 New initial

x mol/L FeSCN?* reacts to reach equilibrium
Change +X +X «— —X
Equil. X 0.08 + x 0.020 — x

2+ _

K=11x10°= [FeSCN“"] _ 0.020-x  0.020

[Fe*][SCN"]  (x)(0.08+x)  (0.08)x
x=2x10"M; xis 1% of 0.020. Assumptions are good by the 5% rule.
x=[Fe*]=2x10"M; [SCN]=0.08+2x 10 =0.08 M
[FeSCN?]=0.020 — 2 x 10~ = 0.020 M

Note: At equilibrium, we do indeed have mostly products present. Our assumption to first let
the reaction go to completion is good.

2.450 9 PCly y 0.08206 L atm

Nee,RT  208.22 g/mol kmol 00K
78, a Phy = sl - £09.£20MMO mo = 1.16 atm
s \V 0.500 L
Peci, X Pgy
b. PCls(g) = PCl(g) + Clx(g) Ky= ——= =115
PPCI5
Initial 1.16 atm 0 0
x atm of PCls reacts to reach equilibrium
Change —x - +X +X
Equil. 1.16—x X X
X2
Ko = =115, ¥+ (11.5x-13.3=0
1.16 — X

Using the quadratic formula: x = 1.06 atm

Poi, = 1.16 — 1.06 = 0.10 atm
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79.

80.

C. Ppg, = Pg, =1.06 atm; Py =0.10 atm

Puow = Ppy, + Prgy, + Pey, = 0.10 + 1.06 + 1.06 = 2.22 atm

d. Percent dissociation = x x 100 = % x 100 =91.4%

1.16

SOCl(g) = Cl(g) + SO4(0g)

Initial Po 0 0 Po = initial pressure of SO,ClI,
Change —X —  +X +X
Equil. Po—x X X

Piotas =0.900 atm =Py — X+ X+ X =Py + X

Pix 100 = 12.5, P = (8.00)x
0

Solving: 0.900 = P, + x = (9.00)x, X = 0.100 atm
x = 0.100 atm = Py, =Py, ; Po—x=0.800 - 0.100 = 0.700 atm = Pgq o

_ Po, xPso, (0.100)?

0= =143 x 107
Pso,ci, 0.700

[HF* (0.400 M )?

= = = 320.; 0.200 mol F»/5.00 L = 0.0400 M F, added
[H,1[F,]  (0.0500 M)(0.0100 M)

After F, has been added, the concentrations of species present are [HF] = 0.400 M, [H.] = [F,]
= 0.0500 M. Q = (0.400)%(0.0500)* = 64.0; because Q < K, the reaction will shift right to
reestablish equilibrium.

Ha(9) + Fo@) = 2HF(Q)
Initial 0.0500 M 0.0500 M 0.400 M
x mol/L of F, reacts to reach equilibrium
Change —X —X - +2X
Equil. 0.0500 — x 0.0500 — x 0.400 + 2x
2
K =320.= M ; taking the square root of each side:
(0.0500 — x)
179= % 0.895 — (17.9)x = 0.400 + 2x, (19.9)x = 0.495, x =0.0249 mol/L
. - X

[HF] = 0.400 + 2(0.0249) = 0.450 M; [H,] = [F2] = 0.0500 — 0.0249 = 0.0251 M
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81.

82.

83.

84.

85.

CoCly(s) + 6 H,O(g) = CoCly*6H,0(s); if rain is imminent, there would be a lot of water
vapor in the air. Because water vapor is a reactant gas, the reaction would shift to the right
and would take on the color of CoCl,*6H,0, pink.

a.

C.

d.

Doubling the volume will decrease all concentrations by a factor of one-half.

1 2+
E[FeSCN leq

tre | Sisen L

The reaction will shift to the left to reestablish equilibrium.

Q= =2K, Q>K

Adding Ag” will remove SCN™ through the formation of AgGSCN(s). The reaction will
shift to the left to produce more SCN'.

Removing Fe** as Fe(OH)s(s) will shift the reaction to the left to produce more Fe*".

Reaction will shift to the right as Fe*" is added.

H* + OH™ — H,0; sodium hydroxide (NaOH) will react with the H* on the product side of
the reaction. This effectively removes H* from the equilibrium, which will shift the reaction
to the right to produce more H" and CrO,*. Because more CrO,* is produced, the solution
turns yellow.

N2(g) + 3 Hy(g) = 2 NH5(g) + heat

a.

PCls(g) = PCls(g) + Clx(g) K

This reaction is exothermic, so an increase in temperature will decrease the value of K
(see Table 13.3 of text.) This has the effect of lowering the amount of NH5(g) produced at
equilibrium. The temperature increase, therefore, must be for kinetics reasons. As tem-
perature increases, the reaction reaches equilibrium much faster. At low temperatures,
this reaction is very slow, too slow to be of any use.

As NH3(g) is removed, the reaction shifts right to produce more NH;(g).

A catalyst has no effect on the equilibrium position. The purpose of a catalyst is to speed
up areaction so it reaches equilibrium more quickly.

When the pressure of reactants and products is high, the reaction shifts to the side that has
fewer gas molecules. Since the product side contains two molecules of gas as compared
to four molecules of gas on the reactant side, then the reaction shifts right to products at
high pressures of reactants and products.

_ [PCI][CL,]

=45x 107
[PCI;]
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86.

87.

88.

At equilibrium, [PCIs] = 2[PCly].

[PCL,1[CI, ]

Substituting: 4.5 x 1072 =
2[PCl,]

, [Cl]=2(4.5 x107°)=9.0 x10° M

CaCO4(s) = CaO(s) +COAg) Kp=1.16= Pgq,

Some of the 20.0 g of CaCOs will react to reach equilibrium. The amount that reacts is the
quantity of CaCOs required to produce a CO, pressure of 1.16 atm (from the K, expression).

0= Peo,V _  116atmx10.0L
@7 RT  008206Laim
K mol

= 0.132 mol CO;,

x 1073 K

1mol CaCO, ~ 100.09g

Mass CaCO; reacted = 0.132 mol CO, x
mol CO, mol CaCO,

=13.2 g CaCO;

13.2¢g

Mass percent of CaCO; reacted = x 100 = 66.0%
g

alpha-glucose = beta-glucose K = [beta - glucose]
[alpha - glucose]

From the problem, [alpha—glucose] = 2[beta-glucose], so:

[beta-glucose] 1 — 050

2[beta-glucose] 2

peptide(aq) + H,O(l) = acid group(aq) + amine group(aq) K =3.1x 10"

1.0 mol

Initial =1.0M 0 0
1.0L
x mol/L peptide reacts to reach equilibrium.
Change —X - +X +X
Equil. 1.0-x X X

Note: Because water is not included in the K expression, the amount of water present initially
and the amount of water that reacts are not needed to solve this problem.

K=31x10" = 1)(& 31 x107° » (assuming 1.0 - x ~ 1.0)

x

0-x 1.0

X =4/3.1 x10™° = 5.6 x 10 M; assumption good (0.56% error).
[peptide] =1.0-x=1.0-5.6x10° =1.0M

[acid group] = [amine group] =x=5.6 x 10° M
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89.

90.

+ 2—-
HCO; (aq) = H*(aq) + Cng_(aq) K= M =56 x 107

[HCO;]
Initial 0.16 mol/1.0 L 0 0
xmol/L HCO3™ reacts to reach equilibrium
Change —X - X +X
Equil. 0.16 —x X X
2
56x10t= XK X (assuming x << 0.16)

0.16-x  0.16

X = \/5.6 x 1071(0.16) = 3.0 x 10° M; assumption good (8 x 10%% error).

[COs*] = x=3.0x10°M

CH;OH(aq) = H,CO(aq) + Ha(aq) K=37x10" = [?éﬁ(j%f]
Initial 1.24 M 0 0
x mol/L CH3;OH reacts to reach equilibrium
Change —x - X +X
Equil. 1.24-x X X
2
37x100= X)X (assuming x << 1.24)

124 — x 124

x = 2.1 x 107° M; assumption good (1.7 x 107°% error).

[H,COl =[Hy] =x=21x10°M; [CHsOH] =124 -2.1x10"° = 1.24 M

As formaldehyde is removed from the equilibrium by forming some other substance, the equilibrium
shifts right to produce more formaldehyde. Hence the concentration of methanol (a reactant)
decreases as formaldehyde (a product) reacts to form formic acid.

ChemWork Problems

The answers to the problems 91-98 (or a variation to these problem) are found in OWL. These
problems are also assignable in OWL.

Challenge Problems

99.

Po (for Oz) = ny RT/V = (6.400 g x 0.08206 x 684 K)/(32.00 g/mol x 2.50 L) = 4.49 atm

CHy@) + 2059 — COAg) + 2H0O(9)
Change —X —2X —> X +2X

CH4(g) + 3/20,(g) — CO(9) + 2H,O(g)
Change -y =32y > +y +2y
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Amount of O, reacted = 4.49 atm — 0.326 atm = 4.16 atm O,
2x + 3/2y =4.16 atm O, and 2x + 2y = 4.45 atm H,0O

Solving using simultaneous equations:

2x + 2y = 445
-2x —(3/2)y =-4.16

(0.50)y = 0.29, y=0.58atm =P¢o

2x +2(0.58) = 4.45, X = L;l'm = 1.65atm = P,

100, 4.72 g CHsOH x —1% ~ 0,147 mol CH,0H initially
32.049

Graham’s law of effusion: Rate, = M,
Rate,

Ml
Rate M
He  _ cHoH _ 3204 _ 3.987
Ratecy on My, 2.016
The effused mixture has 33.0 times as much H, as CH;OH. When the effusion rate ratio is
multiplied by the equilibrium mole ratio of H, to CH;OH, the effused mixture will have 33.0

times as much H, as CH;OH. Let n,, and nc, o equal the equilibrium moles of H; and
CH30H, respectively.

n n
33.0=3.987x — 2 H:  -g.28

Newon  Newngon

CH;OH(g) = CO(g) +2Hx(9)

Initial 0.147 mol 0 0
Change —X - X +2X
Equil. 0.147 — x X 2X

_ Ny 2X
From the ICE table, 8.28 = 2 =
Newon  0.147 —X

Solving: x =0.118 mol

0.118 mol]( 2(0.118 moI)JZ
=0.23

K = [COIH,]* _ ( 1.00 L 1.00 L
[CH,0OH] (0.147 - 0.118) mol
1.00L
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101.

102.

There is a little trick we can use to solve this problem in order to avoid solving a cubic
equation. Because K for this reaction is very small (K << 1), the reaction will contain mostly
reactants at equilibrium (the equilibrium position lies far to the left). We will let the products
react to completion by the reverse reaction, and then we will solve the forward equilibrium
problem to determine the equilibrium concentrations. Summarizing these steps in a table:

2NOCI(g) = 2NO(g) + Cl(g) K=1.6x10°

Before 0 2.0M 1.0M
Let 1.0 mol/L Cl, react completely. (K is small, reactants dominate.)
Change +2.0 «~— =20 -1.0 React completely
After 2.0 0 0 New initial conditions
2x mol/L of NOCI reacts to reach equilibrium
Change —2X - +2X +X
Equil. 2.0 -2x 2X X

K=16x10°= 20O __ 4
(20-2x)? 2.0°

(assuming 2.0 — 2x ~ 2.0)

x*=1.6x 107 x=2.5x107M; assumption good by the 5% rule (2x is 2.5% of 2.0).
[NOCI] = 2.0 — 0.050 = 1.95 M = 2.0 M: [NO] = 0.050 M; [Cl,] = 0.025 M

Note: If we do not break this problem into two parts (a stoichiometric part and an equilibrium
part), then we are faced with solving a cubic equation. The setup would be:

2 NOCI = 2NO + Cl,

Initial 0 20M 1.0M
Change +2y «— =2 -y
Equil. 2y 20-2y 10-y
16x 105 (20- 2y)?(1.0-y)

(2y)*

If we say that y is small to simplify the problem, then:

2

16x10°= 29 . we gety = 250. This is impossible!

4y?

To solve this equation, we cannot make any simplifying assumptions; we have to solve the
cubic equation exactly.

a. 2NO(g) + Bry(g) = 2 NOBr(g)
Initial 98.4 torr 41.3 torr 0
2x torr of NO reacts to reach equilibrium
Change —2X —X - +2X

Equil. 984-2x 413-x 2X
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Piota = 110.5=139.7 — x, x=29.2 torr; Pno =98.4 - 2(29.2) = 40.0 torr = 0.0526 atm
Pg,, =41.3-29.2=12.1 torr = 0.0159 atm; Pnogr = 2(29.2) = 58.4 torr = 0.0768 atm

K - PRoer  _ (0.0768 atm)? _
P Pi x Pg,  (0.0526 atm)*(0.0159 atm)

2NO(g) + Br(g) = 2 NOBr(g)

Initial 0.30 atm 0.30 atm 0

2x atm of NO reacts to reach equilibrium
Change —2X —X - +2X
Equil. 0.30 — 2x 0.30 —x 2X

This would yield a cubic equation, which can be difficult to solve unless you have a
graphing calculator. Because K, is pretty large, let’s approach equilibrium in two steps:
Assume the reaction goes to completion, and then solve the back-equilibrium problem.

2NO + Br, = 2 NOBr

Before 0.30 atm 0.30 atm 0

Let 0.30 atm NO react completely.
Change —0.30 015 - +0.30 React completely
After 0 0.15 0.30 New initial

2y atm of NOBr reacts to reach equilibrium
Change +2y +y «— -2y
Equil. 2y 0.15+y 0.30 — 2y

2 2
K, =134 = (©@30=20)" (080729)" _ 15, g2 53py
(2y)°(0.15+y) (0.15+Yvy)

If y << 0.15:

2
_(00'30) ~ 5367, th