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Introduction

Chemistry: The Central Science, 12th edition, contains more than 2600 end-of-chapter exercises.
Considerable attention has been given to these exercises because one of the best ways for students
to master chemistry is by solving problems. Grouping the exercises according to subject matter is
intended to aid the student in selecting and recognizing particular types of problems. Within
each subject matter group, similar problems are arranged in pairs. This provides the student with
an opportunity to reinforce a particular kind of problem. There are also a substantial number of
general exercises in each chapter to supplement those grouped by topic. Integrative exercises,
which require students to integrate concepts from several chapters, are a continuing feature of the
12th edition. Answers to the odd numbered topical exercises plus selected general and integrative
exercises, about 1200 in all, are provided in the text. These appendix answers help to make the

text a useful self-contained vehicle for learning.

This manual, Solutions to Exercises in Chemistry: The Central Science, 12th edition, was
written to enhance the end-of-chapter exercises by providing documented solutions. The manual
assists the instructor by saving time spent generating solutions for assigned problem sets and
aids the student by offering a convenient independent source to check their understanding of the
material. Most solutions have been worked in the same detail as the in-chapter sample exercises

to help guide students in their studies.

To reinforce the 'Analyze, Plan, Solve, Check’ problem-solving method used extensively in the text,
this strategy has also been incorporated into the Solution Manual. Solutions to most red paired
exercises and selected Additional and Integrative exercises feature this four-step approach. We
strongly encourage students to master this powerful and totally general method.

When using this manual, keep in mind that the numerical result of any calculation is influenced
by the precision of the numbers used in the calculation. In this manual, for example, atomic
masses and physical constants are typically expressed to four significant figures, or at least as
precisely as the data given in the problem. If students use slightly different values to solve
problems, their answers will differ slightly from those listed in the appendix of the text or this
manual. This is a normal and a common occurrence when comparing.results from different

calculations or experiments.



Rounding methods are another source of differences between calculated values. In this manual,
when a solution is given in steps, intermediate results will be rounded to the correct number of
significant figures; however, unrounded numbers will be used in subsequent calculations. By
following this scheme, calculators need not be cleared to re-enter rounded intermediate results in
the middle of a calculation sequence. The final answer will appear with the correct number of
significant figures. This may result in a small discrepancy in the last significant digit between
student-calculated answers and those given in this manual. Variations due to rounding can occur

in any analysis of numerical data.

The first step in checking your solution and resolving differences between your answer and the
listed value is to look for similarities and differences in problem-solving methods. Ultimately,
resolving the small numerical differences described above is less important than understanding
the general method for solving a problem. The goal of this manual is to provide a reference for
sound and consistent problem-solving methods in addition to accurate answers to text exercises.

Extraordinary efforts have been made to keep this manual as error-free as possible. All exercises
were worked and proof-read by at least three chemists to ensure clarity in methods and accuracy
in mathematics. The work and advice of Ms. Rene Musto, Ms. Kate Vigor, Dr. Christopher Musto
and Dr. Timothy Kucharski have been invaluable to this project. In any written work as
technically challenging as this manual, typos and errors inevitably creep in, despite our combined
efforts. Please help us find and eliminate them. We hope that both instructors and students will
find this manual accurate, helpful and instructive.

" Roxy B. Wilson, Ph.D.
1829 Maynard Dr.
Champaign, IL 61822
rbwilson@illinois.edu



Introduction:
Matter and
Measurement

Visualizing Concepts

11

1.2

13

1.4

1.5

Pure elements contain only one kind of atom. Atoms can be present singly or as tightly
bound groups called molecules. Compounds contain two or more kinds of atoms bound
tightly into molecules. Mixtures contain more than one kind of atom and/or molecule,
not bound into discrete particles.

(a) pureelement:i
(b) mixture of elements: v, vi
()  pure compound: iv

(d) mixture of an element and a compound: ii, iii

After a physical change, the identities of the substances involved are the same as their
identities before the change. That is, molecules retain their original composition. During
a chemical change, at least one new substance is produced; rearrangement of atoms into
new molecules occurs.

The diagram represents a chemical change, because the molecules after the change are
different than the molecules before the change.

To brew a cup of coffee, begin with ground coffee beans, a heterogeneous mixture, and
water, a pure substance. Hot water contacts the coffee grounds and dissolves
components of the coffee bean that are water-soluble. This creates a new heterogeneous
mixture of undissolved coffee bean solids and liquid coffee solution; this mixture is
separated by filtration. Undissolved grounds are left on the filter paper and liquid
coffee, itself a homogeneous mixture, drips into the container below.

Overall, two separations occur. Chemical differences among the components of the
coffee bean allow certain compounds to dissolve in water, while other components
remain insoluble. This kind of separation based on solubility differences is called
extraction. The insoluble grounds are then separated from the coffee solution by
filtration.

(a) time (b) mass (c) temperature (d) area (e) length
() area (g) temperature (h) density (i) -volume

Density is the ratio of mass to volume. For a sphere, size is like volume; both are
determined by the radius of the sphere.

(a) For spheres of the same size or volume, the denominator of the density
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1.6

1.7

1.8

1.9

relationship is the same. The denser the sphere, the heavier it is. A list from
lightest to heaviest is in order of increasing density and mass. The aluminum
sphere (density = 2.70 g/cm?3) is lightest, then nickel (density = 8.90 g/cm3), then
silver (density = 10.409 g/cm?).

For spheres of equal mass, the numerator of the density relationship is the same.
The denser the sphere, the smaller its volume or size. A list from smallest to
largest is in order of decreasing density. The platinum sphere (density = 21.45
g/cm?3) is smallest, then gold (density = 19.30 g/cm?), then lead (density = 11.35

g/cmd).

Measurements (darts) that are close to each other are precise. Measurements that are
close to the “true value” (the bull’s eye) are accurate.

(a)
(b)

©

(a)

(@)

(b)

Figure ii represents data that are both accurate and precise. The darts are close to
the bull’s eye and each other. '

Figure i represents data that are precise but inaccurate. The darts are near each
other but their center point (average value) is far from the bull’s eye.

Figure iii represents data that are imprecise but their average value is accurate.
The darts are far from each other, but their average value, or geometric center
point, is close to the bull's eye.

7.5 cm. There are two significant figures in this measurement; the number of cm
can be read precisely, but there is some estimating (uncertainty) required to read
tenths of a centimeter. Listing two significant figures is consistent with the
convention that measured quantities are reported so that there is uncertainty in
only the last digit.

The speed is 72 mi/hr (inner scale, two significant figures) or 115 km/hr (outer
scale, three significant figures). Both scales are read with certainty in the
“hundreds” and “tens” place, and some uncertainty in the “ones” place. The
km/hr speed has one more significant figure because its magnitude is in the
hundreds.

Volume = length x width x height. Because the operation is multiplication, the
dimension with fewest significant figures (sig figs) determines the number of sig
figs in the result. The dimension “2.5 cm” has 2 sig figs, so the volume is reported
with 2 sig figs.

Density = mass/volume. Because the operation is division, again the datum with
fewer significant figures determines the number of sig figs in the result. - While
mass, 104.72 g, has 5 sig figs, volume [from (a)] has 2 sig figs, so density is also
reported to 2 sig figs.

When converting units, arrange the conversion factor so that the given unit cancels and
the desired unit is in the correct position. For example, suppose a quantity is expressed
in terms of centimeters, but the desired result is expressed in inches. If the given unit
has ‘cm’ in the numerator, then the conversion factor must have ‘cm’ in its denominator.
However, if the original unit has ‘cm’ in the denominator, the conversion factor must
have ‘cm’ in the numerator. Ideally, this will lead to the desired units in the
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- 110

appropriate location, numerator or denominator. However, the inverse of the answer
can be taken when necessary.

Given: m/s Find: mi/hr. Both the given and desired units have distance in the
numerator and time in the denominator. Use appropriate conversion factors to change
‘m’ to ‘mi’ in the numerator and ‘s’ to ‘hr’ in the denominator.

(oot () ot (e o ()

1 km/10°m 1 mi/1.6093 km 60 sec/1 min 60 min/1 hr

Classification and Properties of Matter (sections 1.2 and 1.3)

111

1.12

1.13

1.14

1.15

116

(a)  heterogeneous mixture

(b) homogeneous mixture (If there are undissolved particles, such as sand or
decaying plants, the mixture is heterogeneous.)

(c)  pure substance

(d) pure substance

(a) homogeneous mixture
(b) heterogeneous mixture (particles in liquid)
(c)  pure substance

(d) heterogeneous mixture

@ S (b) Au (© K dCl () Cu (f) uranium
(g nickel (h) sodium (i) aluminum () silicon
@ C (b) N () Ti (d) Zn (e) Fe (f) phosphorus

(g) calcium (h) helium (i) lead () silver
A(s) — B(s)+C(g)

When solid carbon is burned in excess oxygen gas, the two elements combine to form a
gaseous compound, carbon dioxide. Clearly substance C is this compound. Since C is
produced when A is heated in the absence of oxygen (from air), both the carbon and
oxygen in C must have been present in A originally. A is, therefore, a compound
composed of two or more elements chemically combined. Without more information on
the chemical or physical properties of B, we cannot determine absolutely whether it is an
element or a compound. However, few if any elements exist as white solids, so B is
probably also a compound.

Gold, Au, is an element and “fool’s gold”, FeS;, is a compound; both are solids and pure
substances. Take advantage of differences in physical and or chemical properties
between the two substances. Density and melting point measurements are often used to
identify solids. For these two substances, melting points are very high, but densities are
easy to measure. Gold is much denser than “fool’s gold”. Gold is much less chemically
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1.18

1.19
1.20

1.21

1.22

reactive than FeS; , so relative reactivity with acids and bases can be observed. Of these
experiments, density measurement is the most definitive and does not destroy the
sample. (Note that neither substance is attracted to a magnet, so this test will not
identify the gold.)

Physical properties: silvery white (color); lustrous; melting point = 649°C; boiling point =
1105°C; density at 20°C = 1.738 g/ cm?3; pounded into sheets (malleable); drawn into
wires (ductile); good conductor. Chemical properties: burns in air to give intense white
light; reacts with Cl, to produce brittle white solid.

Physical properties: silver-gray (color); melting point = 420°C; hardness = 2.5 Mohs;
density = 7.13 g/cam? at 25°C. Chemical properties: metal; reacts with sulfuric acid to
produce hydrogen gas; reacts slowly with oxygen at elevated temperatures to produce
Zn0O.

(@) chemical (b) physical (c) physical (d) chemical (e) chemical

(@) chemical

(b) physical

(c) physical (The production of H,O is a chemical change, but its condensation is a
physical change.)

(d) physical (The production of soot is a chemical change, but its deposition is a
physical change.)

(a) Take advantage of the different water solubilities of the two solids. Add water to
dissolve the sugar; filter this mixture, collecting the sand on the filter paper and
the sugar water in the flask. Evaporate water from the flask to recover solid sugar.

(b) Take advantage of the different solubilities and densities of the two liquids.
Allow the mixture to settle so that there are two distinct layers. Vinegar (a water
solution) is denser and on the bottom; oil (the organic layer) is less dense and on
top. Carefully pour off most of the top layer. After the layers reform; use a
dropper to remove any remaining oil. Vinegar is in the original vessel and oil is
in a second container.

First heat the liquid in each beaker to 100°C to evaporate the water. The beaker with no
residue contained pure water. The other two beakers have a solid, white residue.
Measure the melting point of each solid. Sugar has a much lower melting point than
salt, so the beaker with the lower-melting residue contained sugar water and that with
the higher-melting residue contained salt water. (If confirmation is required, measure
the densities of the two white residues.)

Units and Measurement (section 1.4)

1.23

1.24

@ 1x10' (b)) 1x10°2 () 1x1015 (d) 1x10¢ () 1x10°
@ 1x10° (g 1x10-° (h) 1x10-3 (i) 1x10-2

@ 23 x 100L x —L_ _ 023nL
1x107L
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() 47 x 10%g x _lve 47pg

1x10—6g
- 1pm
c 185 x 107 2?m x ———— = 1.85pm
© 1x107 2 m P
d 167 x 10°s x 1Mi = 16.7Ms
1x10%s
1kg
e) 157 x 10%g x = 157k
@ g x10°g g
(® 134 x 10°m x —1—_3—=1.34mm
1x10™7 m
1m
184 x 102ecm x ——— =184m
®) 1x10%cm

125 (@) °C=5/9(F-32°);5/9(72-32)=22°C
(b) °F=9/5(°C)+32°9/5 (216.7) + 32 = 422.1°F
(© K=°C+273.15;233°C + 273.15 =506 K
(d °C=315K -273.15 = 41.85 = 42°C; °F = 9/5 (41.85°C) + 32 = 107°F

(&) °C=5/9 (°F - 32°);5/9 (2500 - 32) = 1371°C; K = 1371°C + 273.15 = 1644 K
(assuming 2500 °F has 4 sig figs)

(® °C=0K-273.15=-273.15°C; °F = 9/5 (-273.15°C) + 32 = -459.67°F
(assuming 0 K has infinite sig figs)
1.26 (@ °C=5/9(87°F -32°)=31°C
(b) K=25°C+273.15=298K;°F=9/5(25°C) +32=77°F
(€©) °C=5/9 (400°F - 32°) = 204.444 = 204°C
K=°C + 273.15 = 204.444°C + 273.15 =478 K
(dy °C=77K-273.15=-196.15=-196°C; °F = 9/5 (-196.15°C) + 32 = -321°F

mass _ 40.55g

= = 1.62¢g/mL or 1.62 3
volume 25.0mL g/mL or g/em

127 (@) density =

(The units cm® and mL will be used interchangeably in this manual.)
Tetrachloroethylene, 162 g/mlL, is more dense than water, 1.00 g/mlL;
tetrachloroethylene will sink rather than float on water.

®) 250em® x 0.469ﬁ=11.7g

1.28 (@) volume =length® (cm3); density = mass/volume (g/cm?)
volume = (1.500)3 cm3 =3.375 cm?

. 76.31g 3 )
density = ———— = 2261 g/cm” osmium
Y 3.375cm? &
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1.29

1.30

(b)

©

@)

(b)

©

@)

(b)

©

3
1250 mL x T 2318 _ 56395 - 564 titanium
1mL lcm
0.1500L x 1mL 08787¢ _ 131.8 g benzene

1x10°L ©  1mL

38.
density = E:l_i = 0.86 g/mL

The substance is probably toluene, density = 0.866 g/mL.
1mL

450g x = 40.4 mL ethylene glycol
14¢
9
(5.00)° cm® x 2 Of = 1.11 x 10° g(1.11kg)nickel
can
21998 _ 878 g/mL
25.0mL

The tabulated value has four significant figures, while the experimental value has
three. The tabulated value rounded to three figures is 0.879. The values agree
within one in the last significant figure of the experimental value; the two results
agree. The liquid could be benzene.

150g x —mL
0.781

= 19.3 mL cyclohexane
4

r=d/2=50am/2=25cm
V=4/3n13>=4/3xnx (2.5)% cm? = 65.4498 = 65 cm?

1134¢g
cm?

(The answer has two significant figures because the diameter had only two
significant figures.) '

Note: This is the first exercise where ”“intermediate rounding” occurs. In this
manual, when a solution is given in steps, the intermediate result will be rounded
to the correct number of significant figures. However, the unrounded number
will be used in subsequent calculations. The final answer will appear with the
correct number of significant figures. That is, calculators need not be cleared and
new numbers entered in the middle of a calculation sequence. This may result in
a small discrepancy in the last significant digit between student-calculated
answers and those given in the manual. These variations occur in any analysis of
numerical data. '

65.4498 cm® x =74 x 10°g

For example, in this exercise the volume of the sphere, 65.4498 cm3, is rounded to
65 cm3, but 65.4498 is retained in the subsequent calculation of mass, 7.4 x 10% g.
In this case, 65 cm® x 11.34 g/cm? also yields 7.4 x 102 g. In other exercises, the
correctly rounded results of the two methods may not be identical.
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1.31

1.32

~ 31billion tons x

1x10° tons . 20001b 45359
1 billion tons 1ton 11b

=28 x 10 g

The metric prefix for 1 x 10!° is peta, abbreviated P.

28x10%g x —8___28pg

@

(b)

1x 10%g
The wafers have the same diameter as the boule, so the question becomes ‘how
many 0.75 mm wafers can be cut from the 2 m boule?’

20m 8 Imm « 1 wafer
boule 1x10°m  0.75mm

= 2667 = 2.7x10° wafers

Calculate the volume of the wafer in cm?. V = nr?h

r= % = 300mm X 1Cm = 15Cm; h=0-75mm X 1cm

=75x 1072
2 10 mm 10 mm x 1 om

"V = ar’h = n(15cm)?(7.5 x 102 cm) = 53.0144 =53 cm?

Density =mass / V; mass = density x V

233g
m?

x 53.0144 cm® = 12352 = 1.2x10% g

Uncertainty in Measurement (section 1.5)

1.33

1.34
1.35

1.36

1.37

1.38

1.39

Exact: (c), (d), and (f) (All others depend on measurements and standards that have
margins of error, e.g., the length of a week as defined by the earth’s rotation.)

Exact: (b), (e) (The number of students is exact on any given day.)

@)
@)

@)
(d)

@

(@)

(b)
©

)

3 (b) 2 () 5 ) 3 (e) 5 (f) 1 [See Sample Exercise 1.6 (c)]
4 )3 ©@4 D5 @ 6 (B2

1.025 x 102 (b) 6570x10° (c) 8543 x10-3

2.579 x 10-4 (e) -3.572x10-2

793x10°mi  (b) 4.001x10* km

14.3505 + 2.65 = 17.0005 = 17.00 (For addition and subtraction, the minimum
number of decimal places, here two, determines decimal places in the result.)
952.7 - 140.7389 = 812.0

(3.29 x 10%)(0.2501) = 8.23 x 10° (For multiplication and division, the minimum
number of significant figures, here three, determines sig figs in the result.)

0.0588/0.677 = 8.69 x 10-2
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1.40

141
1.42

(@ [320.5 - 6104.5/2.3] = -2.3 x 10® (The intermediate result has two significant
figures, so only the thousand and hundred places in the answer are significant.)

(b) [285.3 x 105 - 0.01200 x 10°] x 2.8954 = 8.260 x 107 (Since subtraction depends on
decimal places, both numbers must have the same exponent to determine decimal
places/sig figs. The intermediate result has 1 decimal place and 4 sig figs, so the
answer has 4 sig figs.)

()  (0.0045 x 20,000.0) + (2813 x 12) =34x10*
2 sig figs /0 dec pl 2 sig figs /first 2 digits
(d) 863 x [1255 - (3.45 x 108)] =7.62x 105
(3 sig figs /0 dec pl)

3 sig figs x [0 dec pl/3 sig figs] = 3 sig figs

The mass 21.427 g has 5 significant figures.

The volume in the graduated cylinder is 19.5 mL. Liquid volumes are read at the
bottom of the meniscus, so the volume is slightly less than 20 mL. Volumes in this
cylinder can be read with certainty to 1 mL, and with some uncertainty to 0.1 mL, so this
measurement has 3 sig figs.

Dimensional Analysis (section 1.6)

143

1.44

In each conversion factor, the old unit appears in the denominator, so it cancels, and the
new unit appears in the numerator.

1x102m 1nm

X = =1x10% nm/mm
Imm 1x107 m

(a mm-onm:

1x10%¢g . _lkg

kg : =1x10%k
®) mg = Xg lmg 1000 g X g/mg
1000 m 1cm 1in 1ft
km o ft: =328 x 10> km/ft
(©) N Tkm 1x102m | 254em . 12in X /
3. (2.54)® cm®

(d in®>5m =164 cm?/in’

13 in

In each conversion factor, the old unit appears in the denominator, so it cancels, and the
new unit appears in the numerator.

1x10%m 1mm -3

a > mm: X =1 x107° mm

(@) pm lpm 1x10%m /pm
1x1073s 1ns

=1x10% ns/ms

ms —ns: X
®) Ims 1x107°%s

(©) mi— km: 16093 km/mi

~(12%in’ N (2.54)% cm?® L 1L

d) ft®o>L: = 28.3 L/ft3
() 113 1in3 1000 cm?® /
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1.45

1.46

1.47

1.48

(@)

(@

@

©

(d)

©

©

15.2m 1km 60s

60 min

= 54.7 km/hr

X X
s 1000 m 1min
1gal

3.7854L

lyd 8 1m
3ft 1.0936 yd
lin 1d

X

24 hr

50x10°L x

151ft x

60.0 cmn N
d 254 cm

2.998x10%m 1km

1mi

lhr

= 1.3x10%gal

= 46.025 = 46.0m

0.984 in/hr

60s  60min

X X
s 1000 m
lyd 5 1m
3ft 1.0936 yd

1% dm?3

1454 ft x

3,666,500 m> x

16093km

= 6.707 x 10® mi/hr

1min 1hr

= 443.18 = 443.2m

1L

(1x1071)3 m?®

1mL

242 mg cholesterol
X
1x10°L

100 mL blood

24hr 60 min

X
1dm

x 5.2L

= = 3.6665 x 10° L

-3
><1x10 g

= 12,58 =13 g cholesterol
mg

60s

5.00d
WS X Tday * 1hr

0.0550 mi x 1.6093tkm . 1000 m

1km

$1.89 _lgal _ $0499
gal  37854L L

1x10~2 m

0510in 2.54cm
x x

= =432x10%s
1min

= 88.5m

1km 1ms 60s 60 min

= 46.6

ms lin lcm

X

km
hr

X X
1000m 1x1073s 1min 1hr

Estimate: 0.5 x 2.5 =1.25; 1.25 x 0.01 » 0.01; 0.01 x 60 x 60 =~ 36 km/hr

22.50 gal 8 3.7854L = 1min
min gal 60s

= 1.41953 = 1.420L/s

Estimate: 20 x 4 = 80; 80/60~ 1.3 L/s

3..3
0.02500 ft3 x 120

2.54% cm

3
= 7079 cm?

X
1£t3 1in3

Estimate: 10° = 1000; 32 = 27; 1000 x 27 = 27,000; 27,000/ 0.04 ~ 700 cm3

-2 :
0.105in x 224am , DA0 " m _1mm__, 6 - 267mm
in - cm 1x107 m
0650t x —=— x — 1ML __ _ 61494 = 615mL
1.057qt 1« 10—3L
-6 .
8.75pm " 1x10"m lkn'; N 60-s 60 min = 3.15 x 10~ km/hr
s 1pm 1x10°m 1min 1hr



1 Matter and Measurement

Solutions to Exercises

1.49

1.50

151

@)

)

®

(b)

©

(@)

(b)

©

CY

§ (1.0936)%yd®

1.955 m? JE - 255695 = 2,557 yd®
Im ‘
$399  2.2051b
= 8.798 = $8.80

b 1kg $8.80/kg

8.751b 45359g  1ft® 1lin® 1cm?® .
= 0.140 g/mL

2  1b  12°in°  258%cm® | 1mL g/m

s1gal x =2 1L _ 45 c10°L

lgal  1057qt
Estimate: (30 x 4)/1~120L

6mg N 1kg
kg (body) 2.2051b

Estimate: 6/2 = 3; 3 x 180 = 540 mg

x1851b = 5x10° mg

400km _ 1mi 1L 4qt_199mi
4731  16093km 1.057qt l1gal gal

(2 x 10! mi/gal for 1 sig fig)

Estimate: 400/50=8;8/1.6=5;5/1=5;5 x4 ~20 mi/gal

50cupsx 1qt 8 1L >(1000mLx 1Ib _ 26mL
1Ib  4cups 1.057qt 1L 453.6g g

(3 x 10! mL/L for 1 sig fig)
Estimate: 50/4 = 12; 1000/500 = 2; (12x 2)/1~24 mL/g

1km N charge
0.62137 mi  225km

Since charges are integral evénts, 9 total charges are required. The trip begins
with a full charge, so 8 additional charges during the trip are needed.

1257 mi x

= 8.99 charges

4m _1km  Imi _ 60s 60min
s  1x10°m 1.6093km 1min 1hr

=31 mi/hr

(254)° em® 1mL 1x10°°L
X X
1ind 1ecm®  1mL
42 gal y 4qt 8 1L
1barrel 1gal 1.057 qt

450in® x =737L

2.4x10° barrelsx =38x10" L

145 ft x 16.5 ft x 8.0 ft = 1914 = 1.9 x 103 ft3 (2 sig figs)

o1 3, WD’ amp®  10°dm® 1L 119g 1kg

= 64.4985 = 64 kg air

3f)°  (10936)°yd® . 1m®  1dm® L  1000g

Estimate: 1900/27 ~ 60; (60 x 1)/1 ~ 60 kg

10



1 Matter and Measurement Solutions to Exercises

1.52

1.53

1.54

1.55

1.56

11.0 ft x 11.5 ft x 20.5 ft = 2593.25 = 2.59 x 10° ft°

3 3 -6
(lyd’  (m)®  484gCO 1x10

g -3
=35x10"%g CO
Gf)®  (1.0936yd)’  1m’ Tng T8

2593.25 ft3 x

Select a common unit for comparison, in this case the cm.
lin=25cm,1 m=100cm

57 cm =57 cm

14in=35cm

11m=110cm

* The order of length from shortest to longest is 14-in shoe < 57-cm string < 1.1-m pipe.

Select a common unit for comparison, in this case the kg.

1kg>21b,1L~1qt

51b potatoes <2.5kg

5 kg sugar=5kg

1gal=4qt~4L; TmLH,O0=1gH,0; 1L=1000g, 4L =4000g=4kg

The order of mass from lightest to heaviest is 5 Ib potatoes < 1 gal water < 5 kg sugar.

Strategy: 1) Calculate volume of gold (Au) in cm? in the sheet

2) Mass = density x volume

3) Change g — troy oz and $

2.2 3 3
100 £t x 82t x(uT)ﬁzm_ x 5x10in x 22" _ 9675 14107 cm? Au
m
19.32¢g 1troy oz $953

96.75cm?® Au x 2 x = $57,272 = $6 x 10*

lem® 311034768 g  troyoz

(Strictly speaking, the datum 100 ft has 1 sig fig, so the result has 1 sig fig.)

A wire is a very long, thin cylinder of volume, V = n 12 h, where h is the length of the
wire and 7 r? is the cross-sectional area of the wire.

Strategy: 1) Calculate total volume of copper in cm? from mass and density

2) h(lengthincm) =L2
nr

3) Changecm — ft

3, 3
45368 . Llem” 6107 =761 x 10° em®

1501b Cu x
1IbCu ~ 894g

r=d/2=750mm x —<=
10

x —=0.375cm

1
mm 2

11



1 Matter and Measurement

Solutions to Exercises

\Y 7610.7 cm®

h=—5=—""""—=17227 x 10* =172 x 10* cm
ar 7(0.375) _
17227 x 10% cm x —2 x 1t _ 5654
254cm  12in
(too difficult to estimate)
Additional Exercises
1.57 (@) A gold coin is probably a solid solution. Pure gold (element 79) is too soft and too

1.58

1.59

1.60

(b)

@)

(b)

valuable to be used for coinage, so other metals are added. However, the simple
term “gold coin” does not give a specific indication of the other metals in the
mixture.

A cup of coffee is a solution if there are no suspended solids (coffee grounds). It is
a heterogeneous mixture if there are grounds. If cream or sugar is added, the
homogeneity of the mixture depends on how thoroughly the components are
mixed.

A wood plank is a heterogeneous mixture of various cellulose components. The
different domains in the mixture are visible as wood grain or knots.

The ambiguity in each of these examples is that the name of the substance does
not provide a complete description of the material. We must rely on mental
images, and these vary from person to person.

A hypothesis is a possible explanation for certain phenomena based on preliminary
experimental data. A theory may be more general, and has a significant body of
experimental evidence to support it; a theory has withstood the test of
experimentation.

A scientific law is a summary or statement of natural behavior; it tells how matter
behaves. A theory is an explanation of natural behavior; it attempts to explain why
matter behaves the way it does. '

Any sample of vitamin C has the same relative amount of carbon and oxygen; the ratio
of oxygen to carbon in the isolated sample is the same as the ratio in synthesized

vitamin C.
2.00g0= xgO ; x=(2.00g0)(6.35gC)=8.47g0
150gC 6.35gC 150gC

This calculation assumes the law of constant composition.

@)

I (2252 +22.48 +22.54)/3 = 2251
L (22.64 +22.58 + 22.62)/3 = 22.61

Based on the average, set I is more accurate. That is, it is closer to the true value of
22.52%.

12



1 Matter and Measurement

Solutions to Exercises

1.61

1.62

1.63

1.64

1.65

(b)

(@)

(b)

©

(d)

(@)
©

(@)

(d)

®

@)

()

©

(d)

@)

Averagedeviation =} | value —average | /3

I | 2252-2251 | + |2248-2251 | + |22.54-22.51 | /3 =0.02
IL | 22.64-2261 |+ |22.58-22.61 | + |22.62-22.61 | /3 =0.02

The two sets display the same precision, even though set I is more accurate.

Appropriate. The number 22,727,000 implies a precision of one part per thousand,
or 0.1%. This is an appropriate level of precision for the accounting records of a
company like Apple Computer.

Appropriate. Rainfall data can be measured to a precision of at least one decimal
place. Calculating annual rainfall and average annual rainfall involves addition,
which dictates that significant figures are determined by .the least number of
decimal places in the data being summed.

Appropriate. The percentage has three significant figures. In a population as large
as the United States, the number of people named Brown can surely be counted
by census data or otherwise to a precision of three significant figures.

Inappropriate. Letter grades are posted at most to two decimal places and three
significant figures (if plus and minus modifiers are quantified). The grade-point-
average, obtained by addition and division, cannot have more decimal places or
significant figures than the numbers being averaged.

volume (b) atea (c) volume (d) density
time (f) length (g) temperature
m kg-m kg-m kg-m?
—_— C X m=
kg-m . kg © kg-m? 1o kg -m?
s m? m-s? s2 s s3
2 2
m kg-m
a k ol =
(g) kg x ( s] i
24 x 10° mi x 180km  1000m _ 4 00)  108=39 x 10° m

1mi 1km

24 x 105 mi x L609km  1hr  60min ~ 60s _, 4, 196
1mi 350 km 1hr 1min
8 1s
3862 x 10° m x 2 x —_—— = 2574 = 2.6s
3.00 x 10°m
29.783 km 1mi 60s 60 min

=6.6624 x 10* mi/hr

x x x
s 1.6093km Imin 1hr

12in _254cm  10mm _ 1quarter
X X X

=1.1307x10° =1.13 x 10° t
1t 1in lan 155mm X X 1V quarters

575ft x

13



1 Matter and Measurement Solutions to Exercises

5.67g

1.1307 x 10° quart —— 5 -6.41x 10°¢g (641k:

® x quarters x T quarter x g ( g)
1dollar

=$28,268 =$2.83 x 10*
4 quarters

() 1.1307 x 10° quarters x

1stack
$28,268

(d)  $11,687,233,914,811.11 x =4.13 x 10® stacks

$1950 lacre 3ft  (1.094yd)® 5 (1m)® 5 (1dm)® _

1.66 =
@ areft “Ba0yd® (1yd | @m)?® - (10dm)® © 1L
$1.583 x 10-3/L or 0.1583 ¢/L  (0.158 ¢/L to 3 sig figs)
$1950 1acre - ft 1year $2.671 $2.67
1h hold =——=
®) acre - ft 8 2 households - year ) 365days X HhOUsEno day day

1.67 There are 347 degrees between the freezing and boiling points on the oleic acid (O) scale
and 100 degrees on the celsius (C) scale. Also, 13°C = 0°0. By analogy with °F and °C,

00=1000c_13) or °c=27(00)+13
347 100

These equations correctly relate the freezing point (and boiling point) of oleic acid on the
two scales.

f.p. of H,O: °0O= :13:—2 (0°C - 13)= -3.746= —4°0O

1.68 The most dense liquid, Hg, will sink; the least dense,
cyclohexane, will float; H,O will be in the middle.

cyclo-
hexane

1.69 Density is the ratio of mass and volume. For samples with the same volume, in this case
spheres with the same diameter, the denser ball will have a greater mass. The heavier
ball, the red one on the right in the diagram is more dense.

1.70 The mass of water in the bottle does not change with temperature, but the density (ratio
of mass to volume) does. That is, the amount of volume occupied by a certain mass of
water changes with temperature. Calculate the mass of water in the bottle at 25°C, and
then the volume occupied by this mass at —10°C.

1000 cm® . 0997gH,0
1L 1cm?

(@ 25°C: 1.50L H,Ox = 1.4955 x 10° = 1.50 x 10° g H.0

14



1 Matter and Measurement - Solutions to Exercises

1.71

1.72

1.73

1.74

1.75

1em? 1L

~10°C: 1.4955 x 10® g H;O x x
0917 gH,0 = 1000 cm?

=1.6309 =1.63 L

(b) No. If the soft-drink bottle is completely filled with 1.50 L of water, the 1.63 L of
ice cannot be contained in the bottle. The extra volume of ice will push through
any operiing in the bottle, or crack the bottle to create an opening,.

mass of toluene =58.58 g -~ 32.65g=2593 g

1mL

volume of toluene =25.93 g x =30.0116 = 30.0 mL
0.864

volume of solid = 50.00 mL - 30.0116 mL =19.9884 = 20.0 mL

density of solid = 3265¢

=75 __163g/mL
19.9884 mL

(@ V=4/3nr3=4/37(289cm)’=1.0111x10°%=1.01 x 105 =1.01 x 10% cm?

193g _1b
am® ~ 45359g

(b) No. The sphere weighs 4300 pounds, more than two tons. The student is unlikely
to be able to carry the it without asssistance.

1.0111 x 10° cm?® x = 4,302 = 4.30 x 10 b

4qt N 1000 mL N 128¢g
l1gal 1.0567qt mL

1.00gal battery acid x =4,845.3 = 4.85 x10? g battery acid

48453 x 10° g battery acid x —ogsuturicadd o\, 85 x10° g sulfuric acid
100 g battery acid
401b peat 1in® 453.6¢

(@ =0.13g/cm? peat

X X
14 x 20 x 30in®>  (254)>cm?® 1

40lbsoil 1gal 1057qt 1x 10°L 1mL 4536g

x =25gf/cm? soil
19gal  4qt = 1L imL 1em® . 1Ib glem” soi

No. Volume must be specified in order to compare mass. The densities tell us
that a certain volume of peat moss is “lighter” (weighs less) than the same volume
of top soil.

(b) 1bag peat =14 x 20 x 30 = 8.4 x 10° in?

. 12%in? 5.3
15.0ft x 20.0ft x 3.0in x rE 129,600 = 1.3 x 10° in” peat needed
129,600 in® x — 238 __ _ 154 = 15bags (Buy 16 bags of peat)
’ 8.4x103 in? ' gs (PHy I hags ol peat
453.6 3
800z x L2, 22308 1em” _ o) 60=84cm?
6oz b 270g
84cm® 127 12in2 10mm

=0.018 mm

X X X
50£t2  12%2in?  2542em? 1lom

15



' 1 Matter and Measurement Solutions to Exercises

><1><1012w 1 kW 12m?

176  15TW
ITW 1x10°W . 1.336 kW

= 1.1228 x 10 = 1.1 x 10 m?

Collection is 10% efficient, so 10 times this area is needed, 1.1 x 10!! m?.
1.60932km? 10002 m?
X 7.2 X =27 2
1° mi 1°km
1.1228 x 10" m? needed
5.1020 x 10 m? total surface Earth

1.97 x 108 mi? = 5.1020 x 10* m? = 5.10 x 10" m?

x 100 = 0.02201 = 0.022% Earth's surface needed

1em?® 3 .
1.77 11.86 g ethanol x ———— — =15.0317 =15.03 ,vol f cylind
gethanol x 0.789 g ethanol cm”, volume of cylinder

2
15.0317cm?® |

/
V =mr?h; r=(V/ah)}2 = =0.5648 = 0.565 cm
. n x 15.0cm

d=2r=113cm
1.78 (@) Letx=mass of Auinjewelry

9.85 - x = mass of Ag in jewelry

The total volume of jewelry = volume of Au + volume of Ag

3 3
lam? | 9.85-x)g x L0
193g 105g
0.675 = X4 285X

193 105

0.675 (19.3)(10.5) = 10.5 x + (9.85 - x)(19.3)
136.79 = 10.5 x + 190.105 - 19.3 x

0.675cm® =xg x

(To solve, multiply both sides by (19.3) (10.5))

-53.315=-8.8 x
x=6.06 g Au; 9.85 g total - 6.06 g Au=3.79g Ag
mass % Au=—0BAN 160 615% Au
9.85g jewelry

(b) 24 carats x 0.615 = 15 carat gold

1.79 The separation with distinctly separated red and blue spots is more successful. The
procedure that produced the purple blur did not separate the two dyes. To quantify the
characteristics of the separation, calculate a reference value for each spot that is

distance travelled by spot
distance travelled by solvent

If the values for the two spots are fairly different, the separation is successful. (One
could measure the distance between the spots, but this would depend on the length of
paper used and be different for each experiment. The values suggested above are
independent of the length of paper.)

16



1 Matter and Measurement- Solutions to Exercises

1.80

1.81

1.82

The densities are:

carbon tetrachloride (methane, tetrachloro) - 1.5940 g/cm?
hexane - 0.6603 g/cm?®

benzene - 0.87654 g/cm?

methylene iodide (methane, diiodo) - 3.3254 g/cm?

Only methylene iodide will separate the two granular solids. The undesirable solid
(2.04 g/cm?) is less dense than methylene iodide and will float; the desired material is
more dense than methylene iodide and will sink. The other three liquids are less dense
than both solids and will not produce separation.

1x10°g lem®
1mg 0.20g

(@ 10.0mg x = 0.050 cm® = 0.050 mL volume

1x107%g 2om’
1mg 1g
(©) 7.748 mg Hg initial - 0.001 mg Hg remain = 7.747 mg Hg removed

= 1242 =12.4m? surface area

(b) 10.0mg x

7.747 mg Hg removed
7.748 mg Hg initial

x 100 = 99.99% Hg removed

(d) 10.0 mg “spongy” initial + 7.747 mg Hg removed=17.747=17.7 mg after exposure

Study (a) is likely to be both precise and accurate, because the errors are carefully
controlled. The secondary weight standard will be resistant to chemical and physical
changes, the balance is carefully calibrated, and weighings are likely to be made by the
same person. The relatively large number of measurements is likely to minimize the
effect of random errors on the average value. The accuracy and precision of study (b)
depend on the veracity of the participants’ responses, which cannot be carefully
controlled. It also depends on the definition of “comparable lifestyle.” The percentages
are not precise, because the broad definition of lifestyle leads to a range of results
(scatter). The relatively large number of participants improves the precision and
accuracy. In general, controlling errors and maximizing the number of data points in a
study improves precision and accuracy.

17



Atoms,
Molecules,
and Ions

Visualizing Concepts

21

22

(@)

(b)

©

@)

@)

(b)

The path of the charged particle bends because the particle is repelled by the
negatively charged plate and attracted to the positively charged plate.

Like charges repel and opposite charges attract, so the sign of the electrical charge
on the particle is negative.

The greater the magnitude of the charges, the greater the electrostatic repulsion
or attraction. As the charge on the plates is increased, the bending will increase.

As the mass of the particle increases and speed stays the same, linear momentum
(mv) of the particle increases and bending decreases. (See A Closer Look: The
Mass Spectrometer.)

# of mass number x particles

x 100
total number of particles

% abundance =

12 red #3Nv particles
8 blue #>Nv particles
20 total particles

% abundance ®>Nv =% x 100 = 60%
% abundance *’Nv = % x 100 = 40%

Atomic weight (AW) is the same as average atomic mass.
Atomic weight (average atomic mass) = 3. fractional abundance x mass of isotope

AW of Nv =0.60(293.15) + 0.40(295.15) = 293.95 amu

(Since % abundance was calculated by counting exact numbers of particles,
assume % abundance is an exact number. Then, the number of significant
figures in the AW is determined by the number of sig figs in the masses of the

isotopes.)

18



2 Atoms, Molecules, and Ions Solutions to Exercises

23

24

25

26

27

28

In general, metals occupy the left side of the chart, and nonmetals the right side.

metals: red and green nonmetals: blue and yellow

alkaline earth metal: red noble gas: yellow

Since the number of electrons (negatively charged particles) does not equal the number

of protons (positively charged particles), the particle is an ion. The charge on the ion is
2-,

Atomic number = number of protons = 16. The element is S, sulfur.

Mass number = protons + neutrons = 32

is®

In a solid, particles are close together and their relative positions are fixed. In a liquid,
particles are close but moving relative to each other. In a gas, particles are far apart and

moving. All jonic compounds are solids because of the strong forces among charged
particles. Molecular compounds can exist in any state: solid, liquid, or gas.

Since the molecules in i are far apart, ii must be a molecular compound. The particles in
i are near each other and exist in a regular, ordered arrangement, so i is likely to be an
ionic compound.

Formula: IFg Name: iodine pentafluoride

Since the compound is composed of elements that are all nonmetals, it is molecular.
See Figure 2.20.. yellow box: 1+ (group 1A); blue box: 2+ (group 2A)

black box: 3+ (a metal in Group 3A); red box: 2- (a nonmetal in group 6A);

green box: 1- (a nonmetal in group 7A)

Cations (red spheres) have positive charges; anions (blue spheres) have negative
charges. There are twice as many anions as cations, so the formula has the general form
CA,. Only Ca(NO3),, calcium nitrate, is consistent with the diagram.

Atomic Theory and the Discovery of Atomic Structure (sections 2.1-2.2)

29

2,10

Postulate 4 of the atomic theory is the law of constant composition. It states that the
relative number and kinds of atoms in a compound are constant, regardless of the
source. Therefore, 1.0 g of pure water should always contain the same relative amounts
of hydrogen and oxygen, no matter where or how the sample is obtained.

(@)  6.500 g compound - 0.384 g hydrogen = 6.116 g sulfur

(b)  Conservation of mass

(©) According to postulate 3 of the atomic theory, atoms are neither created nor
destroyed during a chemical reaction. If 0.384 g of H are recovered from a
compound that contains only H and S, the remaining mass must be sulfur.

19



2 Atoms, Molecules, and Ions

Solutions to Exercises

211

212

213

214

(@)

(b)

(b)

17.60goxygen _0.5711g0O

- = ; 0.5711/0.5711=1.0
30.82 g nitrogen 1gN

35.20goxygen 1.142g0O
30.82gnitrogen  1gN

; 1.142/0.5711=2.0

7040goxygen 2.284g0O
30.82 g nitrogen 1 gN

; 2.284/0.5711=4.0

88.00g oxygen 2.855g0

. - = ; 2.855/0.5711=5.0
30.82 g nitrogen 1gN

These masses of oxygen per one gram nitrogen are in the ratio of 1:2:4:5 and thus
obey the law of multiple proportions. Multiple proportions arise because atoms are
the indivisible entities combining, as stated in Dalton’s theory. Since atoms are
indivisible, they must combine in ratios of small whole numbers.

356gfluorine _ 749, fiorine/1 giodine
4.75 g iodine
3.43 g fluorine

—— =0.449 g fluorine/1 g iodine
7.64 g iodine

9.86 g fluorine

=1.05g fluorine/1 giodi
9.41g iodine gfluorine/l g lodine

To look for integer relationships among these values, divide each one by the
smallest.

If the quotients aren’t all integers, multiply by a common factor to obtain all
integers.

1:0.749/0.449=1.67;1.67 x3=5

2:0.449/0.449=1.00; 1.00 x3=3

3:1.05/0.449=234;234x3=7

The ratio of g fluorine to g iodine in the three compounds is 5:3:7. These are in the
ratio of small whole numbers and, therefore, obey the law of multiple proportions.

This integer ratio indicates that the combining fluorine “units” (atoms) are
indivisible entities.

Evidence that cathode rays were negatively charged particles was (1) that electric and
magnetic fields deflected the rays in the same way they would deflect negatively
charged particles and (2) that a metal plate exposed to cathode rays acquired a negative
charge.

Since the unknown particle is deflected in the opposite direction from that of a
negatively charged beta (B) particle, it is attracted to the (-) plate and repelled by the (+)

plate. The unknown particle is positively charged. The magnitude of the deflection is
less than that of the P particle, or electron, so the unknown particle has greater mass
than the electron. The unknown is a positively charged particle of greater mass than the
electron,

20



2 Atoms, Molecules, and Ions Solutions to Exercises

215

2.16

(@) Most of the volume of an atom is empty space in which electrons move. Most
alpha particles passed through this space. The path of the massive alpha particle
would not be significantly altered by interaction with a “puny” electron.

(b) Most of the mass of an atom is contained in a very small, dense area called the
nucleus. The few alpha particles that hit the massive, positively charged gold
nuclei were strongly repelled and essentially deflected back in the direction they
came from.

(¢} The Be nuclei have a much smaller volume and positive charge than the Au
nuclei; the charge repulsion between the alpha particles and the Be nuclei will be
less, and there will be fewer direct hits because the Be nuclei have an even
smaller volume than the Au nuclei. Fewer alpha particles will be scattered in
general and fewer will be strongly back scattered.

(a) The droplets carry different total charges because there may be 1, 2, 3, or more
electrons on the droplet.

(b) The electronic charge is likely to be the lowest common factor in all the observed
charges.

(©) Assuming this is so, we calculate the apparent electronic charge from each drop
as follows:

A: 160x10-Y/1=160x10"1°C
B: 315x10°1° /2=158x10"YC
C: 481x10°Y/3=1.60x10"1°C
D: 631x10%/4=158x10"1°C

The reported value is the average of these four values. Since each calculated charge has
three significant figures, the average will also have three significant figures.

(1.60x10-?C+1.58 x 10" C+1.60x 10" C+1.58 x 10-1*C) / 4 =159 x 10-¥ C

Modern View of Atomic Structure; Atomic Weights (sections 2.3-2.4)

217

10—10
@ 135Ax X0 M, Inm__g550m
1A 1x107m
1x 10710
135A x L 107 m 1PM__ _ 135 x 102 or 135pm (1A =100 pm)

X
1A 1x10%2m

(b) Aligned Au atoms have diameters touching. d = 2r = 2(1.35 Ay=2704A

Im 1A 1 Au atom
X X
1000mm 1x10m 270A

1.0mm x =3.70 x 10° Auatoms

1x10"m . 100cm

1A
V = (4/3)(n)(1.35 x 10-3)3 em3 = 1.03 x 10-2 ¢m?

=135 x 10 % cm

© V=4/3nr® r=135Ax

21
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2.18

219

2.20

2.21

222

223

224

@

@

(b)

7 x 1078
redpre 27 XW07em 1A g5 144
2 1x10%em
8 :
p27x107am o Im g5 1070214 x 100 m
2 100 cm

Aligned Rh atoms have diameters touching. d =2.7 x 10-8cm =27 x 10-1m

1x10°%m 1Rh atom

x ~o— =22 x 10* Rhatoms
lpm 2.7 x 107" m

6.0 pm x

V=4/3nr3r=135x10"19=14x10""m

V =(4/3)[(n(1.35x 10193 m? =1.031 x 10-®=1.0 x 10-¥ m3

proton, neutron, electron

proton = +1, neutron = 0, electron = -1

The neutron is most massive. (The neutron and proton have very similar masses).

The electron least massive.

The nucleus has most of the mass but occupies very little of the volume of an
atom.

True

The number of electrons in a neutral atom is equal to the number of protons in
the atom.

True

Atomic number is the number of protons in the nucleus of an atom. Mass number is
the total number of nuclear particles, protons plus neutrons, in an atom.

The mass number can vary without changing the identity of the atom, but the
atomic number of every atom of a given element is the same.

31X and 22X are isotopes of the same element, because they have identical
atomic numbers.

These are isotopes of the element sulfur, S, atomic number = 16.

p = protons, n = neutrons, e = electrons

@)
©
©
@
©

40Arhas18 p,22n,18e (b) %Znhas30p,35n,30e
7Gahas31p,39n,31e (d) ®°Brhas35p,45n,35e
1¥Whas74 p,110n, 74 e (® 2*Am has 95 p,148n,9 e
3P has 15p,17 n _ (b) 5Crhas24p,27n

69Co has 27 p, 33 n (d) ®*°Tchas43p,56n

131 has 53 p, 78 n (f) 2TIhas81p,120n
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225

2.26

227
228

229

2.30

2.31

232

Symbol 52Cr 55Mn 1n2¢cd 222Rn 207pp
Prptons 24 25 48 86 82
Neutrons 28 30 64 136 125
Electrons 24 25 48 86 82
Mass no. 52 55 112 222 207
Symbol 65Zn %Gy 87Gr 81Kr 235y
Protons 30 38 38 36 92
Neutrons 35 58 49 45 143
Electrons 30 38 38 36 92
Mass No. 65 96 87 81 235
@ W oo ke © Fas o © HMg

Since the two nuclides are atoms of the same element, by definition they have the same
number of protons, 54. They differ in mass number (and mass) because they have
different numbers of neutrons. 12?Xe has 75 neutrons and !3"Xe has 76 neutrons.

@ s

(b) Atomic weights are really average atomic masses, the sum of the mass of each
naturally occurring isotope of an element times its fractional abundance. Each B
atom will have the mass of one of the naturally occurring isotopes, while the

“atomic weight” is an average value. The naturally occurring isotopes of B, their
atomic masses, and relative abundances are:

10B, 10.012937, 19.9%; 1'B, 11.009305, 80.1%.
(@ 12amu

(b) The atomic weight of carbon reported on the front-inside cover of the text is the
abundance-weighted average of the atomic masses of the two naturally occurring
isotopes of carbon, 12C, and *C. The mass of a 12C atom is exactly 12 amu, but
the atomic weight of 12.011 takes into account the presence of some 13C atoms in
every natural sample of the element.

Atomic weight (average atomic mass) = X fractional abundance x mass of isotope
Atomic weight = 0.6917(62.9296) + 0.3083(64.9278) = 63.5456 = 63.55 amu

Atomic weight (average atomic mass) = X fractional abundance x mass of isotope

Atomic weight = 0.7215(84.9118) + 0.2785(86.9092) = 85.4681 = 85.47 amu

(The result has 2 decimal places and 4 sig figs because each term in the sum has 4 sig
figs and 2 decimal places.)
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2.33

2.34

2.35

2.36

@

(b)

©

(b)

©

@

(b)

(@)
(b)

Compare Figures 2.4 and 2.12, referring to Solution 2.14. In Thomson’s cathode
ray experiments and in mass spectrometry a stream of charged particles is passed
through a magnetic field. The charged particles are deflected by the magnetic
field according to their mass and charge. For a constant magnetic field strength
and speed of the particles, the lighter particles experience a greater deflection.

The x-axis label (independent variable) is atomic weight and the y-axis label

(dependent variable) is signal intensity.

Uncharged particles are not deflected in a magnetic field. The effect of the
magnetic field on moving, charged particles is the basis of their separation by
mass.

The purpose of the magnet in the mass spectrometer is to change the path of the
moving ions. The magnitude of the deflection is inversely related to mass, which
is the basis of the discrimination by mass.

The atomic weight of Cl, 35.5, is an average atomic mass. It is the average of the
masses of two naturally occurring isotopes, weighted by their abundances.

The single peak at mass 31 in the mass spectrum of phosphorus indicates that the
sample contains a single isotope of P, and the mass of this isotope is 31 amu.

Average atomic mass = 0.7899(23.98504) + 0.1000(24.98584) + 0.1101(25.98259)

=24.31 amu

T 7.9)
B WL
)
BT

1 (1.0) 1)

24 25 26
Atomic Weight (amu)

The relative intensities of the peaks in the mass spectrum are the same as the
relative abundances of the isotopes. The abundances and peak heights are in the
ratio ‘Mg: 2Mg: 2°Mgas 7.8:1.0: 1.1.

Three peaks: 'H - 'H, 'H - 2H, 2H - *H
IH-1H= 2(1.00783) = 2.01566 amu
1H - 2H = 1.00783 + 2.01410 = 3.02193 amu

24
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2H - 2H = 2(2.01410) = 4.02820 amu
The mass ratios are 1:1.49923:1.998450r1:1.5: 2.

() 'H- 'Hislargest, because there is the greatest chance that two atoms of the more
abundant isotope will combine.

2H - 2H is the smallest, because there is the least chance that two atoms of the
less abundant isotope will combine.

The Periodic Table; Molecules and Ions (sections 2.5-2.7)

237

2.38

2.39

240

241

242

243

244

245

(@) Cr, 24 (metal) (b) He, 2 (nonmetal) (c) P, 15 (nonmetal)
(d) Zn,30 (metal) () Mg, 12 (metal) (£ Br, 35 (nonmetal)
(g As, 33 (metalloid)

(@) lithium, 3 (metal) (b) scandium,21 (metal)

(¢ germanium, 32 (metalloid) (d) ytterbium, 70 (metal)

(¢) ~manganese, 25 (metal) () antimony, 51 (metalloid)
(8) xenon, 54 (nonmetal)

(@) K, alkali metals (metal) (b) I, halogens (nonmetal)

(0 Mg, alkaline earth metals (metal) (d). Ar, noble gases (nonmetal)

(e) S, chalcogens (nonmetal)

C, carbon, nonmetal; Si, silicon, metalloid; Ge, germanium, metalloid; Sn, tin, metal;

Pb, lead, metal

An empirical formula shows the simplest ratio of the different atoms in a molecule, A
molecular formula shows the exact number and kinds of atoms in a molecule. A structural
formula shows how these atoms are arranged.

Compounds with the same empirical but different molecular formulas differ by the
integer number of empirical formula units in the respective molecules. Thus, they can
have very different molecular structure, size, and mass, resulting in very different
physical properties.

(@  AlBr, () C.H;s © CH,O (d) P,0s
() C3H,A (f) BNH,

A molecular formula contains all atoms in a molecule. An empirical formula shows the
simplest ratio of atoms in a molecule or elements in a compound.

(@) molecular formula: C¢H,; empirical formula: CH

(b) molecular formula: SiCl,; empirical formula: SiCl, (1:4 is the simplest ratio)
(¢0 molecular: B,Hg; empirical: BH;

(d) molecular: C¢H;,04; empirical: CH,O

@ 6 (b) 6 (© 12
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2.46

247

248

2.49

2.50

2.51
252

(a) 4

@ CHO H—C—O0—C—H

(b) 8

H

© 9

H H

() G;HO H—C—C—O—H

H H H
H
{c) CH4,O H—(|2—O—H (d) PF; F—P—F
H
H H H H
(a) C;HsBr H—C—C—2Br ) GHN H—C—N—C—H
H H H H H
H
(c) CHCl; H—C—Cl (d) NHHLOH H—N— ?
Cl H H
Symbol 59C03+ BOSeZ- 1920524- 200Hg2+
Protons 27 34 76 80
Neutrons 32 46 116 120
Electrons 24 36 74 78
Net Charge 3+ 2- 2+ 2+
Symbol 31P3“ 7gse2‘ 119Sn;+ 197Au3+
Protons 15 34 50 79
Neutrons 16 45 69 118
Electrons 18 36 46 76
Net Charge 3- 2- 4+ 3+
(@ Mg» () AP (© K* (@) s> (e F-
(@ Ga* (b) Sr?* (c) As®” (d) Br- (e) Se?-

26
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2.53

254
2.55

2.56
2.57

2.58

2.59

2.60

(@), GaF,, gallium(III) fluoride (b) LiH, lithium hydride
(c) All;, aluminum iodide (d) K,S, potassium sulfide
@ Sc;  (b) Sc5; (9) SN

@) CaBr, (b) K,CO; (c) ACH,COO); (d) (NH,),SO, (¢) Mgs(PO,),

() CrBrs (b) Fe;0, (o) Hg,CO, (@ Ca(COy), () (NH,)sPO,
Ion K+ NH,* Mg2* Fe3+
cr KCl NH4Cl MgCl2 FeCl,
OH~ KOH NH,OH* Mg(OH). Fe(OH)s
COsT KoCOs (NH4)2CO; MgCOs Fex(COs)s
POg#~ KsPOq4 (NHy)sPO4 Mgs(POq)2 FePO,
*Equivalent to NHs(aq).

Ion Na* Ca2* Fe2+ Al3+
oz Na;O CaO FeO Al Os
NOs NaNO; Ca(NOs), Fe(NOs), AI(NOs)s
SO& NaxS04 CaSO, FeSO, Al(SOq)s
AsOg” NazAsOy Ca3(AsOq)2 Fes3(AsOa)2 AlAsO,

Molecular (all elements are nonmetals):

(@ BaoHs (b) CH;OH  (f) NOCI (8) NF,

Ionic (formed by a cation and an anion, usually contains a metal cation):
(@ LNO; (d) S0 (¢) CsBr  (h) Ag,SO

Molecular (all elements are nonmetals):

@ PFs (9 SCl, () N0,

Ionic (formed from ions, usually contains a metal cation):

(b) Nal (d) CaNOs), (e) FeCl;  (f) LaP (&) CoCO,

Naming Inorganic Compounds; Organic Molecules (sections 2.8-2.9)

2.61
2.62

2.63

(@) ClOr () Cl” (o ClOy (d) ClOg (e) ClO™
(a) selenate (b) selenide (c) hydrogen selenide (biselenide)
(d) hydrogen selenite (biselenite)

(@) calcium, 2+; oxide, 2— (b) sodium, 1+; sulfate, 2—

27
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Solutions to Exercises

(¢  potassium, 1+; perchorate, 1-

() chromium, 3+; hydroxide, 1-

2.64 (@) copper, 2+; sulfide, 2-
() aluminum, 3+; chlorate, 1—-
(e) lead, 2+; carbonate, 2—-
2.65 (@) lithium oxide

(¢ sodium hypochlorite

(d) iron, 2+; nitrate, 1-

(b) silver, 1+4; sulfate, 2~
(d) cobalt, 2+; hydroxide, 1—-

(b) iron(IIl) chloride (ferric chloride)
(d) calcium sulfite

(e) copper(Il) hydroxide (cupric hydroxide) (f) iron(ll) nitrate (ferrous nitrate)

() calcium acetate (h) chromium(TIl) carbonate (chromic carbonate)
(i)  potassium chromate () ammonium sulfate

2.66 (@) potassium cyanide (b) sodium bromite
(¢) strontium hydroxide (d) cobalt(Il) sulfide (cobaltous sulfide)
(e) iron(Ill) carbonate (ferric carbonate)
(® chromium(Ill) nitrate (chromic nitrate)
(g0 ammonium sulfite (h) sodium dihydrogen phosphate
(i) potassium permanganate  (j) silver dichromate

2.67 (@) Al(OH), (b) K,S0, () Cu,O (d) Zn(NO3),
(© Hgbr, () Fer(CO;);  (g) NaBrO

2.68 (@) NasPO, (b) Zn(NO), (c) Ba(BrO,), (d) Fe(ClO,),
(&) Co(HCO,), (f) Cr(CH;COO)s (g) K,Cr, 0y

2.69 (@)  bromic acid (b) hydrobromic acid {(c) phosphoric acid
(d) HCO (e) HIO, (f) H,S0,

2.70 (@) HI (b) HCIO, () HNO,
(d) carbonic acid (e) perchloric acid (f) acetic acid

271 (a)  sulfur hexafluoride (b) iodine pentafluoride (c) xenon trioxide
(d) N,0O,4 (¢) HCN () P,Se

272 (@) dinitrogen monoxide (b) nitrogen monoxide (¢) nitrogen dioxide
(d) dinitrogen pentoxide (e) dinitrogen tetroxide

273 (@ ZnCO,, ZnO, CO, (b) HF, SiO,, SiF,, H,O ' () SO,, H,0,H,50,
(d) PH;3 (e) HCIO,, Cd, Cd(ClO,), (f) VBr,

274 (a) NaHCO, (b) Ca(ClO), (¢ HCN
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2.75

2.76

277

278

279

@)
(@)

(b)

@
(b)

@)

(b)

(@
(b)

@

(b)

Mg(OH), (e) SnF, (f) Cds,H,80,, H,S

A hydrocarbon is a compound composed of the elements hydrogen and carbon
only.

H H H H

H—C—C—C—C—H

H H H H

molecular: CgH1,
empirical: CoHs

-ane
Hexane has 6 carbons in its chain.
H H H H H

H
Y Y

molecular: C6H14
empirical: C3H7

Functional groups are groups of specific atoms that are constant from one
molecule to the next. For example, the alcohol functional group is an -OH.
Whenever a molecule is called an alcohol, it contains the ~-OH group.

—OH () H H H

H
O
H—C—C—C—C—OH
O
H H

They both have two carbon atoms in their molecular backbone, or chain.

In 1-propanol one of the H atoms on an outer (terminal) C atom has been
replaced by an —OH group. '

H a H H H H
H—C—C—C—H H—c|:—-c|:——c|:——c1
Ll ok

1-chloropropane 2-chloropropane

29
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2.80

oo
m\(L/m
|

oe
|

O—T

m—
wom—
o
—
o

&

|

ar

o
o

o—
N—

NO—T
O—T

o
/

O—
v

|\
0
v

\
—N—O—
/
I

v

Additional Exercises

2.81

2.82

@)

(b)

©

(d)

@

Droplet D would fall most slowly. It carries the most negative charge, so it would
be most strongly attracted to the upper (+) plate and most strongly repelled by
the lower (-) plate. These electrostatic forces would provide the greatest
opposition to gravity.

Calculate the lowest common factor.

A:384x10°8/288x10-8=133;133x3=4
B:4.80x10-8/288x108=167;1.67x3=5
C:2.88x10-8/288x10-8=1.00;1.00x3=3
D:8.64 x10°8 / 2.88x10-8=3.00;3.00x3 =9

The total charge on the drops is in the ratio of 4:5:3:9. Divide the total charge on
each drop by the appropriate integer and average the four values to get the
charge of an electron in warmombs.

A:384x10°83/4=960x10"°wa
B:4.80x 108/ 5=9.60 x 10-? wa
C:288x10-83/3=9.60x10"°wa
D:8.64x10°8 / 9=9.60 x 10~ wa
The charge on an electron is 9.60 x 10-? wa

The number of electrons on each drop are the integers calculated in part (b). A
has4e-,Bhas5e-,Chas3e-and Dhas9e".

9.60 x 10~° wa y le”

_ 7
le” Te0 x 0 C o0 10T wRlC

3He has 2 protons, 1 neutron, and 2 electrons.
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2.83

()

©

@)

(b)

SH has 1 proton, 2 neutrons, and 1 electron.

3He: 2(1.672621673 x 10~ g) + 1.674927211 x 10-2 g + 2(9.10938215 x 10-2 g)
=5,021992x 10-% g

3H: 1.672621673 x 10~ g+ 2(1.674927211 x 10-% g) +9.10938215 x 10-28 g
= 5023387 x 10" % g
Tritium, 3H, is more massive.

The masses of the two particles differ by 0.0014 x 10~ g. Each particle loses

1 electron to form the +1 ion, so the difference in the masses of the iohs is still

1.4 x 10-%. A mass spectrometer would need precision to 1 x 10-¥ g to
differentiate *He* and 3H.

Calculate the mass of a single gold atom, then divide the mass of the cube by the
mass of the gold atom.

197.0 amu N 1g

at o 10P 32713 1072 =3.271 x 107 g/gold atom
gola atom R X amu

193¢ y 1gold atom

——=5.90 x 10 Auatoms in the cube
cube 3271 x 1072 g

The shape of atoms is spherical; spheres cannot be arranged into a cube so that
there is no empty space. The question is, how much empty space is there? We can
calculate the two limiting cases, no empty space and maximum empty space. The
true diameter will be somewhere in this range.

No empty space: volume cube/number of atoms = volume of one atom
V=4/3nr3r=(3nV/4)1/3%d=2r

1.0cm?
5.90 x 102 Au atoms
=17x10"2cm?

r=[n (1.695 x 10-2 cm3)/4]1/® =34 x 10-8cm; d = 2r = 6.8 x 108 cm

vol. of cube =(1.0 x 1.0 x 1.0) = =1.695 x 1073

Maximum empty space: assume atoms are arranged in rows in all three
directions so they are touching across their diameters. That is, each atom
occupies the volume of a cube, with the atomic diameter as the length of the side
of the cube. The number of atoms along one edge of the gold cube is then

(5.90 x 10%2)1/3 = 3.893 x 107 = 3.89 x 107 atoms/1.0 cm.

The diameter of a single atom is 1.0 cm/3.89 x 107 atoms = 2.569 x 10-8

‘ =2.6x10"8cm.
The diameter of a gold atom is between 2.6 x 10-% cm and 6.8 x 10-8 cm
(2.6 - 6.8 A).
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2.84

©

(@)

(b)

Some atomic arrangement must be assumed, since none is specified. The solid
state is characterized by an orderly arrangement of particles, so it isn’t surprising
that atomic arrangement is required to calculate the density of a solid. A more
detailed discussion of solid-state structure and density appears in Chapter 11.

In arrangement A the number of atoms in 1 cm? is just the square of the number
that fit linearly in 1 cm.

latom N 1x 10 A N Im
95 A 1m 100 cm

1.0cm? = (2.02x107)2 = 4.081 x 1014 = 4.1 x 10'* atoms/cm?

1.0em x =2.02 x 107 =2.0 x 107 atoms/cm

In arrangement B, the atoms in the horizontal rows are touching along their
diameters, as in arrangement A. The number of Rb atoms in a 1.0 cm row is then

~ 2.0 x 107 Rb atoms. Relative to arrangement A, the vertical rows are offset by 1/2

of an atom. Atoms in a “column” are no longer touching along their vertical
diameter. We must calculate the vertical distance occupied by a row of atoms,
which is now less than the diameter of one Rb atom.

Consider the triangle shown below. This is an isosceles triangle (equal side
lengths, equal interior angles) with a side-length of 2d and an angle of 60°. Drop
a bisector to the uppermost angle so that it bisects the opposite side.

The result is a right triangle with two known side lengths. The length of the
unknown side (the angle bisector) is 2h, two times the vertical distance occupied
by a row of atoms. Solve for h, the “height” of one row of atoms.

(2h)? + d? = (2d)?; 4h? =4d? - d2 = 3d?; h? = 3d%/4
h=(3d2/4)1/2=(3(4.95 A)2/4)1/2= 42868 =4.29 A
The number of rows of atoms in 1 cm is then

1row 1x10Y A 1m
X X
4.2868 A 1m 100 cm

1.0cm x =2.333 x 107 =2.3 x 107

The number of atoms in a 1.0 cm? square area is then
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285

2.86

©

@)

(b)

2.020 x 107 atoms
1row

x 2.333 x 107 rows = 4.713 x 10* = 4.7 x 10" atoms

Note that we have ignored the loss of “1/2” atom at the end of each horizontal
row. Out of 2.0 x 107 atoms per row, one atom is not significant.

The ratio of atoms in arrangement B to arrangement A is then 4.713 x 104
atoms/4.081 x 10'* = 1.555 = 1.2:1. Clearly, arrangement B results in less empty
space per unit area or volume. If extended to three dimensions, arrangement B
would lead to a greater density for Rb metal.

diameter of nucleus =1 x 10-* A; diameter of atom =1 A
V=4/3n1%1r=d/2;1r,=05x10"%A;r,=05A
volume of nucleus =4/3 = (0.5 x 10-%)3 A3

volume of atom = 4/3 n (0.5)3 A3

413 23
volume fraction of nucleus = volume of nucleus = 4/3m(0.5 x 107) A =1x 10712
volume of atom 4/37(0.5)° A®

diameter of atom =5 A, r,=25A

4\3 23
volume fraction of nucleus = 4/37(05 x 107)° A =8 x 10715

4/31(2.5)% A®

Depending on the radius of the atom, the volume fraction of the nucleus is
between 1 x 10-12 and 8 x 10-%, that is, between 1 part in 102 and 8 parts in 105,
mass of proton = 1.0073 amu

1.0073 amu x 1.66054 x 10-% g/amu =1.6727 x 10-%# g
100 cm
1

diameter = 1.0 x 10% m, radius = 0.50 x 10 m x =50 x 107 % em

Assuming a proton is a sphere, V=4/3 n 13.

g 16727 x107*g
em®  4/37(5.0 x 107)3 em

density = = =32x10" g/em?®

The integer on the lower left of a nuclide is the atomic number; it is the number of
protons in any atom of the element and gives the element’s identity. The number of
neutrons is the mass number (upper left) minus atomic number.

@)
(b)
©
(d)

As, 33 protons, 41 neutrons
L, 53 protons, 74 neutrons
Eu, 63 protons, 89 neutrons

Bi, 83 protons, 126 neutrons
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2.87

2.88

2.89

290

291

2.92

(b)  All isotopes are atoms of the same element, oxygen, with the same atomic
number (Z = 8), 8 protons in the nucleus and 8 electrons. Elements with similar
electron arrangements have similar chemical properties (Section 2.5). Since the 3
isotopes all have 8 electrons, we expect their electron arrangements to be the
same and their chemical properties to be very similar, perhaps identical. Each has
a different number of neutrons (8, 9, or 10), a different mass number (A = 16, 17,
or 18) and thus a different atomic mass.

F=kQ;Q,/d%k=9.0x10° Nm?/C?;d =053 x 10- " m;
Q (electron) = -1.6 x 10-1° C; Q (proton) = -Q (electron) =1.6 x 10-C

9 2
20 x10°Nm” 6 1079C x 1.6 x 107°C

2
Fe C TR =-8202 x 10 =82 x 10°N
s X m

Atomic weight (average atomic mass) = £ fractional abundance x mass of isotope
Atomic weight = 0.014(203.97302) + 0.241(205.97444) + 0.221(206.97587) +
‘ 0.524(207.97663) = 207.22 = 207 amu

(The result has 0 decimal places and 3 sig figs because the fourth term in the sum has 3
sig figs and 0 decimal places.)

(a) The 68.926 amu isotope has a mass number of 69, with 31 protons, 38 neutrons
and the symbol §]Ga. The 70.925 amu isotope has a mass number of 71, 31
protons, 40 neutrons, and symbol }Ga. (All Ga atoms have 31 protons.)

(b) The average mass of a Ga atom is 69.72 amu. Let x = abundance of the lighter
isotope, 1-x = abundance of the heavier isotope. Then x(68.926) + (1-x)(70.925) =
69.72; x = 0.6028 = 0.603, °°Ga = 60.3%, 7'Ga = 39.7%.

a There are 24 known isotopes of Ni, from ¥INi to 74Ni.
(@) pe

(b) The five most abundant isotopes are
58Ni, 57.935346 amu, 68.077%
60N, 59.930788 amu, 26.223%
62N, 61.928346 amu, 3.634%
61N, 60.931058 amu, 1.140%
64N, 63.927968 amu, 0.926%

Data from Handbook of Chemistry and Physics, 74th Ed. [Data may differ slightly in
other editions.]

(a) A Br, molecule could consist of two atoms of the same isotope or one atom of
each of the two different isotopes. This second possibility is twice as likely as the
first. Therefore, the second peak (twice as large as peaks 1 and 3) represents a Br,
molecule containing different isotopes. The mass numbers of the two isotopes are
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294

295

©

(@)

)

@)

()

@
(@
®

0

(@)
®)

determined from the masses of the two smaller peaks. Since 157.836 ~ 158, the
first peak represents a 7°Br— 7?Br molecule. Peak 3, 161.832 ~ 162, represents a
8$1Br— #1Br molecule. Peak 2 then contains one atom of each isotope, 7°Br —1Br,
with an approximate mass of 160 amu.

The mass of the lighter isotope is 157.836 amu,/2 atoms, or 78.918 amu/atom. For
the heavier one, 161.832 amu/2 atoms = 80.916 amu/atom.

The relative size of the three peaks in the mass spectrum of Br, indicates their
relative abundance. The average mass of a Br, molecule is
0.2569(157.836) + 0.4999(159.834) + 0.2431(161.832) = 159.79 amu.

(Each product has four significant figures and two decimal places, so the answer
has two decimal places.)

159.79 amu 8 1Br, molecule
avg. Br, molecule 2 Bratoms

=79.895 amu

Let x = the abundance of 7%Br, 1 - x = abundance of 8!Br. From (b), the masses of
the two isotopes are 78.918 amu and 80.916 amu, respectively. From (d), the mass
of an average Br atom is 79.895 amu.

x(78.918) + (1 - x)(80.916) = 79.895, x = 0.5110

79Br = 51.10%, 8'Br = 48.90%
Five significant figures. 'H* is a bare proton with mass 1.0073 amu. 'H is a
hydrogen atom, with 1 proton and 1 electron. The mass of the electron is 5.486 x

10-* or 0.0005486 amu. Thus the mass of the electron is significant in the fourth
decimal place or fifth significant figure in the mass of 'H.

Mass of 'H = 1.0073 amu (proton)
0.0005486 amu (electron)

1.0078 amu {We have not rounded up to 1.0079 since 49 <50
in the final sum.)
- 486 x 10
Mass % of electron = massofe” x 100 = 5 x 107 amu x 100 =0.05444%
mass of 'H 1.0078 amu

an alkali metal: K (b) an alkaline earth metal: Ca (c) anoble gas: Ar
a halogen: Br (e) ametalloid: Ge () anonmetal in 1A: H
ametal that forms a 3+ ion: Al  (h) a nonmetal that forms a 2- ion: O

an element that resembles Al: Ga

2¢Sg has 106 protons, 160 neutrons and 106 electrons

Sg is in Group 6B (or 6) and immediately below tungsten, W. We expect the
chemical properties of Sg to most closely resemble those of W.
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296 - Strontium is an alkaline earth metal, similar in' chemical properties to calcium and
magnesium, Calcium is ubiquitous in biological organisms, humans included. Itis a
vital nutrient required for formation and maintenance of healthy bones and teeth. As
such, there are efficient pathways for calcium uptake and distribution in the body,
pathways that are also available to chemically similar strontium. Harmful strontium
imitates calcium and then behaves badly when the body tries to use it as it uses

calcium.
297 (@) chlorine gas, Cla: ii (b) propane, CaHs: v (c) nitrate ion, NOs™: i
(d) sulfur trioxide, SOs: iii (e) methylchloride, CHsCL: iv ‘
2.98 (@) nickel(Il) oxide, 2+ (b) manganese(IV) oxide, 4+
(©) chromium(IIl) oxide, 3+ (d) molybdenium(VI) oxide, 6+
299
Cation Anion Formula Name
Li* or LiO Lithium oxide
Fe2+ PO#& Fe3(POy)2 Iron(Il) phosphate
Al3+ SO Al3(SO;4)2 ’ Aluminum sulfate
Cu2+ NOs~ Cu(NOs). Copper(Il) nitrate
Cri+ I- Crl, Chromium(IlI) iodide
Mn2+ ClOy” MnClO: Manganese(]) chlorite
NHg* ' COsT (NH4)2COs Ammonium carbonate
Zn2+ ClOs Zn(ClOy)2 Zinc perchlorate
2100 (@ 07 (b) I0,- () 100 (d) HIO (e) HIO, or (H;5104)
2101 (a) perbromate ion (b) selenite ion
() AsO* (d) HTeO,”

2102  Carbonic acid: H,COs; the cation is H* because it is an acid; the anion is carbonate
because the acid reacts with lithium hydroxide to form lithium carbonate.
Lithium hydroxide: LiOH; lithium carbonate: Li2COs

2103 (@) sodium chloride (b) sodium bicarbonate (or sodium hydrogen carbonate)
(& sodium hypochlorite (d) sodium hydroxide
(e) ammonium carbonate (f) calgium sulfate

2.104 (@) potassium nitrate (b) sodium carbonate (c) calcium oxide
(d) hydrochloric acid (e) magnesium sulfate ~ (f) magnesium hydroxide



2 Atoms, Molecules, and Ions Solutions to Exercises

2105 (a)
©

2106  (a)
(b)

©

CaS,Ca(HS), (b) HBr,HBrO, () AIN, AINO,); (d) FeO, Fe,O,
NH,,NH,*  (f) K,80,, KHSO, (g) Hg,Cl,, HgCl, (h) HCIO,, HCIO,

In an alkane, all C atoms have 4 single bonds, so each C in the partial structure
needs 2 more bonds. All alkanes are hydrocarbons, so 2 H atoms will bind to each

C atom in the ring.
H H

\
Sc” Nt
7"
/C\ C
H /
H H
The molecular formula of cyclohexane is CcH;, the molecular formula of
n-hexane is C¢H,, (see Solution 2.76(b)). Cyclohexane can be thought of as
n-hexane in which the two outer (terminal) C atoms are joined to each other. In
order to form this C—C bond, each outer C atom must lose 1 H atom. The
number of C atoms is unchanged, and each C atom still has 4 single bonds. The

resulting molecular formula is C¢H; 4, = CoHj,.

H
H SH
H

-\

On the structure in part (a), replace 1 H atom with an OH group.

OH
H
H

/
g

H

H /N7

H ,\ H
H
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Stoichiometry:
Calculations with
Chemical Formulas
and Equations

Visualizing Concepts

31

3.2

3.3

34

3.5

Reactant A = blue, reactant B = red
Overall, 4 blue A, molecules + 4 red B atoms — 4 A,B molecules

Since 4 is a common factor, this equation reduces to equation (a).

@ O®

¢ 3

Wrrite the balanced equation for the reaction.

2H, + CO - CH,OH

The combining ratio of H,: CO is 2:1. If we have 8 H, molecules, 4 CO molecules are
required for complete reaction. Alternatively, you could examine the atom ratios in the
formula of CH;OH, but the balanced equation is most direct.

@)

(b)

There are twice as many O atoms as N atoms, so the empirical formula of the
original compound is NO,.

No, because we have no way of knowing whether the empirical and molecular
formulas are the same. NO, represents the simplest ratio of atoms in a molecule
but not the only possible molecular formula.

The box contains 4 C atoms and 16 H atoms, so the empirical formula of the hydro-
carbon is CH,.

@

(b)

Analyze. Given the molecular model, write the molecular formula.

Plan. Use the colors of the atoms (spheres) in the model to determine the number
of atoms of each element.

Solve. Observe 2 gray C atoms, 5 white H atoms, 1 blue N atom, 2 red O atoms.
C2H5N02

Plan. Follow the method in Sample Exercise 3.9. Calculate formula weight in
amu and molar mass in grams.
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3.6

3.7

2 C atoms = 2(12.0 amu) = 24.0 amu
5 H atoms = 5(1.0 amu) = 5.0 amu
1 N atoms = 1(14.0 amu) = 14.0 amu
2 O atoms = 2(16.0 amu) = 32.0 amu
75.0 amu
Formula weight = 75.0 amu, molar mass = 75.0 g/mol

(c)  Plan. The molar mass of a substance provides the factor for converting moles to
grams (or grams to moles).
75.0 g glycine
mol

(d) Plan. Use the definition of mass % and the results from parts (a) and (b) above to
find mass % N in glycine.

Solve. 3 mol glycine x =225g glycine

Solve. mass%N = —L x 100
g C2H 5N02
Assume 1 mol C,;H;NO,. From the molecular formula of glycine [part (a)], there
is 1 mol N/mol glycine.
mass % N = 1x(molar mass N) x 100 = ﬂg x 100 =18.7%
molar mass glycine 75.0¢g

Analyze. Given: 4.0 mol CH,. Find: mol CO and mol H,
Plan. Examine the boxes to determine the CH,:CO mol ratio and CH 4:H, O mole ratio.

Solve. There are 2 CH, molecules in the reactant box and 2 CO molecules in the product
box. The mole ratio is 2:2 or 1:1. Therefore, 4.0 mol CH, can produce 4.0 mol CO. There
are 2 CH,; molecules in the reactant box and 6 H, molecules in the product box. The
mole ratio is 2:6 or 1:3. So, 4.0 mol CH, can produce 12:0 mol H,.

Check. Use proportions. 2 mol CH, /2 mol CO =4 mol CH, /4 mol CO;

2mol CH,/6 mol H, =4 mol CH,/12 mol H,.

Analyze. Given a box diagram and formulas of reactants, draw a box diagram of
products.

Plan. Write and balance the chemical equation. Determine combining ratios of elements
and decide on limiting reactant. Draw a box diagram of products, containing the correct
number of product molecules and only excess reactant.

Solve. Nz + 3H2 — 3NH3 N2= “ s NH3 = &

Each N atom (1/2 of an N, molecule) reacts with 3 H atoms (1.5 H, molecules) to form
an NH; molecule. Eight N atoms (4 N, molecules) require 24 H atoms (12 H,
molecules) for complete reaction. Only 9 H, molecules are available, so H, is the
limiting reactant. Nine H, molecules (18 H atoms) determine that 6 NH; molecules are
produced. One N, molecule is in excess.
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3.8

%Ooeocgo
csj
£ 8 *

Check. Verify that mass is conserved in your solution, that the number and kinds of
atoms are the same in reactant and product diagrams. In this example, there are 8 N
atoms and 18 H atoms in both diagrams, so mass is conserved.

@

(b)

NO+0,» M0, 0= OO, No= OO

-8

Each NO molecule reacts with 1 O atom (1/2 of an O, molecule) to produce 1
NO, molecule. Eight NO molecules react with 8 O atoms (4 O, molecules) to
produce 8 NO, molecules. One O, molecule doesn’t react (is in excess). NO is the
limiting reactant.

actual yield

y % yield
theoretical yield 100

% yield = 100; actual yield = x theoretical yield
The theoretical yield from part (a) is 8 NO, molecules. If the percent yield is 75%,

then 0.75(8) = 6 NO, would appear in the products box.

Balancing Chemical Equations (section 3.1)

3.9

3.10

@

(b)

() .

@)

In balancing chemical equations, the law of conservation of mass, that atoms are
neither created nor destroyed during the course of a reaction, is observed. This
means that the number and kinds of atoms on both sides of the chemical
equation must be the same.

Subscripts in chemical formulas should not be changed when balancing
equations, because changing the subscript changes the identity of the compound
(law of constant composition).

liquid water = HO(I); water vapor = H;O(g); aqueous sodium chloride =
NaCl(aq); solid sodium chloride = NaCl(s)

In a CO molecule, there is one O atom bound to C. 2CO indicates that there are
two CO molecules, each of which contains one C and one O atom. Adding a
subscript 2 to CO to form CO, means that there are two O atoms bound to one C
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(b)

311 (a)
(b)
©
(d)
()
®
(®

312 ()
(b)
©
d)
(e)
®
(8)

313 (a)

(b)
(©)
)
©
314  (a)
(b)
(©)
(d)
(€

in a CO; molecule. The composition of the different molecules, CO, and CO, is
different and the physical and chemical properties of the two compounds they
constitute are very different. The subscript 2 changes molecular composition and
thus properties of the compound. The prefix 2 indicates how many molecules (or
moles) of the original compound are under consideration.

Yes. There are the same number and kinds of atoms on the reactants side and the
products side of the equation.

2CO(g) + O2(g) = 2C0O,(g)

N,05(g) + H,O() = 2HNO;(aq)

CH,(g) + 4Clx(g) > CCL, () + 4HCl(g)

Al,C;5(s) + 12H,0(1) - 4A1(OH);(s) + 3CH,(g)

2C;H 1,0, (1) +130,(g) » 10CO,(g) + 10H,0O(g)

2Fe(OH);(s) + 3H,50,(aq) — Fe,(SO,);(aq) + 6H,O(1)

Mg,;N,(s) + 4H,504(aq) = 3MgSO,(aq) + (NH,),504(aq)

6Li(s) + N, (g) > 2LisN(s)

TiCl,(l) + 2H,0() - TiO,(s) + 4HCl(aq)

2NH,4NO3(s) > 2N2(g) + O,(g) + 4H,O(g)

Ca;P,(s) + 6H,O(1) > 3Ca(OH),(aq) + 2PH;(g)
2A1(OH);(s) + 3H,S0, (aq) = Al,(SO,)3(aq) + 6H,O(1)
2AgNO;(aq) + Na,CO5(aq) - Ag,CO;(s) + 2NaNO;(aq)
4C,H;NH,(g) + 150,(g) = 8CO,(g) + 14H,0(g) + 2N (g)

CaC,(s) + 2H,0(l) > Ca(OH), (aq) + C,H,(g)
2KClIO;(s) 4 2KCl(s) +30,(g)
Zn(s) + H,504(aq) > H»(g) + ZnSO4(aq)

PC13 (l) + 3H20(1) -> H3PO3 (aq) + 3HC1(aq)
3H,S(g) + 2Fe(OH);(s) - Fe,S;(s) + 6H,O(g)

SO (g) + H,0() > H,504(aq)
B,S;(s) + 6H,0(l) - 2H;BO; (aq) + 3H,S(g)
4PH;, (g) + 80(8) = P4O10(s) + 6H,0O(g)

2Hg(NO,),(s) 3 2HgO(s) + 4NO;(g) + Oy(g)
Cu(s) + 2H,50,(aq) = CuSO,(aq) + SO, (g) + 2H,O(1)

41



3 Stoichiometry Solutions to Exercises

Patterns of Chemical Reactivity (section 3.2)

315

3.16

3.17

3.18

3.19

3.20

@

(b)

@

(b)
@
()
©
@)
@
(b)
©
(@)
@
(b)
©
(@)
©
@
(b)
©
(d)
©

When a metal reacts with a nonmetal, an ionic compound forms. The combining
ratio of the atoms is such that the total positive charge on the metal cation(s) is
equal to the total negative charge on the nonmetal anion(s). Determine the
formula by balancing the positive and negative charges in the ionic product. All
ionic compounds are solids. 2 Na(s) + Br, (I) - 2NaBr(s)

The second reactant is oxygen gas from the air, O, (g). The products are CO,(g)
and Hzo(].). 2C6H6 (].) + 1502(g) - 12C02(g) + 6H20(1).

Neutral Al atom loses 3e- to form AI*. Neutral Br, molecule gains 2e- to form
2Br-. The formula of the product will be AlBr;, because the cationic and anionic
charges balance. 2Al(s) + 3Br, (1) — 2 AlBr;(s)

The products are CO,(g) and H,O(l). C;H,O(l) + 40,(g) = 3CO,(g) + 3H,0(1)
Mg(s) + Cl2(g) - MgCl, (s)

BaCO;(s) -é) BaO(s) + CO,(g)

CsHj(l) + 100,(g) - 8CO,(g) + 4H,0()

CH;OCH; is C;H¢O. C,H,O(g) + 30,(g) = 2CO,(g) + 3H,0())
2Ca(s) + O,(g) > 2Ca0O

Cu(OH) ,(5) 3 Cu0(s) +H,0(2)

C7H ;1) + 110,(g) > 7CO,(g) + 8H,O(1)

2C;H1,0(1) + 150, (g) — 10CO, (g) + 12H,O(1)

2C3H,(g) + 90,(g) > 6CO,(g) + 6H,0(g) combustion
NH,NO,(s) » N,O(g) + 2H,O(g) decomposition -

CsH,O(1) + 60,(g) = 5CO,(g) + 3H,O(g) combustion

N,(g) + 3H,(g) - 2NH;(g) combination

K,O(s) + H,O(l) > 2KOH(aq) combination

PbCOs(s) — PbO(s) + COx(g) decomposition

C,H,(g) + 30,(g) > 2CO,(g) + 2H,0(g) combustion

3Mg(s) + N,(g) - Mg;Ny(s) combination

C;HgO, (1) + 80,(g) = 7CO,(g) + 4H,0(g) combustion

2Al(s) + 3Cl,(g) - 2A1CI;(s) combination

Formula Weights (section 3.3)

3.21

Analyze. Given molecular formula or name, calculate formula weight.

Plan. If a name is given, write the correct molecular formula. Then, follow the method
in Sample Exercise 3.5.  Solve.
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(@ HNOs 1(1.0) + 1(14.0) + 3(16.0) = 63.0 amu

®) KMnOg 1(39.1) +1(54.9) + 4(16.0) = 158.0 amu

© Cas(POy)z: 3(40.1) +2(31.0) + 8(16.0) = 310.3 amu
) SiOx 1(28.1) + 2(16.0) = 60.1 amu

€ GasSs 2(69.7) +3(32.1) = 235.7 amu

()  Cry(SO4)s: 2(52.0) + 3(32.1) + 12(16.0) = 392.3 amu
(8 PCls 1(31.0)+3(35.5) = 137.5 amu

3.22 Formula weight in amu to 1 decimal place.
(@) N,O:FW =2(14.0) + 1(16.0) = 44.0 amu
(b) HC,H;0,:7(12.0) + 6(1.0) + 2(16.0) = 122.0 amu
(©) Mg(OH),: 1(24.3) + 2(16.0) + 2(1.0) = 58.3 amu
(d) (NH,),CO:2(14.0) + 4(1.0) + 1(12.0) + 1(16.0) = 60.0 amu
(&) CH,CO,CsH,yq: 7(12.0) + 14(1.0) + 2(16.0) = 130.0 amu
3.23 Plgn. Calculate the formula weight (FW), then the mass % oxygen in the compound.
Solve.
(@) CiHisNOs: FW =17(12.0) + 19(1.0) + 1(14.0) + 3(16.0) = 285.0 amu
" 3(16.0)amu

%0 =————— x 100=16.842 =16.8%
285.0 amu

() CisH21NOs3: FW =18(12.0) + 21(1.0) + 1(14.0) + 3(16.0) = 299.0 amu
3(16.0)amu
"299.0amu
(© Ci7HaNO,: FW =17(12.0) + 21(1.0) + 1(14.0) + 4(16.0) = 303.0 amu
4(16.0)amu
303.0amu
(d) CxnHauN2Os: FW =22(12.0) + 24(1.0) + 2(14.0) + 8(16.0) = 444.0 amu
8(16.0)amu '
“4440amu
() CyuHeaOr3: FW =4(12.0) + 64(1.0) + 13(16.0) = 764.0 amu
13(16.0) amu
" 7Z64amu
)  CesHzClaNgO2: FW = 66(12.0)+75(1.0)+2(35.5)+9(14.0)+24(16.0) = 1448.0 amu
24(16.0)amu
1448.0 amu

% O = x100=16.054 =16.1%

%O = x100=21.122=21.1%

%0 = x 100 = 28.829 = 28.8%

%O = x 100 =27.225=27.2%

% 0= x 100 = 26.519 = 26.5%
3.24 (a) C,H;:FW=2(12.0) + 2(1.0) = 26.0 amu
2(12.0)amu
26.0amu
(b) HC¢H;O4: FW =6(12.0) + 8(1.0) + 6(16.0) = 176.0 amu
8(1.0) amu
176.0amu

%C = x100 = 92.3%

%H = x100 =4.5%
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(© (NH,),SO,: FW =2(14.0) + 8(1.0) + 1(32.1) + 4(16.0) = 132.1 amu
8(1.0)amu
132.1amu
(d) PtCl,(NH;),: FW =1(195.1) + 2(35.5) + 2(14.0) + 6(1.0) = 300.1 amu
1(195.1)amu
300.1amu
(&) C15H,40,: FW =18(12.0) + 24(1.0) + 2(16.0) = 272.0 amu
2(16.0)amu
272.0amu ‘
®  Ci3HNO;: FW =18(12.0) + 27(1.0) + 1(14.0) + 3(16.0) = 305.0 amu
18(12.0)amu
305.0 amu

%H= x100 = 6.1%

%Pt = %100 = 65.01%

%0 = x100 =11.8%

%C = x100 =70.8%

3.25 Plan. Follow the logic for calculating mass % C given in Sample Exercise 3.6.  Solve.
(@) C;H,O:FW=7(12.0) + 6(1.0) + 1(16.0) = 106.0 amu
_ 7(12.0)amu
" 106.0amu
() CzH3O,: FW =8(12.0) + 8(1.0) + 3(16.0) = 152.0 amu
8(12.0)amu
152.0amu
(© C;H,,0,: FW=7(12.0) +14(1.0) + 2(16.0) = 130.0 amu
7(12.0)amu
130.0 amu

%C x100=79.2%

%C = %100 = 63.2%

%C = x100 = 64.6%

3.26 (@ CO,:FW =1(12.0) + 2(16.0) = 44.0 amu
12.0 amu

% C =—x100=27.3%
.0 amu

(b) * CH,OH: FW = 1(12.0) + 4(1.0) + 1(16.0) = 32.0 amu
12.0amu

% C = —x100=37.5%
32.0amu

(0 C,Hg FW =2(12.0) + 6(1.0) = 30.0 amu
2(12.0)amu
30.0amu
(d) CS(NH;);: FW =1(12.0) + 1(32.1) + 2(14.0) + 4(1.0) = 76.1 amu

% C = %100 = 80.0%

opC 120amu o0 oo
76.1amu

Avogadro’s Number and the Mole (section 3.4)

3.27 (@) 6.022x 1023 This is the number of objects in a mole of anything.

() The formula weight of a substance in amu has the same numerical value as the
molar mass expressed in grams.

3.28 (@) exactlyl2g (b) 6.0221421 x 1023, Avogadro’s number

4
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3.29 Plan. Since the mole is a counting unit, use it as a basis of comparison; determine the
total moles of atoms in each given quantity.  Solve.

23 g Na contains 1 mol of atoms
0.5 mol H, O contains (3 atoms x 0.5 mol) = 1.5 mol atoms

6.0 x 1023 N, molecules contains (2 atoms x 1 mol) = 2 mol atoms

3.30 16 g O, contains (2 atoms x 0.5 mol) = 1 mol atoms
9.0 x 102> H,0, molecules contains (4 atoms x 1.5 mol) = 6 mol atoms
2.0 mol CH, contains (5 atoms x 2 mol) = 10 mol atoms
3.31 Analyze. Given: 160 Ib/person; Avogadro’s number of people, 6.022 x 102® people.
Find: mass in kg of Avogadro’s number of people; compare with mass of Earth.
 Plan. people — mass in Ib —» mass in kg; mass of people /mass of Earth

1601b 1kg

Solve. 6.022 x 10% 1
oloe. 6.022 x people X person * 220461

=4.370x10% =4.37x10% or 44 x10% kg

4.370x10% kg of people
5.98x10% kg Earth

One mole of people weighs 7.31 times as much as Earth.

=73l0r7.3

Check. This mass of people is reasonable since Avogadro’s number is large.
Estimate: 160 b ~ 70 kg; 6 x 1023 x 70 = 420 x 1023 = 4.2 x 1025 kg

3.32 300 million = 300 x 106 = 3.00 x 108 or 3 x 108 people
(The number 300 million has an ambiguous number of sig figs.)

23 21
602x107¢ , 81 _ _$6.022x10° _ _,407x10% = $2.01x 10" person
3.00x10° people 100¢  3.00x10° people
13
$14.4 trillion =$1.44 x 10" % = 1394=1390r 1
A48 X

Each person would receive an amount that is 1.39 (or 1) times the dollar amount of the
national debt.
3.33 (@) Analyze. Given: 0.105 mol sucrose, C1zH»On. Find: mass in g,
Plan. Use molar mass (g/mol) of C12H»On, to find g C12H2Omn.
Solve. molar mass = 12(12.0107) + 22(1.00794) + 11(15.9994) = 342.296 = 342.30

34230g
1mol

Check. 0.1(342) = 34.2 g. The calculated result is reasonable.

0.105 mol sucrose x =35.942 =359¢gC,,H,,Oq;

(b) Analyze. Given: mass. Find: moles. Plan. Use molar mass of Zn(NO;),.
Solve. molar mass = 1(65.39) + 2(14.0067) + 6(15.9994) = 189.3998 = 189.40

1mol

Check. 140/180 = 7/9 = (.78 mol

14350 g Zn(NO,), x

=0.75766 mol Zn(NO;),
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3.34

3.35

(©

(d)

(d)

Analyze. Given: moles. Find: molecules. Plan. Use Avogadro’s number.

6.022x10% molecules
1mol
=6.0x10" CH,CH,OH molecules

= 6.022x107

Solve. 1.0 x 10~ mol CH,CH,OH x

Check. (1.0x107¢)(6 x 1023) =6 x 107
Analyze. Given: mol NHs. Find: N atoms.

Plan. mol NHs — mol N atoms — N atoms

1mol N atoms " 6.022x10% atoms
1mol NH,4 1mol

= 2.47x10% N atoms

Solve. 0.410 mol NH; x

Check. (0.4)(6 x 102%) = 2.4 x 1023,

molar mass =1(112.41) + 1(32.07) = 14448 g

144.48¢g
mol

molar mass = 1(14.01) + 4(1.008) + 1(35.45) = 53.49 g/mol

1.50x1072 mol CdS x

= 2.17gCdS

1mol

86.6g NH,Cl
BN 5349

=1.6190 =1.62 mol NH,Cl

6.02214 x10% molecules

8.447x 1072 mol C¢H{ x T =5.087 x 102 C4H¢ molecules
: mo
- 9mol O 6.022x10% O atoms
6.25x10~3 mol AI(NO
* mol AINC 3)3x1molAl(N03)3 8 1mol

=3.39 x102 Oatoms

Analyze/Plan. See Solution 3.33 for stepwise problem-solving approach. Solve.

(@)

(b)

(NH,)sPO, molar mass = 3(14.007) + 12(1.008) + 1(30.974) + 4(16.00) = 149.091

=149.1 g/mol

149.1g(NH,); PO,

2.50x10~2 mol (NH, )3 PO, x
1mol

AlCl; molar mass = 26.982 + 3(35.453) = 133.341 = 133.34 g/mol

1mol " 3molCl™
133.34g AICl;  1mol AICl;

0.2550g AICl, x = 5.737x10~2 mol CI”

CgH;oN,O, molar mass = 8(12.01) + 10(1.008) + 4(14.01) + 2(16.00) = 194.20

=194.2 g/mol
7.70 x10% molecules x 1213n ol X 194.2¢ CBH]O.N 492
6.022 x10“ molecules 1 mol caffeine
=0.248 g CsH1oN4O2
0.406 g cholesterol = 387 g cholesterol/mol
0.00105 mol
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3.36

3.37

3.38

(@)

(b)

©

(d)

@)

(b)

©

@)

@

(b)

©

Fe,(SO,)3; molar mass = 2(55.845) + 3(32.07) + 12(16.00) = 399.900 = 399.9 g/mol

399.9 g Fe,(50,),
1mol

1.223 mol FeZ (504 )3 X =489.077 = 489.1 g Fez (SO4 )3

(NH,),CO; molar mass = 2(14.007) + 8(1.008) + 12.011 + 3(15.9994) = 96.0872
= 96.087 g/mol

1mol « 2mol NH,*
96.087 g (NH,),CO, . 1mol (NH,), CO,

6.955g (NH,),CO; x = 0.1448 mol NH,*

CyHzO, molar mass = 9(12.01) + 8(1.008) + 4(16.00) = 180.154 = 180.2 g/mol

1mol N 180.2g C4HgO,

1.50 x 10! molecules x 33 5
6.022 x10“ molecules 1mol aspirin

=0.449 g C9H804

15.86 g Valium

=284.7 ¢ Vali 1
0.05570 mol g Valium/mo

C4H;(0S, molar mass = 6(12.01) + 10(1.008) + 1(16.00) + 2(32.07) = 162.28
=162.3 g/mol

Plan. mg — g—> mol Solve.

1x103 g . Lmol
1mg 162.3g

5.00 mg allicin x = 3.081 x 107> = 3.08 x 10~ mol allicin

Check. 5.00 mg is a small mass, so the small answer is reasonable.
(5x10-%/200=25x10-°
Plan. Use mol from part (b) and Avogadro’s number to calculate molecules.

6.022 x10% molecul
Solve. 3.081x10~° mol allicin x ————> ‘1“° e —1.855x10"
mo;

=1.86x10" allicin molecules
Check. (3 x 10-5)(6 x 102%) =18 x 1018 = 1.8 x 10°
Plan. Use molecules from part (c) and molecular formula to calculate S atoms.

2Satoms

— =3.71x10" Satoms
1 allicin molecule

Solve. 1.855x10" allicin molecules x

Check. Obvious.
C14H,sN ;05 molar mass = 14(12.01) + 18(1.008) + 2(14.01) + 5(16.00)
=294.30 g/ mol

1x10%g 5 1mol
1mg 2943g

23
6.022x10“ molecules = 2.046x10"®
1mol

= 2,05 x 108 aspartame molecules

1.00 mg aspartame x =3.398x107% = 3.40x10~® mol aspartame

3.398 x 10~® mol aspartame x
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18 Hatoms

=3.68x10"” Hatoms
laspartame molecule

(d) 2.046x10 aspartame molecules x

339 | (a) Analyze. Given: C¢H{,04,1.250 x 102! C atoms. Find: H atoms.
Plan. Use molecular formula to determine number of H atoms that are present

with 1.250 x 102! C atoms. Solve.

12Hatoms _2H _; 2505102 Catoms = 2.500x10% Hatoms
6Catoms 1C .

Check. (2 x1x10%) =2 x 102!

(b) Plan. Use molecular formula to find the number of glucose molecules that
contain 1.250 x 102! C atoms. Solve.

1C¢H;,0¢4 molecule
6 C atoms

x1.250x10% C atoms = 2.0833x10%

= 2.083 x 10% C,H,,0, molecules
Check. (12 x 1029/6) = 2 x 1020

(c) Plan. Use Avogadro’s number to change molecules — mol. Solve.

1mol
6.022x10% molecules '

=3.4595x10~* = 3.460x10~* mol C¢H,,0,
Check. (2 x102%)/(6 x 102%) = 0.33 x 10-3= 3.3 x 104

2.0833x10%° C4H,,0, molecules x

(d) Plan. Use molar mass to changemol > g.  Solve.
1 mole of C¢H;,04 weighs 180.0 g (Sample Exercise 3.9)

180.0g C4H,,05

3.4595 x 10~* mol C,H,,O
X molgrly,Ug X 1mol

= 0.06227 g C6H1206

Check. 3.5 x 180 = 630; 630 x 10-4 = 0.063

19 Catoms

—=""""" =263 x 10%! Catoms
28 Hatoms

3.40 (a) 3.88 x 10! Hatoms x

1 C14H 0, molecule

=1.3857 x10%
28 H atoms

(b) 3.88x10”'Hatoms x

=139 x 10 C,gH,;0, molecules

1mol

- =2.301x10"*
6.022x 10 molecules

(©  1.3857x10% C1H,;0, molecules x

=230% 10~ molC,,H,,0,

(d)  Cy4H,50, molar mass = 19(12.01) + 28(1.008) + 2(16.00) = 288.41 = 288.4 g/mol

288.4g C,oH 0,

2.301 x 10~ mol C,,H,,O
X mol gy X Tmol

= 0.0664 g C19H2802



3 Stoichiometry Solutions to Exercises

341

342

Analyze. Given: g C,H3Cl/L.  Find: mol/L, molecules/L.

Plan. The /L is constant throughout the problem, so we can ignore it. Use molar mass
for g » mol, Avogadro’s number for mol — molecules. Solve.

20x10% g C,H,C1 1mol C,H,Cl

=3.20x10"% =3.2x10™® mol C,H,C
1L “ 62505 C,H,Cl x107 mol C,H,CIL

3.20x1078 mol C,H,Cl y 6.022x10% molecules

=1.9x101% molecules/L
1L 1mol

Check. (200 x 10-8)/60 =2.5 x 10-8 mol
(2.5 x 10-8) x (6 x 102%) =15 x 101° = 1.5 x 1016

31458 C,,Hy,0,

25x107¢ g C,,H3,0, x =7.95x107% =8.0x10~% mol C5,H,,0,

6.022x10% molecules
1mol

7.95%x10~8 mol C»,H4,0, x =4.8x10" C,H4,0, molecules

Empirical Formulas (section 3.5)

343

(@) Analyzé. Given: moles. Find: empirical formula.

Plgn. Find the simplest ratio of moles by dividing by the smallest number of
moles present.

Solve. 0.0130 mol C / 0.0065 = 2
0.0390 mol H / 0.0065=6
0.0065 mol O / 0.0065 = 1
The empirical formula is C,H¢O.
Check. The subscripts are simple integers.
(b) Analyze. Given: grams. Find: empirical formula.

Plan. Calculate the moles of each element present, then the simplest ratio of
moles,

Solve. 11.66 g Fex ﬂ =0.2088 mol Fe; 0.2088/0.2088 =1
55.85g Fe

Imol O
5.0150x 0.
8- 160050

=0.3131mol O; 0.3131/0.2088 ~ 1.5
Multiplying by two, the integer ratio is 2 Fe : 3 O; the empirical formula is Fe,O5;.
Check. The subscripts are simple integers.

(©)  Analyze. Given: mass %. Firid: empirical formulas.
Plan. Assume 100 g sample, calculate moles of each element, find the simplest

ratio of moles.
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3.44

3.45

Solve. 40.0g Cx—PLC _ 333 m0lC; 3.33/3.33=1
12.01gC
6.7g Hx—DOL__ ¢ o5 mol H; 6.65/3.33 %2
1.008 mol H
533g0x—20 __333m010; 333/333=1
16.00mol O
The empirical formula is CH,O.

Check. The subscripts are simple integers.

(a) Calculate the simplest ratio of moles.
0.104 mol K / 0.052 =2
0.052mol C / 0.052=1
0.156 mol O / 0.052=3
The empirical formula is K,CO;.
(b) Calculate moles of each element present, then the simplest ratio of moles.

5288 Snx—150 _ 004448 mol Sn; 0.04448 /0.04448 = 1

118.7 gSn
337 g Fx—%F 01774 mol F;0.1774/ 0.04448 ~ 4
19.00 g FSn

The integer ratio is 15n:4 F; the empirical formula is SnF,.

(©) Assume 100 g sample, calculate moles of each element, find the simplest ratio of

moles.
o 1mol N
87.5% N =875gNx =625molN; 6.25/6.25=1
14.01g
1mol

12.5% H=12.5g Hx

=124mol H; 12.4/6.25~2
1.008g

The empirical formula is NH,.

Analyze/Plan. The procedure in all these cases is to assume 100 g of sample, calculate
the number of moles of each element present in that 100 g, then obtain the ratio of
moles as smallest whole numbers.  Solve.

1mol C
10.4g Cx—m2"> _ 0.866 mol C; 0.866/0.866 =1
@ 8- T01gC mo /
278g5x—2A5 _ 867 mols; 0.867/0866~1
3207gS
61.7g Clx AL _ 1 74 mol Cl; 17470866 ~2
3545g Cl
The empirical formula is CSCl,.
. 1mol C :
21.7gCx—2=_~181mol C; 1.81/0.600=3
®) 8- T01gc M /
9.650x-LTAO__0600mol O; 0.600/0.600=1
16.00g0
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68.7g Fx—RAE _ 365 mol F; 3.62/0.600 %6

19.00g F
The empirical formula is C;OF.
() Themass of Fis [100 g total - (32.79 g Na + 13.02 Al)] =54.19 g F

3279g Nax AN _ 1 416 mol Na; 1.426/0.4826 ~3

22.99g Na

13025 Alx L AL _ 6 4026 mol AL 0.4826/0.4826 =1

26.98g Al

52195 Fx—PE _ 5 850 mol F; 2.852/0.4826~ 6

19.00gF
The empirical formula is Naz AlF,.

3.46 See Solution 3.45 for stepwise problem-solving approach.

@  553gKx2K ) 414mol K;1.414/04714 %3
39.10gK
1465 Px—~2AP__ 04714 mol P; 0.4714/0.4714 =1
30975 P
30.1g Ox—-BO__ 1 881 molO; 1.881/0.4714 ~ 4
16.00g O
The empirical formula is K;POy.
®) 245gNax—DONa _ 1 466 mol Na; 1.066/0.5304 ~ 2
PE e 99gNa s
149 Six 1St _ 4 5304 mol si; 0.5304/0.5304 =1
28.095i
60.6 g Fx—POF__ 3189 mol F;3.189/0.5304 ~ 6
19.00gF
The empirical formula is Na,SiF,.
(¢ Themassof Qis[100 gtotal - (621 gC+5.21 gH +121gN)]=2059=20.6g0O
621gCx—2BAC _517m0lC; 5.17/0.8646
12.01gC
521g Hx—PML 517 1m010; 5.17/0.864~6
1008gH
121g Nx 2PN _ 864 mol N; 0.864/0.864=1
1401gN
1mol O
20650x—2O _129molO; 1.29/0864~15
85" Tem0go MO /0864~

Multiplying by two, the empirical formula is C;,H;,N,05.
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3.47

3.48

3.49

3.50

3.51

Analyze. Given: mass% F; empirical formula XF; implies 3:1 ratio of mol F to mol X.
Find: atomic mass (AM) of X.

Plan. Calculate mol F. This is 3 times mol X. mol X =35 g X/AM X.
mol F/3=35gX/AMX. Solve for AM X.

Solve. Mol F = 65/19.0 =3.421 = 3.4; mol X =3.421/3 =1.14035 = 1.1
1.14035 mol X = 35 g X/ AM X; AM X = 35 g X/1.14035 mol X = 30.69 = 31 g/mol

Follow the logic in Exercise 3.47. Match the calculated atomic mass to that of an
element.

mol Cl = 75.0/35.453 = 2.1155 = 2.12; mol X = 2.1155/4 = 0.52887 = 0.529
0.52887 mol X = 25.0 g X/ AM X; AM X = 25.0 g X/0.52887 mol X = 47.271 =47.3 g/mol
The element with atomic mass closest to 47.3 is Ti, atomic mass = 47.867 g/mol.

Analyze. Given: empirical formula, molar mass. Find: molecular formula.

Plan. Calculate the empiﬁcal formula weight (FW); divide FW by molar mass (MM) to
calculate the integer that relates the empirical and molecular formulas. Check. If
FW/MM s an integer, the result is reasonable. Solve.

(@@ FWCH, =12+2(1)=14. m=§—4;=6
FW 14
The subscripts in the empirical formula are multiplied by 6. The molecular
formula is C6H12.
MM 515
FW NH,Cl =14.01+2(1.008)+35.45=5148. ——=——=1
®) 2 +2(1.008) FW 515

The empirical and molecular formulas are NH,Cl.

(@) FWHCO,=12.01+1.008+2(16.00)=45.0 —= 200 _ 2
FW 450
The molecular formula is C,H,O,.
MM 88
FWC,H,0=2(12)+4(1)+16=4. ——=—=2
®) 2 H,0=2(12)+4(1)+ WS

The molecular formula is C,;HgO,.
Analyze. Given: mass %, molar mass. Find: molecular formula.

Plan. Use the plan detailed in Solution 3.45 to find an empirical formula from mass %
data. Then use the plan detailed in 3.47 to find the molecular formula. Note that some
indication of molar mass must be given, or the molecular formula cannot be
determined. Check. If there is an integer ratio of moles and MM/ FW is an integer, the
result is reasonable.  Solve.

Imol C
923gC x ~UE _ 7 685 mol C; 7.685/7.639 =1.006 ~ 1
@ 8% To1gC /7

77gH x 22U _ 2 639 mol H; 7.639/7.639 =1

1.008 g H
The empirical formula is CH, FW =13.
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()

©

MM _104_ 8; the molecular formula is CgHj,.

FW 13

955Cx 1C _ 415 molC; 412108~ 4
12.01gC

5155 H x PO _ 511 mol H; 5.11/1.08 %5
1.008g H

289g N x PN _ 5 06 mol N; 2.06/1.03 ~2
1401gN

16550 x ~2NO _ 1 03mel0; 1.03/1.03=1
160050

Thus, C4H sN,O, FW = 97. If the molar mass is about 195, a factor of 2 gives the
molecular formula CgH,;N,O,.

35515 Cx—2C _ 5 96 mol C; 2.96/0.592 =5

1201gC

N I1mol H
1.008g H

37855 0x 24O __ 537 mol 0;2.37/0.592 = 4

16.00gO

8295 Nx-—-PUN__ 592 mol N; 0.592/0.592 =1

1401gN

13.60g Nax—PAN2 _ 597 mol Na; 0592/0.592 =1

22.99gNa

477gH =4.73mol H;4.73/0.592 =799~ 8

The empirical formula is CsH3O,NNa, FW = 169 g. Since the empirical formula
weight and molar mass are approximately equal, the empirical and molecular
formulas are both NaC;HgO N.

3.52 Assume 100 g in the following problems.

(a)

()

75695 Cx—PLC _ ¢ 30 mol C; 6.30/0.969 = 6.5

12.01gC
1mol H

x —————=8.73mol H; 8.73/0.969 =9.0
1.008g H

8.80gH

15515 0x 224 __ 0,969 mol 0;0.969/0.969 = 1
160050

Multiply by 2 to obtain the integer ratio 13:18:2. The empirical formula is
Cq3H130,, FW = 206 g. Since the empirical formula weight and the molar mass
are equal (206 g), the empirical and molecular formulas are C;,H;305;.

58555 Cx—PLC _ 4875 molC; 4.875/1956 ~2.5
1201gC
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3.53

1381g Hx 2P _ 13 700 mol H; 13.700/1.956 ~ 7.0

1.008g H

27.40g Nx—2IN_ _ 1 956 mol N; 1.956/1.956=1.0 -

14.01gN
Multiply by 2 to obtain the integer ratio 5:14:2. The empirical formula is
CsHq4N,; FW = 102, Since the empirical formula weight and the molar mass are
equal :
(102 g), the empirical and molecular formulas are CsH;4,N,.
1mol C

59.0gCx—~2C _ 491 molC; 4.91/0550~9
- Thoigc /0550~

71g Hx—PL 5 04 mol H; 7.04/0.550 ~13
1.008g H

262g0x 1240 _ 1 64mol0; 1.64/0550~3

16.00g0O

7.7 g Nx—~BAN__ 550 mol N; 0.550/0.550=1

1401gN

The empirical formula is CoH;3;0;N, FW = 183 amu (or g). Since the molecular
weight is approximately 180 amu, the empirical formula and molecular formula
are the same, CoH,30;3N.

Analyze. Given: mg CO,, mg H,O Find: empirical formula of hydrocarbon,
C.H,

Plan. Upon combustion, all C - CO,, all H - H,0.

mg CO, = gCO,; - mol C; mg H,O - g H,O, mol H

Find simplest ratio of moles and empirical formula.  Solve.

1mol CO, « 1mol C
44.01gCO, 1mol CO,
« 1mol H,O N 2mol H
1802gH,0 1molH,0

5.86x107% g CO, x =1.33x10~* mol C

1.37x10 gH,0 =1.52x10~* mol H

Dividing both values by 1.33 x 10~* gives C:H of 1:1.14. This is not “close
enough” to be considered 1:1. No obvious multipliers (2, 3, 4) produce an integer
ratio. Testing other multipliers (trial and error!), the correct factor seems to be 7.
The empirical formula is C;Hj.

Check. See discussion of C:H ratio above.
Analyze. Given: g of menthol, g CO,, g H,0, molar mass. Find: molecular
formula.

Plan/Solve. Calculate mol C and mol H in the sample.

1mol CO, 1mol C

x =0.0064281 = 0.006428 mol C
4401gCO; 1molCO,

0.2829 g CO, x
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3.54

@)

(b)

1mol H,O N 2molH
18.02gH,0 1molH,0

0.1159 g H,0Ox =0.012863 = 0.01286 mol H

Calculate g C, g H and get g O by subtraction.
12.01gC
1mol

0.012863 mol H x M
_ 1molH

mass O = 0,1005 g sample - (0.07720 g C + 0.01297 g H) = 0.01033 g O

0.0064281 mol Cx =0.07720g C

=0.01297 g H

Calculate mol O and find integer ratio of mol C: mol H: mol O.

0.01033g Ox—29O__ ¢ 45610 mol O
16.00g O

Divide moles by 6.456 x 10-4,

. 0006428 . 001286 _  _ 6456x10~* _
T6.456x107* T 6456x10™* T 6.456x107*

The empirical formula is C; ¢H;,O.

M 156
FW =10(12)+ 20(1)+16 =156; —L =120 _4
(12)+20(1)+ FW 156

The molecular formula is the same as the empirical formula, C;¢H¢0.

Check. The mass of O wasn’t negative or greater than the sample mass; empirical
and molecular formulas are reasonable.

Plan. Calculate mol C and mol H, then g C and g H; get g O by subtraction.

Solve.

1mol CO, y 1mol C
44.01gCO, 1molCO,
1mol H,O y 2mol H
18.02gH,O 1molH,O

12018C _, 775410 g C=173mg C
1mol

2.863x10~* mol HXM
1mol H

6.32x107% g CO, x =1.436x107* =1.44x10™ mol C

2.58x10~% g H,0x =2.863x107* = 2.86x10™* mol H

1.436x10~* mol Cx
=2.886x10~* gH=0289mgH

mass of O = 2,78 mg sample - (1.725 mg C + 0.289 mg H) = 0.77 mg O

0.77x10~% g Ox 1molO _ 4 61107 mol O. Divide moles by 4.81x107°.
16.00g0O
 144x10%* o 286x107 O 481x107 _
T481x1075 7 T 481x10° 7 T 481x107°
The empirical formula is C;H,O.

Plan. Calculate mol C and mol H, then g C and g H. In this case, get N by
subtraction. Solve.
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3.55

1mol CO, 9 1mol C
44.01gCO, 1molCO,
1mol H,O . 2mol H
18.02gH,O 1molH,0
12.01gC

1molH

1.008g H
mol

14.242x107% g CO, x =3.2361 x 10™*mol C

4.083x107% g H,0Ox =4.5316 x 10™* =4.532x10™* mol H

3.2361x10™* g mol Cx =3.8866x1072 gC = 3.8866 mg C

4.532x10™* mol Hx =0.45683x10~2 g H=0.4568 mg H

mass of N = 5.250 mg sample ~ (3.8866 mg C + 0.4568 mg H) = 0.9066

= 0907 mg N
0.9066x107 g Nx—PN__ ¢ 47,10~ mol N. Divide moles by 6.47 x 10°5.
1401gN
-4 4 -5
o, 324107 45310 64710

P —=J; : #/;, N: —————=
6.47x107% 6.47x1075 6.47x1073

The empirical formula is CsH;N, FW = 81. A molar mass of 160 + 5 indicates a
factor of 2 and a molecular formula of C;H, /N,.
Analyze. Given: mass gain in H,O absorber = mass of H,O; mass gain in CO,absorber
= mass CO,; molecular model of valproic acid. Find: empirical formula of valproic
acid from combustion data and compare to molecular formula from model.

Plan. Calculate mol C and mol H, then g C and g H; get g O by subtraction.

Solve.

1mol CO, " 1mol C
44.01gCO, 1molCO,
1mol H,O 8 2mol H
18.02gH,0 1molH,0
12.01gC

1mol

0.018424 mol Hx M
1molH

mass of O =0.165 mg sample - (0.10998 g C + 0.01857 mg H) = 0.03645 = 0.036 g O

1mol O
16.00g O

 9157x107° . 0018424 o o 2.278x10°
" 2278x107° T 2278x107% T 7 2.278x107°

0.403 g CO, x =9.157x107% =9.16x10™ mol C

=0.018424 = 0.0184 mol H

0.166 g H,0

9.157 x 1072 mol Cx =0.10998g C=0.110g C

=0.01857gH=0.0186 gH

0.03645g O x =2.278x107 =2.3x102mol O. Divide moles by 2.278x1073.

The empirical formula is C,HgO.

On the molecular model, there are 8 grey C atoms, 16 white H atoms, and 2 red O
atoms. The molecular formula is CgH,,0 ;. Dividing by the comumnon factor 2, the
empirical formula is C;HgO, which matches the empirical formula derived from
combustion data. -
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3.56

3.57

3.58

Follow the logic in Exercise 3.55.

1mol CO, " 1mol C
4401gCO, 1mol CO,
1molH,0 « 2molH
18.02gH,O0 1molH,0

8.498x10-3 mol Cx 2018 €
1mol

1.008g H
0.01132 I Hx —=2—
Mot ImolH

=8.498x107% =8.50x1073 mol C

0.374g CO, x

0.102g H,Ox =0.01132=0.0113mol H

=0.10206 g C=0.102g C

=0.01141g H=00114gH

mass of O = 0.2033 mg sample - (0.10206 g C + 0.01141 mg H) = 0.08983 = 0.090 g O

0.08983g O «2mOLO _ 5 614,102 =5.6x10- mol O. Divide moles by 5.614x1072,
16.00g 0
 8498x10° .. 001132, o 5.614x107° _
"5614x10° T 7 5614x10° 7 T 5,614x107

Multiplying these ratios by 2 to obtain whole number subscripts. The empirical
formula is C3H402.

On the molecular model, there are 3 grey C atoms, 4 white H atoms, and 2 red O atoms.
The molecular and empirical formulas are C3H,O,.. The results from this combustion
analysis support the conclusion that the material in the flask is propenoic acid.

Analyze. Given 2.558 g Na,COj3 « xH,0, 0.948 g Na,CO;. Find: x.

Plan. The reaction involved is Na;CO; » xH,0(s) - Na;CO4(s) + xH,0(g).
Calculate the mass of H,O lost and then the mole ratio of Na,CO3 and H,O.
Solve. g H,0 lost = 2,558 g sample - 0.948 g Na,CO; =1.610 g H,0O

1mol Na,CO,

106.0g Na,CO;,
1molH,O
18.02gH,0O

0.948 g Na,CO; x =0.00894 mol Na,CO,

1.610g H,Ox =0.08935mol H,O

The formula is Na,CO, « 10 H,O.
Check. x is an integer.

The reaction involved is MgSO, « xH,0(s) = MgSO,(s) + xH,O(g). First, calculate the
number of moles of product MgSQO,; this is the same as the number of moles of starting
hydrate.

1molMgSO, 1molMgS50,+xH, O

2.472 g MgSO =0.02053 mol MgSO,; + xH
B8 X 12045 MgSO, . 1mol MgSO, mol MgSOy «xH0
061g MgSO, +xH,0

Thus, 22018 S X2 246.5g/mol = FW of MgSO , + x H,O

FW of MgSO, » xH,0 = FW of MgSO,, + x(FW of H,0).
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246.5 = 120.4 + x(18.02). x = 6.998. The hydrate formula is MgSO, « 7H,O.

Alternatively, we could calculate the number of moles of water represented by weight
loss: (5.061 - 2.472) =2.589 g H,O lost.

1molH,0O = 0.1437 mol H,0; mol H,O _ 0.1437
18.02g H,O mol MgSO, 0.02053

Again the correct formula is MgSO, « 7H,0.

=7.000

2.589g H,0x

Calculations Based on Chemical Equations (section 3.6)

3.59

3.60

3.61

3.62

The mole ratios implicit in the coefficients of a balanced chemical equation express the
fundamental relationship between amounts of reactants and products. If the equation is
not balanced, the mole ratios will be incorrect and lead to erroneous calculated amounts
of products.

The integer coefficients immediately preceding each molecular formula in a chemical
equation give information about relative numbers of moles of reactants and products
involved in a reaction.

Na,SiO4(s) + 8HF(aq) - H,SiF¢ (aq) + 2NaF(aq) + 3H,O(1)
(a) Analyze. Given: mol Na,5iO,. Find: mol HF. Plan. Use the mole ratio
8HF:1Na,SiO; from the balanced equation to relate moles of the two reactants.

Solve.
8 mol HF

0.300 mol Na ,SiO 3 x———————=2.40 mol HF
1mol Na,SiO,

Check. Mol HF should be greater than mol Na,SiO;.

(b) Analyze. Given: mol HF. Find: g NaF. Plan. Use the mole ratio 2NaF:8HF to
change mol HF to mol NaF, then molar mass to get NaF. Solve.

2 mol NaF y 41.99 g NaF
8molHF 1mol NaF

0.500 mol HF x =5.25g NaF

Check. (0.5/4) =0.125;0.13 x 42 > 4 g NaF
(© Analyze. Given: g HF Find: g Na,SiO,.
mol . .
Plan. gHF —» mol HF (ratio] — mol Na,Si0; — gNa,Si04

The mole ratio is at the heart of every stoichiometry problem. Molar mass is used
to change to and from grams.  Solve.

1mol HF N 1mol Na,SiO4 N 122.1g Na,SiO4
20.01g HF 8 mol HF 1mol Na,SiO,

Check. 0.8 (120/160) < 0.75 mol
4K02 + 2C02 > 2K2CO3 + 302

3mol O,
4mol KO,

0.800 g HF x =0.610 g Na,SiO,

(@  0.400 mol KO, x = 0.300 mol O,
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3.63

3.64

(b)
©

(@)
(b)

©

CY

@
()

@

1mol O, N 4 mol KO, N 71.10g KO,
3200g0, 3molO, 1molKO,

1mol O, 2 mol CO, 8 44.01gCO,
3200g0, 3molO, 1molCO,

7.50g O, x =222gKO,

7.50g 0, x =6.88g CO,

Al(OH);(s) + 3HCl(aq) - AICl,(aq) + 3H,O(l)

Analyze. Given mass of one reactant, find stoichiometric mass of other reactant
and products.

Plan. Follow the logic in Sample Exercise 3.16. Calculate mol A}(OH); in 0.500 g
Al(OH;); separately, since it will be used several times.

1mol AI(OH),
78.00g Al(OH),4
3 mol HCI y 36.46 g HC1
1mol Al(OH); 1mol HCl

1mol HCl __ 133345 AlCl,
mol AI(OH), = 1mol AICI,

Solve. 0.500 g AI(OH); x =6.410x10~ =6.41x10~ mol Al(OH),

6.410x107> mol Al(OH), x =0.7012 = 0.701 g HCl

=0.8547

6.410 x 103 molAI(OH) ; x -

=0.855 g AlCl,
3mol H,O N 18.02gH,0
1mol AI(OH); 1molH,O0

6.410x1073 mol AI(OH), x =0.3465=0.347 g H,O

Conservation of mass: mass of products = mass of reactants

reactants: AI(OH); + HCl, 0.500 g + 0.701 g=1.201 g

products: AlCl; + H,0,0.855g+0.347g=1202 g

The 0.001 g difference is due to rounding (0.8547 + 0.3465 = 1.2012). This is an
excellent check of results.

Fe,05(s) + 3CO(g) —> 2Fe(s) + 3CO,(g)

1000g ” 1mol Fe, O,
1kg 159.688 g Fe, 04

0.350 kg Fe, 05 x =2.1918 = 2.19 mol Fe, 0,

3mol CO y 28.01g CO
1mol Fe,0; 1mol CO

2.1918 mol Fe,0, x =184.17 =184g CO

2mol Fe N 55.845g Fe
1mol Fe,0; 1molFe

2.1918 mol Fe, O x =244.80=245g Fe
3mol CO, 8 44.01gCO,

2.1918 mol Fe,O
molrez 3><1molFe203 1mol CO,

=289.38 =289 g CO,

reactants: 350 g Fe,O; +184.17gCO=534.17=534 g
products: 244.80 g Fe + 289.38 g CO, =534.18 =534 g

Mass is conserved.
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3.65 (@
(b)
3.66 (@)
(b)
3.67 ()
(b)

AL,S4(s) + 6H,0(1) -> 2A1(OH)5 (5) + 3H,S(g)
Plan. g A > mol A - mol B —» g B. See Solution 3.61 (c).  Solve.
1mol Al,S, y 2 mol Al(OH); y 78.00 g Al(OH),

142g ALS =147 g AI(OH
B 228 X 15028 Al,S; . 1molAl,S; . lmol AOH), g AlOH);

Check. 14(21’;38] ~14(1)~14g AIOH),

CaH,(s) + 2H,0(1) -» Ca(OH), (aq) + 2H, g)

4500g H, x 1molH, _1molCaH, 5 42.10g CaH, - 46995 CaH,

2016gH, . 2molH, . lmolCaH,

Analyze. Given: mol NaN. Find: mol N,.

Plan. Use mole ratio from balanced equation.  Solve.

3mol N,
_OMON2 5 25molN
2molNaN, o2

Check. The resulting mol N, should be greater than mol NaNj, (the N;:NaN;
ratio is > 1), and it is.

1.50 mol NaN; x

Analyze. Given: g N, Find: g NaN;.

Plan. Use molar masses to get from and to grams, mol ratio to relate moles of the
two substances. Solve.

1molN, 2molNaNj, x65.01g NaN,

100g N, x x
2801gN, 3molN, 1mol NaN;

=15.5g NaN;

Check. Mass relations are less intuitive than mole relations. Estimating the ratio
of molar masses is sometimes useful. In this case, 65 g NaN;/28 g N, = 2.25
Then, (10 x 2/3 x 2.25) = 15 g NaN 3. The calculated result looks reasonable.
Analyze. Given: vol N, in ft3, density N, in g/L. Find: g NaN,.

Plan. First determine how many g N, are in 10.0 ft3, using the density of N,.
Then proceed as in part (b).

Solve.
. 2. 3 3 3..3
12g, 1L @b (A9 N 1006°=3540=354gN,
1L 1000em®  1in 11t
01g NaN
3540g N, x 1mol N, ><2molNaN3x650 g NaN; - 548g NaN,

2801gN, 3molN, 1mol NaNj;

Check. 1£3~281;10ft>~280L;280 L x1.25~350 g N,
Using the ratio of molar masses from part (b), (350 x 2/3 x 2.25) = 525 g NaN;,

368 2CgH4(l) + 250,(g) - 16CO,(g) + 18H,0()

@)

25mol O,

_DMOY2  _18.75=188mol O
2mol CgH 5 mo

1.50 mol C8H18 X
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3.69

3.70

(b)

©

1mol CgHye _25mol O, 320050,
1142gCgH;g 2molCgH;3 1molO,

10.0g CgHyq x =35.0g0,

3.7854L 1000 mL y 0.692¢g
1gal 1L 1mL
1mol CgH,g N 25mol O, N 32.00g O,

15.0 gal CgH 5 x =39,292 = 3.93x 10* g C;H,5

3.9292x 10* g C;H =137,627
B8 X 11425 CeHys - 2mol CgHys - 1mol O, &
=1.38x10°g O,
1mol CgH 16mol CO, 44.01g0
d) 3.9292x10* gCgH g 18 2 2 =121,139
@ X B a8 X 11 9 8 CaHyy | 2molCaHys - 1mol O, &
=1.21x10°g CO,

(@)

(b)

(@)

(b)

©

Analyze. Given: dimensions of Al foil. Find: mol Al

, . densi
Plan. Dimensions - vol ty — mass molarg, mol Al
ma

Solve. 1.00 cm x1.00 cmx 0550 mm x —= = 0.0550 cm® Al
10mm

2.699gA1x 1mol Al
1em® ~ 2698g Al

Check. 2.699/26.98 ~0.1; (0.055 cm? x 0.1) = 5.5 x 10-3 mol Al

0.0550 cm® Al x =5.502x107% =5.50x10™ mol Al

Plan. Write the balanced equation to get a mole ratio; change mol Al - mol
AlBr3 -8 AIBI'3.
Solve. 2Al(s) + 3Br, (1) > 2AIBr;(s)

2 mol AlBr; y 266.69 g AlBry
2mol Al 1mol AlBry

Check. (0.006 x 1 x 270) ~ 1.6 g AlBr;

5.502x 102 mol Alx

=1.467 =1.47 g AlBr,

Plan. Calculate a “mole ratio” between nitroglycerine and total moles of gas
produced. (12 + 6 +1 + 10) = 29 mol gas; 4 mol nitro: 29 total mol gas. Solve.

1.592g y 1mol nitro 29 mol gas

2.00 mL nitrox — x =— = (.10165 = 0.102 mol gas
mL  227.1gnitro 4 mol nitro
0.10165 mol gasx-= = 5.5906 = 5.6 L
mo

1.592¢g N Imolnitro 6 mol N, x28.01g N,

2.00 mL nitrox ——X -
mL  227.1gnitro 4molnitro 1molN,

=0589g N,

Limiting Reactants; Theoretical Yields (section 3.7)

37

@

(b)

The limiting reactant determines the maximum number of prdduct moles resulting
from a chemical reaction; any other reactant is an excess reactant.

The limiting reactant regulates the amount of products, because it is completely
used up during the reaction; no more product can be made when one of the
reactants is unavailable.
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372

3.73

3.74

©

(@)

(b)

©

(@)

(b)

©

(@)

®)

©

Combining ratios are molecule and mole ratios. Since different molecules have
different masses, equal masses of different reactants will not have equal numbers
of molecules. By comparing initial moles, we compare numbers of available
reactant molecules, the fundamental combining units in a chemical reaction.

Theoretical yield is the maximum amount of product possible, as predicted by
stoichiometry; assuming that the limiting reactant is converted entirely to
product.

Actual yield is the amount of product actually obtained, less than or equal to the
theoretical yield. Percent yield is the ratio of (actual yield to theoretical yield) x
100.

No reaction is perfect. Not all reactant molecules come together effectively to
form products; alternative reaction pathways may produce secondary products
and reduce the amount of desired product actually obtained, or it might not be
possible to completely isolate the desired product from the reaction mixture. In
any case, these factors reduce the actual yield of a reaction.

No, 110% actual yield is not possible. Theoretical yield is the maximum possible
amount of pure product, assuming all available limiting reactant is converted to
product, and that all product is isolated. If an actual yield of 110% if obtained,
the product must contain impurities which increase the experimental mass.

Each bicycle needs 2 wheels, 1 frame, and 1 set of handlebars. A total of 4815
wheels corresponds to 2407.5 pairs of wheels. This is more than the number of
frames or handlebars. The 2255 handlebars determine that 2255 bicycles can be
produced. '

2305 frames - 2255 bicycles = 50 frames left over

2407.5 pairs of wheels - 2255 bicycles = 152.5 pairs of wheels left over 2(152.5)
= 305 wheels left over

The handlebars are the “limiting reactant” in that they determine the number of
bicycles that can be produced.

1bottle
0.355L

(The uncertainty in 355 mL limits the precision of the number of portions we can
reasonably expect to deliver to three significant figures.)

126,515 bottles; 108,500 caps; 1.09 x10° bottles can be filled and capped.
126,515 empty bottles - 108,500 caps = 18,015 bottles remain

137,394 portions - 108,500 caps =28,894 = 2.89 x 10* portions remain
(Uncertainty in the number of portions available limits the results to 3 sig fig.)

=137,394.37 =1.37x10° portions of beverage

48,7751 beverage x

The caps limit production.
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3.75

3.76

3.77

Analyze. Given: 1.85 mol NaOH, 1.00 mol CO,. Find: mol Na,CO;.

Plan. Amounts of more than one reactant are given, so we must determine which
reactant regulates (limits) product. Then apply the appropriate mole ratio from the
balanced equation.

Solve. The mole ratio is 2NaOH:1CO,, so 1.00 mol CO, requires 2.00 mol NaOH for

complete reaction. Less than 2.00 mol NaOH are present, so NaOH is the limiting

reactant.

I'mol Na,CO;,
2 mol NaOH

The Na,CO,:CO, ratio is 1:1, so 0.925 mol Na,CO; produced requires 0.925 mol CO,

consumed. (Alternately, 1.85 mol NaOH x 1 mol CO,/2 mol NaOH = 0.925 mol CO,
reacted). 1.00 mol CO, initial - 0.925 mol CO, reacted = 0.075 mol CO, remain.

1.85 mol NaOH x =0.925 mol Na,COj; can be produced

Check. ONaOH(s)  + CO,(p) > Na,COs(s) + H,0()
initial 1.85 mol 1.00 mol 0 mol

change (reaction)  -1.85mol -0.925 mol +0.925 mol
final 0 mol 0.075 mol 0.925 mol

Note that the “change” line (but not necessarily the “final” line) reflects the mole ratios
from the balanced equation.

3mol H,S50,
2mol Al(OH),

Only 0.500 mol H,50, available, so H,SO; limits.

0.500 mol A1(OH), x = 0.750 mol H,S0O, needed for complete reaction

0.500 mol H,80, x LA (04)s _ 61667 - 0,167 mol Al,(SO, )5 can form
3 mol HzSO4
0500 mol H,S0, x 2PLAXOM); _ (3333 - 0333 mol AI(OH), react
3mol H,S0O,

0.500 mol Al(OH), initial - 0.333 mol react = 0.167 mol Al(OH), remain

3NaHCOs(aq) + HsC¢Hs0,(aq) — 3CO,(g) + 3H,0(l) + Na,CH50,(aq)

(a)  Analyze/Plan. Abbreviate citric acid as H;Cit. Follow the approach in Sample
Exercise 3.19. Solve.

1mol NaHCO
1.00 g NaHCO 3 =1.190x1072 =1.19x10"2 mol NaHCO
& 384,01 NaHCO, * P mol AT
1mol H,Cit . _
1.00g H,C,H:0, x ————3=—_=5206x10"> = 5.21x10~> mol H,Cit
gH,;C,H; 7x192.1gH3Cit x10 5.21x10™" mol H;Ci

But NaHCO; and H3Cit react in a 3:1 ratio, s0 5.21 x 10~ mol H;Cit require

3(5.21 x 10-3) = 1.56 x 10~2 mol NaHCO;. We have only 1.19 x 10-2 mol NaHCO;,
so NaHCO; is the limiting reactant.
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3molCO,  4401gCO,

—0.524gCO
3mol NaHCO, . 1mol CO, B2

() 1.190x1072 mol NaHCO; x

1mol H,Cit

— 8- _-3968x107°
3mol NaHCO,

(©  1.190x1072 mol NaHCO; x
=3.97x10™ mol H, Cit react

5.206 x 10-3 mol H,Cit - 3.968 x 103 mol react = 1.238 x 103
= 1.24 x 10~3 mol H;Cit remain

192.1g H,,Cit

1.238x1073 mol H,Cit x -
mol H,Cit

=0.238 g H;Cit remain

3.78 4NH;(g) + 50,(g) = 4NO(g) + 6H,0(g)
(a) Follow the approach in Sample Exercise 3.19.

2.00g NH, xRINHs _ 11744 =017 mol NH,
17.03g NH,
1mol O
25080, x =2 = (.07813 =0.0781 mol O
8-2 520050, o2
0.07813 mol O, x % = 0.06250 = 0.0625 mol NH, required
mo. 2

More than 0.0625 mol NHj, is available, so O, is the limiting reactant.
4mol NO N 30.01gNO
5molO, 1molNO

6 mol H,O " 18.02gH,0
5molO, 1molH,0

(b) 0.07813 mol O, x =1.8756 = 1.88 g NO produced

=1.6894 =1.69 g H,O produced

0.07813 mol O, x

(©)  0.11744 mol NH; - 0.0625 mol NHj; reacted = 0.05494 = 0.0549 mol NH; remain

17.03g NH,

0.05494 mol NH
R s X ol NH,

=0.93563 = 0.936 g NH; remain

(d) mass products = 1.8756 g NO + 1.6894 g H,0 + 0.9356 g NH ; remaining = 4.50g
products

mass reactants = 2.00 gNH; +2.50 g O, = 4.50 g reactants

(For comparison purposes, the mass of excess reactant can be either added to the
products, as above, or subtracted from reactants.)

379  Analyze. Given: initial g Na,COs, g AgNO;. Find: final g Na,COs, AgNO,, Ag,COs,
NaN03

Plan. Write balanced equation; determine limiting reactant; calculate amounts of excess
reactant remaining and products, based on limiting reactant.

Solve. 2AgNO;(aq) + Na,CO;(aq) = AgoCO;(s) + 2NaNO; (aq)
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1mol Na,CO
3.50 g Na,CO, x —————2——3_ = 03302 = 0.0330 mol Na,CO
8825 106.0 g Na,CO, oA
1mol AgNO;,
5.00 g AgNO,; x ———2—3- = 0,02943 = 0.0294 mol AgNO
BR8N X 16995 AgNO, Mol AgNVa
1molNa,CO, .
0.02943 mol AgNO; x ?IW—;NO: =0.01471 = 0.0147 mol Na,COj; required

AgNO, is the limiting reactant and Na,COj is present in excess.
2AgNOs(aq) + NayCOsfaq) —  AgCOs(s) +  2NaNO,(aq)

initial 0.0294 mol 0.0330 mol 0 mol 0 mol
reaction -0.0294 mol -0.0147 mol +0.0147 mol +0,0294 mol
final 0 mol 0.0183 mol 0.0147 mol 0.0294 mol

0.01830 mol Na,CO, x 106.0 g/mol =1.940 = 1.94 g Na,CO,
0.01471 mol Ag,CO, x 275.8 g/mol = 4.057 = 4.06 g Ag,CO,
0.02943 mol NaNO, x 85.00 g/mol = 2.502 = 2.50 g NaNO,

Check. The initial mass of reactants was 8.50 g, and the final mass of excess reactant and
products is 8.50 g; mass is conserved.

3.80 Plan. Write balanced equation; determine limiting reactant; calculate amounts of excess
reactant remaining and products, based on limiting reactant.

Solve. H2804(aq_) + Pb(C2H302)2(aq) - PbSO4 (S) + 2HC2H302(aq_)
1mol H,50,
98.09g H2804

1mol Pb(C2H302)2
3253 g Pb(C,H,0,),

5.00 g H,S0, x = 0.05097 = 0.0510 mol H,SO,

5.00 g Pb(C,H;0,), x

=0.015370 = 0.0154 mol Pb(C,H,0,),

1 mol H,504:1 mol Pb(C,H,0,),, so Pb(C,H,0,), is the limiting reactant.

0 mol Pb(C,H;0,),, (0.05097 - 0.01537) = 0.0356 mol H,SO,, 0.0154 mol PbSO,,,
(0.01537 x 2) = 0.0307 mol HC,H3O, are present after reaction

0.03560 mol H,50, x 98.09 g/mol = 3.4920 = 3.49 g H,S0,

0.01537 mol PbSO, x 303.3 g/mol = 4.6619 = 4.66 g PbSO,

0.03074 mol HC,H;0, x 60.05 g/mol = 1.8460 = 1.85 g HC,H,0,

Check. The initial mass of reactants was 10.00 g; and the final mass of excess reactant
and products is 10.00 g; mass is conserved.

3.81 Analyze. Giver: amounts of two reactants. Find: theoretical yield.

Plan. Determine the limiting reactant and the maximum amount of product it could
produce. Then calculate % yield. Solve.
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3.82

3.83

1mol C;Hy

—22-=0.3841=0.38¢ mol C;H
78.11 g C6H6

@ 30.0gC4H,x

1 mol Br,
159.8 g Br,

Since C¢H¢ and Br, react in a 1:1 mole ratio, C¢Hg is the limiting reactant and

determines the theoretical yield.

1mol C4H;5Br « 157.0g C;H;sBr
1molC¢Hy  1mol C(HBr

65.0g Br, x =0.4068 = 0.407 mol Br,

0.3841 mol CgHg x =60.30 =60.3g C¢HBr
Check. 30/78 ~ 3/8 mol C¢H,. 65/160 ~ 3/8 mol Br,. Since moles of the two
reactants are similar, a precise calculation is needed to determine the limiting
reactant. 3/8 x 160 =~ 60 g product

4238 CellsBractual ;05 _ 70,149 =70.10%
60.3 g CsH 5 Br theoretical

®) %yield =

(@ CyHg+Cl; »C,HCl+HCI
1mol C,Hy
30.07 g C,H,

1mol Cl,
7091gCl,

1253 C2H6 X =4.157=4.16 mol C2H6

255gCl, x =3.596 = 3.60 mol Cl,

Since the reactants combine in a 1:1 mole ratio, Cl, is the limiting reactant. The

theoretical yield is:

1mol C,H;sCl N 64.51g C,H;Cl
1mol Cl, 1mol C,HsCl

206 g C,H;Cl actual
232 g C,H;Cl theoretical

3.596 mol Cl, x

=231.98=232g C,H;Cl

() %yield = x100 = 88.8%

Analyze. Given: g of two reactants, % yield. Find: g Ss.

Plan. Determine limiting reactant and theoretical yield. Use definition of % yield to
calculate actual yield. Solve.

300g H,Sx S _ 6803 = 0.880 mol H,S
34.08g H,5
50050, x—292__ 1 5695156 molO,
32.00g H,5
0.8803 mol H,Sx— 192 _ 4401 = 0.440 mol O, required
8 mol H,S8

Since there is more than enough O, to react exactly with 0.880 mol H,S, O, is present in
excess and H,S is the limiting reactant.

1molS;  256.56gS,

0.8803 mol H,S x x
8 mol st 1mol Ss

= 28.231=28.2g S theoretical yield
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3.84

Check. 30/34 ~ 1 mol H,S; 50/32 ~ 1.5 mol O2. Twice as many mol H,S as mol O, are
required, so H,S limits. 1 x (260/8) ~ 30 g Ss theoretical.
actual % yield x theoretical

% yield = 100;
oyie theoretical 8 100

= actual yield

0,
9% (/;’ x28.231g S = 27.666 = 28 g S5 actual

H,S(g) + 2NaOH(aq) — Na,S(aq) + 2H,0()

Imol H,S
34.08gH,S
1mol NaOH

2.00g NaOH x I NaOH__; 4500 mol NaOH
BN 0.00g NaOH moiNa

By inspection, twice as many mol NaOH as H,S are needed for exact reaction, but mol
NaOH given is less than twice mol H,S, so NaOH limits.

1mol Na,S 8 78.05g Na,S
2molNaOH 1molNa,S

1.25gH,Sx = 0.03668 = 0.0367 mol H,S

0.0500 mol NaOH x

=1.95125=1.95g Na,S theoretical

92.0%

x1.95125 g Na,S theoretical =1.7951 =1.80 g Na,S actual

Additional Exercises

3.85

3.86

3.87

(a) CHsCOOH = CH,0,. At room temperature and pressure, pure acetic acid is a
liquid. CHaOo(l) +2 Oz(g) = 2 CO(g) + 2 HO(])

(b) Ca(OH),(s) = CaO(s) + H,O(g)

(©  Ni(s) + Cl(g) > NiCl,(s)

C;H5OH() + 30,(g) - 2CO, (g) + 3H,0(g)

C3Hs(g) + 50,(g) = 3CO,(g) + 4H,0(g)
CH,CH,COCH, (1) + 11/2 O,(g) > 4CO,(g) + 4H,0()

In a combustion reaction, all H in the fuel is transformed to H,O in the products. The
reactant with most mol H/mol fuel will produce the most H,O. C;H; and
CH,CH,COCH, (C4H;3O) both have 8 mol H/mol fuel, so 1.5 mol of either fuel will
produce the same amount of H,O. 1.5 mol C,H;OH will produce less H,O.

The formulas of the fertilizers are NH,, NH,NO,, (NH,),50,; and (NH,),CO.
Qualitatively, the more heavy, non-nitrogen atoms in a molecule, the smaller the mass
% of N. By inspection, the mass of NH, is dominated by N, so it will have the greatest
% N, (NH,),SO, will have the least. In order of increasing % N:

(NH,),504 < NH,NO; < (NH,),CO < NH,.

Check by calculation:

(NH,),S0,: FW = 2(14.0) + 8(1.0) + 1(32.1) + 4(16.0) = 132.1 amu
% N =[2(14.0)/132.1] x 100 =21.2%
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3.88

3.89

NH,NO,: FW = 2(14.0) + 4(1.0) + 3(16.0) = 80.0 amu

% N

= [2(14.0)/80.0] x 100 = 35.0%

(NH,),CO: FW = 2(14.0) + 4(1.0) = 1(12.0) + 1(16.0) = 60.0 amu
% N = [2(14.0)/60.0] x 100 = 46.7% N
NH,: FW = 1(14.0) + 3(1.0) = 17.0

% N

@)

(b)

©

@

(b)

=[14.0/17.0] x 100 = 82.4 % N

1mol C9H804

=2.7747 x1073 = 2.77 x 10~ mol C,H,O
180.2g C,H,0, g X MOTEeTe e

0.500 g CyHgO, x
6.022 x10% molecules

Tl =1.67x10%' C,HgO, molecules
m

0.0027747 mol C4HzO, x

9 C atoms
1CyHzO4 molecule

1.67x10%! C4gHz0, molecules x = 1.50x 102 Catoms

Analyze. Given: diameter of Sisphere (dot), density of Si. Find: mass of dot.

Plan. Calculate volume of sphere in cm?, use density to calculate mass of the
sphere (dot).
Solve. V=4/3n13 r=d/2

4nm 1x10° m lcm
X X
2 1nm 1x10% m

radius of dot = =2x10"7 cm

volume of dot=(4/3) x 1 x 2x 107 =3.35 x100® =3 x 10" cm?

N 23 g331

3.35x107% cm?® =7.707x 107 = 8x 10"% g Si in dot

Plan. Change g Si to mol Si using molar mass, then mol Si to atoms Si using
Avogadro’s number. Solve.
1molSi  6.022 x10? Siatoms
X
28.0855 g Si mol Si

7.707 x107% g Si x = 1.653x 10°

=2 x 10® Si atoms
Plan. A 4 nm quantum dot of Ge also has a volume of 3 x 10-? cm®. Use density
of Ge and Avogadro’s number to calculate the number of Ge atoms in a 4 nm
spherical quantum dot.
5325gGe 1molGe  6.022 x10% Ge atoms
X X X
cm? 7264 g Ge mol Ge
= 1.479x 10° =1x 10 Ge atoms

3.35x107% ¢m?

Strictly speaking, the result has 1 sig fig (from 4 nm). A more meaningful
comparison might be 1700 Si atoms vs. 1500 Ge atoms. Although Ge has greater
molar mass, it is also more than twice as dense as Si, so the numbers of atoms in
the Si and Ge dots are similar.
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3.90

391

3.92

3.93

5342x102 g y 6.0221x10% molecules

= 3217 g/mol penicillin G
1molecule penicillin G 1mol g/mol penicillin

(@)

(b)  1.00 g hemoglobin (hem) contains 3.40 x 10-3 g Fe.

1.00 g hem y 55.85g Fe 8 4 mol Fe
3.40x103 gFe 1molFe ~1molhem

=6.57x10* g/mol hemoglobin

Plan. Assume 100 g, calculate mole ratios, empirical formula, then molecular formula
from molar mass. Solve.

1mol C

6825 Cx—OC _ 5 68 mol C; 5.68/0.568 ~ 10
8- 1201gC mo /0.568
6865 Hx—PAH _ ¢ 81 mol H; 6.81/0.568 ~ 12
1.008g H

159g NxPAN _ 1 13 mol N; 1.13/0.568 ~ 2
1401gN

9.085 0x—-2UO _ 568 mol O; 0.568/0.568 =1
16000

The empirical formula is C;4H,,N,0, FW = 176 amu (or g). Since the molar mass is 176,
the empirical and molecular formula are the same, C;H;,N,O.

Plan. Assume 1.000 g and get mass O by subtraction. Solve.

@ 077875 Cx—PUC _ 06484 molC
1201gC

0.1176g Hx R _ 61167 mol H
1.008gH

0.1037 5 Ox—PLE __ 006481 mol O

16.00g0O
Dividing through by the smallest of these values we obtain C,,H;O.

(b) The formula weight of C;4H;4O is 154. Thus, the empirical formula is also the
molecular formula.

Since all the C in the vanillin must be present in the CO, produced, get g C from
g COz
1mol CO, " 12.01gC

243¢CO
B2 01gCO, " TmolC

=0.6631=0.663gC

Since all the H in vanillin must be present in the H,O produced, get g H from g H,O.

1mol H,0 y 2mol H N 1.008 gH
18.02gH,O 1molH,O 1molH

0.50 g H,Ox =0.0559 = 0.056 g H

Get g O by subtraction. (Since the analysis was performed by combustion, an
unspecified amount of O, was a reactant, and thus not all the O in the CO, and H,0
produced came from vanillin.) 1.05 g vanillin - 0.663 g C ~ 0.056 g H = 0.331 g O
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3.94

0.6631g C x'llzn‘& = 0.0552 mol C; 0.0552 /0.0207 = 2.67

01gC

00559 g Hx P _ 6 0555 mol C; 0.0555/0.0207 = 2.68

1.008gH

0331 0x 2% _ 00207 mol O; 0.0207 /0.0207 = 1.00

16.00g0

Multiplying the numbers above by 3 to obtain an integer ratio of moles, the empirical
formula of vanillin is CgHgO3.

Plan. Because different sample sizes were used to analyze the different elements,
calculate mass % of each element in the sample.

i Calculate mass % C from g CO,.

ii.  Calculate mass % Cl from AgCl

ili.  Getmass % H by subtraction.

iv.  Calculate mole ratios and the empirical formulas.

Solve.

1mol CO, . 1mol C x12.01gC

i  352gCO
' 82 1015CO, “Tmol CO,  1molC

=0.9606 = 0.961g C

0.9606 g C

————x100=64.04 =64.0%C
1.50 g sample

1mol AgCl = 1mol Cl 'x 35.45g Cl
143.3g AgCl 1mol AgCl 1molCl
0.3142gCl
1.00 g sample

i, 127gAgClx =0.3142=0.314g Cl
x100 = 31.42 = 31.4% Cl

iii. % H=100.0- (64.04% C +31.42% Cl) =4.54=4.5% H

iv.  Assume 100 g sample.

64.04g Cx—~2UC _533m01C; 53370886 = 6.02
1201gC
3142 g xR EL _ 6 836 mol C1; 0.886/0.886 = 1.00
3545gCl
4545 Hx—RNH _ 50 mol H; 4.50/0.886 = 5.08
1008g H

The empirical formula is probably C,HsCl.

The subscript for H, 5.08, is relatively far from 5.00, but C4HsCl makes chemical
sense. More significant figures in the mass data are required for a more accurate
mole ratio.
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3.95

3.96

3.97

3.98

3.99

The mass percentage is determined by the relative number of atoms of the element
times the atomic weight, divided by the total formula mass. Thus, the mass percent of

79.91
39.10+79.91+ x(16.00)

bromine in KBrO, is given by 0.5292 =
x = 2.00. Thus, the formula is KBrO,.
(@) Let AW = the atomic weight of X.

According to the chemical reaction, moles XI; reacted = moles XCl; produced

0.5000 g XI; x1mol XI; / (AW +380.71) g XI5
1mol XCl,

=0.2360 g XCl,
(AW +106.36) g XCl,

0.5000 (AW + 106.36) = 0.2360 (AW + 380.71)
0.5000 AW + 53.180 = 0.2360 AW + 89.848
0.2640 AW =36.67; AW=1389¢g

(b) Xis lanthanum, La, atomic number 57.

Os(g) + 2Nal(aq) + H,0() > O, (g) + I(5) + 2NaOH(aq)

2 mol Nal

=1.19x10~° mol Nal
1mol O, * °

@@  5.95x107¢ mol O, x

1x10'3gx 1molO;  2mol Nal 149.9gNal
lmg 48.00g0; 1molO; 1mol Nal

=8.120 x 10-3= 8.1 x 10-3 g Nal = 8.1 mg Nal
2NaCl(aq) + 2H,0(I) > 2NaOH(aq) + H,(g) + Cl»(g)
Calculate mol Cl, and relate to mol H,, mol NaOH.

1000 g g 1mol Cl,
1kg 7091gCl,

1mol H, 9 2.016gH,
1mol C12 1mol H2

() 13mgO;x

1.5%10° kg =2.115x107 = 21x107 mol Cl,

2.115x 107 mol Cl, x =426x10” gH, = 4.3x10* kg H,

1 metricton
1x10° g (1Mg)

2 mol NaOH N 40.0 g NaOH
1molCl, 1mol NaOH

4.3x107 gx = 43 metric tons H,

2.115x10” mol Cl, x =1.69x10° =1.7x10° g NaOH

1.7 x 10° g NaOH = 1.7 x 10® kg NaOH = 1.7 x 103 metric tons NaOH

2C57H1 1006 + 16302 - 114C02 + 110H2O

molar mass of fat = 57(12.01) + 110(1.008) + 6(16.00) = 891.5

1000g = 1molfat _110mol H,O . 18.02g H,O y 1kg

1.0kg fatx x x
lkg 8915gfat 2molfat 1molH,O 1000g

= 1.1 kg Hzo

Solutions to Exercises

. Solving for x, we obtain
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3.100

3.101

(@  Plan. Calculate the total mass of C from g CO and g CO,. Calculate the mass of
H from g H,O. Calculate mole ratios and the empirical formula.  Solve.

ImolCO 1molC

0467 CO
& 28.015CO " 1mol CO

x12.01gC=0.200g C

1mol CO, " 1mol C
4401gCO, 1molCO,

0.733g CO, x x12.01gC=0.200gC

Total mass C is 0.200 g + 0.200 g = 0.400 g C.

1mol H,O y 2 molH " 1.008g H
18.02gH,0 1molH,0 1molH

0.450 g H,Ox =0.0503g H
(Since hydrocarbons contain only the elements C and H, g H can also be obtained
by subtraction: 0.450 g sample - 0.400 g C = 0.050 g H.)

0.400 g Cx-AC _ 0333 mol C; 0.0333/0.0333=1.0

1201gC

1molH
0.0503 g Hx—m0L
8 ToosgH

Multiplying by a factor of 2, the empirical formula is C,Hj.

=0.0499 mol H; 0.0499/0.0333=1.5

(b) Mass is conserved. Total mass products — mass sample = mass O, consumed.
0.467 g CO + 0.733 g CO, + 0.450 g H,O - 0.450 g sample = 1.200 g O, consumed
(¢) For complete combustion, 0.467 g CO must be converted to CO,.

2CO(g) + O, (g) > 2CO,(g)

1mol CO N 1mol O, " 32.00g 0,
2801gCO 2molCO 1molO,

The total mass of O, required for complete combustion is
1.200 g + 0.267 g =1.467 g O,.

0.467 g COx

=0.267gO,

N, (g) + 3H,(g) - 2NH,(g)

Determine the moles of N, and H, required to form the 3.0 moles of NH; present after
the reaction has stopped.

3mol H,

3.0mol NH, x— o -2
8 X mol NH,

=4.5mol H, reacted

1mol N,

3.0mol NH, x — o0 Y2
e s X ) mol NH,

=1.5mol N, reacted

mol H, initial = 3.0 mol H, remain + 4.5 mol H, reacted = 7.5 mol H,

mol N, initial = 3.0 mol N, remain + 1.5 mol N, reacted = 4.5 mol N,

72



3 Stoichiometry Solutions to Exercises

3.102

3.103

In tabular form: N,(g) + 3H,(g) - 2NH,(g)
initial 4.5 mol 7.5 mol 0 mol
reaction -1.5mol —-4.5 mol +3.0 mol
final 3.0 mol 3.0 mol 3.0 mol

(Tables like this will be extremely useful for solving chemical equilibrium problems in
Chapter 15.)

All of the O, is produced from KClO;; get g KCIO; from g O,. All of the H,O is
produced from KHCO3; get g KHCO; from g H,0. The g H,O produced also reveals
the g CO, from the decomposition of KHCOj3. The remaining CO, (13.2 g CO,-

g CO, from KHCO,) is due to K,CO; and g K,CO; can be derived from it.

1mol O, g 2mol KCIO; N 122.6 g KClIO,
32.00g0, 3molO, 1mol KCIO,

4.00g 0O, x =10.22 =10.2 g KCIO,

1mol H,0O N 2 mol KHCO;, N 100.1g KHCO,
18.02gH,0 1molH,O 1mol KHCO,

1mol H,O N 2mol CO, g 44.01g CO,
18.02gH,0 1molH,O 1molCO,

1.80 g Hzo X

=20.00 =20.0 g KHCO,

1.80g H,0x =8.792 =8.79 g CO, from KHCO,

13.20 g CO, total - 8.792 CO, from KHCO; = 4.408 = 4.41 g CO, from K,CO,

1molCO, 1molK,CO; 1382gK,CO,

4408 CO
82" 4015 CO,  ImolCO, . 1molK,CO,

=13.84 =13.8gK,CO,

100.0 g mixture - 10.22 g KClIO; - 20.00 g KHCO; - 13.84 g K,CO; =55.9 g KCl
(@  2C;H,(g) +50,(g) —» 4C0O.(g) + 2H,0O(g)
(b) Following the approach in Sample Exercise 3.18,

1mol C,H, 5mol O, N 32.00g0,

10.0g C,H
8 -2 2" g 0dg C,H,  2mol C;H, . 1molO,

= 30.7 g O, required

Only 10.0 g O, are available, so O, limits.

()  Since O, limits, 0.0 g O, remain.
Next, calculate the g C,H, consumed and the amounts of CO, and H,0O
produced by reaction of 10.0 g O,.

1mol O, N 2mol C,H, x 26.04g C,H,

10050
82X 50050, 5mol0, . 1molC,H,

=3.26 g C,H, consumed

10.0 g C,H, initial - 3.26 g consumed = 6.74 = 6.7 g C,H, remain

1mol O, N 4 mol CO, N 44.01g CO,
3200g0, 5molO, 1molCO,

10.0g O, x =11.0g CO, produced
1mol O, N 2mol H,0 y 18.02gH,0

100g0
82X 320050,  5molO, - lmolH,0

=2.25g H,0 produced
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1mol C9H804 % 1mol C7H603 x 138-1g C7H603
180.2g C9H804 1mol C9H804 1mol C7H603

=1.1496 x 105 g = 1.1 x 102 kg C;HeO3

314 (a) 15x10°gCyHz0, x

(b) If only 80 percent of the acid reacts, then we need 1/0.80 = 1.25 times as much to
obtain the same mass of product: 1.25 x 1.15 x 102 kg = 1.4 x 102 kg C;H¢O;
(©) Calculate the number of moles of each reactant:
1mol C;H O,
138.1g C;H4O,4
1mol C4H603
102.1g C4H¢O,

1.85x10° g C;H(O5 x =1.340x10% = 1.34x10° mol C;H,O
g 3 6“3

1.25x10° g C,HO, x =1.224x10% =1.22x10° mol C,H,0,

We see that C4H¢O; limits, because equal numbers of moles of the two reactants
are consumed in the reaction.

1mol C9H804 x 180.2 g C9H804
1mol C7H603 1mol C9H804

=2.206x10°

1.224x10° mol C,H,0, x
=2.21x10° gCyHz0,

5
182x10°8  100=825%

d rcent yield = ——=-
(@) percentyleld = ox10°g

Integrative Exercises

3.105 Plan. Volume cube d;ensltL) mass CaCO; — moles CaCO; — moles O - O atoms

(2.54)% cm?® 271gCaC0O; 1molCaCO; 3molO
1in® lcm?® 100.1g CaCO; = 1mol CaCO,

y 6.022x10% O atoms
Imol O

Solve. (2.005)% in® x

=6.46x10% Oatoms

3106 (a) Plan. volumeof Ag cube dﬂltL) mass of Ag — mol Ag — Agatoms

105gAg 1molAg 6.022x10% atoms
lecm® Ag 10787 gAg 1mol

=5.8618x10% = 5.86x10% Ag atoms

Solve. (1.000)® cm® Agx

®) 1.000 cm?® cube volume, 74% is occupied by Ag atoms

0.74 cm? = volume of 5.86 x 1022 Ag atoms

0.7400 cm?®

S Be18e10Z At =1.2624x1072 =1.3x10" ecm® / Ag atom
. X g atoms

Since atomic dimensions are usually given in A, we will show this conversion.

x(1x10'2)3m3 143

x =12.62=13 A3 / Ag atom
1cm? (1x1071°)3 m?3 /A8

1.2624x1072 cm®
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3.107

3.108

(€0 V=4/3nr%r3=3V/4n;r=(3V/4n)!/3
1a=(3x1262A% /4m)1/2=1444=144A

(@)  Analyze. Given: gasoline = CgH,g density = 0.69 g/ml., 20.5 mi/ gal, 225 mi.
Find: kg CO,.
Plan. Write and balance the equation for the combustion of octane. Change mi —
gal octane — mL — g octane. Use stoichiomefry to calculate g and kg CO; from
g octane.
Solve. 2CgH,5(1) +250,(g) = 16CO,(g) + 18H,O()

225 mix 1gal i 3.7854L " 1m}:; " 0.69 g octane —28667x10% g
205mi 1gal 1x107°L 1mL

= 29 kg octane

2.8667x10* g CyHyp xl Catlig | 16mol CO,  AA0IECO, g 5,10t ¢
1142gCgH;3 2molCgHy;g  1mol CO,
= 88kg CO,

Check. (325"—240"ﬂ] x 10° = (45x0.7)x 10° = 30x10° g = 30 kg octane
ﬂzl; M—SzSOkgCOZ
"3 3

(b)  Plan. Use the same strategy as part (a). Solve.

1gal " 3.7854L  1mL  0.69 goctane

=1.1754 x10°
5mi lgal  1x10°L  imL *

225 mix

= 1x10? kg octane
1mol CgHyy  16mol CO, 44.01gCO, _
1142g CgHy;g 2molCgH;y  1mol CO,
3.624x10° g = 4x10%kg CO,

1.1754 x10%g CgH g x

Check. Mileage of 5 mi/gal requires ~4 times as much gasoline as mileage of 20.5
mi/ gal, so it should produce ~4 times as much CO,. 90 kg CO: [from (a)] x 4 = 360 =
4 x 10? kg CO; [from (b)].

Structural isomers, like 1-propanol and 2-propanol, have the sa me number and kinds
of atoms, but different anangements of these atoms. Since molecular weight is the sum
of atomic weights, and number and kinds of atoms are the same, the molecular weights
of structural isomers are the same. Again, because number and kinds of atoms are the
same, percent composition and therefore combustion analysis results will be the same.
Physical properties, like boiling point and density, are influenced by structure as well as
molecular weight, and are different for structural isomers.

The properties (a) boiling point and (d) density will distinguish between 1-propanol
and 2-propanol. This is confirmed by comparing these properties from either Wolfram
Alpha (WA) or the CRC Handbook of Chemistry and Physics (CRC).
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3.109

© 3.110

3.111

Boiling Point | Boiling Point Density Density
Compound (WA (CRC) | (WA (CRC)
1-propanol 97°C 97.4°C 0.804 g/cm?® | 0.8035 g/cm?
2-propanol 82°C 82.4°C 0.785 g/cm?® | 0.7855 g/cm?

@  S(s) + O2(g) = SO2(g); SO (g) + CaO(s) > CaSO5(s)
(b) If the coal contains 2.5% S, then 1 g coal contains 0.025 g S.
2000 tonscoal _ 20001b 1 kg 1000g 0.025gS 1molS
X X X X X

day lton 220Ib 1kg 1gcoal 32.07g$5
y 1mol SO, N 1mol CaO N 56.08 g CaO N 1kgCaO _
1molS 1molSO, 1molCaO 1000gCaO

79,485=7.9x10* kg CaOor7.9x10” g CaO

(©  1mol CaO=1mol CaSOs

1 mol CaO y 1 mol CaSO, y 120.14 g CaSO,
56.08gCa0 1molCaO =~ 1mol CaSO,

=1.703x10% =1.7x 10® g CaSO,

7.9485 x 107 g CaO x

This corresponds to about 190 tons of CaSO; per day as a waste product.
Analyze. Given: 2.0 in x 3.0 in boards, 5000 boards, 0.65 mm thick Cu; 8.96 g/cm?® Cu;
85% Cu removed; 97% yield for reaction. Find: mass Cu(NH3),Cl,, mass NHj.

Plan. vol Cu/board x density - mass Cu/board — 5000 boards x 85% = total Cu
removed = actual yield; actual yield/0.97 = theoretical yield Cu.

mass Cu = mol Cu = mol Cu(NH,), Cl or NH; — desired masses.

2 2
Solve. 2.0inx3.0inxZ2)_ T 0 65mm x 1(1) M __ 2516 =25cm® Cu/board
in
3
2516cm” Cu x 8.96;; x 5000 boardsx 0.85 removed = 95,814 g = 96 kg Cu removed
board cm
95,814g Cuactual yield _ 98,777 g = 99 kg Cu theoretical
097 _

98,777 g Cux 1mol Cu N 1mol Cu(NH;),Cl, 8 202.575g - 314,887

63.546 g Cu 1mol Cu 1mol Cu(NH;3),Cl,

=3.1x10% kg Cu(NH,),Cl,

98,777 g Cux— Mol Cu_ AmolNH, 1708gNH, . 691 -1.1x102 kg NH,

63.546gCu 1molCu mol NH,

(@)  Plan. Calculate the kg of air in the room and then the mass of HCN required to
produce a dose of 300 mg HCN/kg air.  Solve.

12 ft x 15 ft x 8.0 ft = 1440 = 1.4 x 103 ft3 of air in the room
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3.112

(b)

@)
(b)

©

(12 (254em)® 0.00118 g air _ 1kg
13 1in? lem3air ~ 1000g
300mgHCN _ 1g '
1kgair 1000 mg

1440 ft3 air x

= 48.12 = 48 kgair

48.12 kg air x =1443=14g HCN

2NaCN(s) + H,S0,(aq) = Na,50,(aq) + 2HCN(g)
The question can be restated as: What mass of NaCN is required to produce 14 g
of HCN according to the above reaction? '

1mol HCN " 2mol NaCNx 49.01g NaCN

27.03gHCN 2molHCN 1mol NaCN
2

lyd2 XSOofx 1Ib )(454g=17’025

9ft° 1yd° 160z 1Ib

14.43g HCN

=26.2 =26 g NaCN

12 ftx 15 ftx

=1.7x10* g acrilan in the room
50% of the carpet burns, so the starting amount of CH,CHCN is
0.50(17,025) =8513=85x10° g
' 50.9 g HCN
100g CH,CHCN

8,513 g CH,CHCN x =4333=4.3x10° g HCN possible

If the actual yield of combustion is 20%, actual g HCN = 4,333(0.20) = 866.6

= 8.7 x 102 g HCN produced. From part (a), 14 g of HCN is a lethal dose. The fire
produces much more than a lethal dose of HCN.

Na(g) + Ox(g) — 2NO(g); 2NO(g) + Ox(g) > 2NOx(g)

1 million =1 x 106

2000].b 453.6g 13 13
——2-=1996x10"" =2.0x1
lton . 1Ib 6x x10"gNO,

Plgn. Calculate g O, needed to burn 500 g octane. This is 85% of total O: in the
engine. 15% of total O, is used to produce NO,, according to the second equation
in part (a).

Solve. 2CsHas(1) + 250,(g) — 16CO(g) + 18HO()

1mol CgHyg N 25mol O, x32.00g02
1142gCgH;3 2molCgHy;y  mol O,

22x10° tons NO, x

500 g CgH;g x =1751=1.75x10% g O,

1751g O,
total g 02
2060 g O total x 0.15 = 309.1 = 3.1 x 10? g O, used to produce NO,. One mol Oz

produces 2 mol NO. Then 2 mol NO react with a second mol O; to produce

2 mol NO2. Two mol O are required to produce 2 mol NO; one mol O, per mol
NO..

= 0.85; 2060=2.1 x 10° g O, total in engine

1mol O, N 1mol NO, N 46.01g NO,
32.00g 1molO, 1mol O,

309.1 g 0, x =444.4=4.4x10% gNO,



Reactions in
Aqueous Solution

Visualizing Concepts

4.1

42

43

44

Analyze. Correlate the formula of the solute with the charged spheres in the diagrams.

Plan. Determine the electrolyte properties of the solute and the relative number of
cations, anions, or neutral molecules produced when the solute dissolves.

Solve. Li,SO;, is a strong electrolyte, a soluble ionic solid that dissociates into separate
Li* and SO42- when it dissolves in water. There are twice as many Li* cations as SO42-
anions. Diagram (c) represents the aqueous solution of a 2:1 electrolyte.

Analyze/Plan. Correlate the neutral molecules, cations, and anions in the diagrams with
the definitions of strong, weak, and nonelectrolytes.  Solve.

(a) AXis anonelectrolyte, because no ions form when the molecules dissolve.

(b) AY is a weak electrolyte because a few molecules ionize when they dissolve, but
most do not.

(c) AZ is a strong electrolyte because all molecules break up into ions when they
dissolve. -

Analyze/Plan. From the molecular representations, write molecular formulas for the
compounds. Using Table 4.2 and molecular formulas (there are no ionic compounds in
this exercise), classify the compounds as strong acid, strong base, weak acid, weak base
(NHs) or nonelectrolyte. S&ong acids and bases are strong electrolytes, weak acids and
bases are weak electrolytes. Solve.

(@) HCOOH. The molecule has a -COOH group; it is a weak acid and weak
electrolyte (it is not one of the strong acids listed in Table 4.2).

(b) HNO;. The molecule is a strong acid (Table 4.2) and a strong electrolyte.

() CHsCH:OH. The molecule is neither an acid nor a base; it is a nonelectrolyte.

The brightness of the bulb in Figure 4.2 is related to the number of ions per unit volume
of solution. If 0.1 M CHaCOOH has about the same brightness of 0.001 M HBr, the two
solutions have about the same number of jons. Since 0.1 M CH3COOH has 100 times
more solute than 0.001 M HBr, HBr must be dissociated to a much greater extent than
CH;COOH. HBr is one of the few molecular acids that is a strong electrolyte.
CH3;COOH is a weak electrolyte; if it were a nonelectrolyte, the bulb in Figure 4.2
wouldn’t glow.
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45

4.6

4.7

48

49

Analyze/Plan. From the names and/or formulas of the three possible solids, determine
which exhibits the described solubility properties. Use Table 4.1.

Solve. The three possible compounds are BaCl,, PbCl;, and ZnCl,. PbCl, does not
dissolve in water to give a clear solution, so it can be eliminated. Of the remaining
possibilities, Ba?* has a sulfate precipitate, but Zn? does not. The compound is indeed
BaCl..

Certain pairs of ions form precipitates because their attraction is so strong that they
cannot be surrounded and separated by solvent molecules. That is, the attraction
between solute particles is greater than the stabilization offered by interaction of
individual ions with solvent molecules. These precipitates are insoluble ionic solids.

Analyze. Given the formulas of some ions, determine whether these ions ever form
precipitates in aqueous solution. Plan. Use Table 4.1 to determine if the given ions can
form precipitates. If not, they will always be spectatorions.  Solve.

(@) Cl- can form precipitates with Ag*, Hg,?*, Pb?".

() NO;™ never forms precipitates, so it is always a spectator.
() NH,* never forms precipitates, so it is always a spectator.
(d) S2-usually forms precipitates.

()  SO4* can form precipitates with Sr**, Ba2*, Hg,?*, Pb?*.

Check. NH,4* is a soluble exception for sulfides, phosphates, and carbonates, which
usually form precipitates, so all rules indicate that it is a perpetual spectator.

Analyze/Plan. Given three metal powders and three 1 M solutions, use Table 4.5, the
activity series of metals, to find a scheme to distinguish the metals.

Solve. In the activity series, any metal on the list can be oxidized by the ions of elements
below it. The nitric acid solution contains H*(aq). This solution will oxidize and thus
dissolve Zn(s) and Pb(s), which appear above H»(g) on the list. Platinum, Pt(s), is
distinguished by its lack of reaction with nitric acid.

To distinguish between Zn and Pb, use a metal ion that occurs between them on the list.
We have such an ion, Ni**(aq) in the nickel nitrate solution. Ni**(aq) will oxidize and
thus dissolve Zn(s), which is above it on the list. Ni2*(aq) will not oxidize or dissolve
Pb(s), which is below it on the list.

To summarize, Pt(s) will neither be oxidized by nor dissolve in any of the three available
solutions. Pb(s) is oxidized by and will dissolve in the nitric acid solution, but not the
nickel nitrate solution. Zn(s) is oxidized by and will dissolve in both nitric acid and
nickel nitrate solutions.

In a redox reaction, one reactant loses electrons and a different reactant gains electrons;
electrons are transferred. Acids ionize in aqueous solution to produce (donate)
hydrogen ions (H*, protons). Bases are substances that react with or accept protons (H>).
In an acid-base reaction, protons are transferred from an acid to a base. We characterize
redox reactions by tracking electron transfer using oxidation numbers. We characterize
acid-base reactions by tracking H* (proton) transfer via molecular formulas of reactants
and products.
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4.10

Concentration is a ratio of amount of solute to amount of solution or solvent. Thus there
are two ways to double the concentration of a solution: double the amount of solute,
keeping volume constant or reduce the volume of solution by half, keeping the amount
of solute the same.

General Properties of Aqueous Solutions (section 4.1)

411

412

413

414

415

416

No. Electrolyte solutions conduct electricity because the dissolved ions carry charge
through the solution (from one electrode to the other).

When CH;OH dissolves, neutral CH3;OH molecules are dispersed throughout the
solution. These electrically neutral particles do not carry charge and the solution is
nonconducting. When CHaCOOH dissolves, mostly neutral molecules are dispersed
throughout the solution. A few of the dissolved molecules ionize to form H*(aq) and
CH3;COO-(aq). These few ions carry some charge and the solution is weakly
conducting.

Although H»0O molecules are electrically neutral, there is an unequal distribution of
electrons throughout the molecule. There are more electrons near O and fewer near H,
giving the O end of the molecule a partial negative charge and the H end of the molecule
a partial positive charge. Ionic compounds are composed of positively and negatively
charged ions. The partially positive ends of H,O molecules are attracted to the negative
ions (anions) in the solid, while the partially negative ends are attracted to the positive
ions (cations). Thus, both cations and anions in an ionic solid are surrounded and
separated (dissolved) by H>O molecules.

We do not expect ionic compounds to be soluble in molecular liquids such as Brz(1) or
Hg(1). There is a symmetrical charge distribution in Hg atoms and Br: molecules.
There is no permanent full or partial charge on these solvent atoms or molecules, no
attractive forces to stabilize the separated ions of an ionic solid.

Generally, dissolved particles are solvated when they are surrounded by solvent
molecules. In aqueous solution, dissolved ions are solvated when they are surrounded
by H>0O molecules.

Analyze/Plan. Given the solute formula, determine the separate ions formed upon
dissociation. Solve.

(@)  ZnClz(aq) - Zn**(aq) +2C1"(aq)

() HNOs(aq) - H*(ag) + NO3~(aq)

(6 (NH,)2504(aq) -» 2NH,*(aq) + SO42~(aq)
(d) Ca(OH):(aq) —» Ca**(aq) +20H(aq)

(a) Mgl:(aq) > Mg**(aq) + 2I-(aq)

(b) AINOs)s(aq) —» Al**(aq) + 3NOs~(aq)

() HCIO4(aq) > H*(aq) + ClO4~(aq)

(d) NaCH,COO(aq) > Na*(aq) + CH3sCOO-(aq)
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417

418

Analyze/Plan. Apply the definition of a weak electrolyte to HCOOH.

Solve. When HCOOH dissolves in water, neutral HCOOH molecules, H* ions and
HCOO- ions are all present in the solution. HCOOH (aq) = H*(aq) + HCOO(aq)

(a) acetone (nonelectrolyte):-CH3COCH3(aq) molecules only; hypochlorous acid
(weak electrolyte): HClIO(aq) molecules, H*(aq), ClIO- (aq); ammonium chloride
- (strong electrolyte): NH,*(aq), Cl-(aq)
(b) NH,Cl, 0.2 mol solute particles; HCIO, between 0.1 and 0.2 mol particles;
CH3COCHj;, 0.1 mol of solute particles

Precipitation Reactions (section 4.2)

419

420

421

4.22

4.23

Analyze. Given: formula of compound. Find: solubility.

Plan. Follow the guidelines in Table 4.1, in light of the anion present in the compound
and notable exceptions to the “rules.” Solve.

(a) MgBr,: soluble

(b) Pbl,: insoluble, Pb*is an exception to soluble iodides

(c) (NH,)COs: soluble, NH," is an exception to insoluble carbonates
(d) Sr(OH),: soluble, Sr2*is an exception to insoluble hydroxides

(&) ZnSO,: soluble

According to Table 4.1:

(a) Agl insoluble

(b) NaxCOs;: soluble, Na* is an exception to insoluble carbonates
() BaCl;: soluble

(d) AI(OH)a: insoluble

(¢) Zn(CH3;COO):: soluble

Analyze. Given: formulas of reactants. Find: balanced equation including precipitates.
Plan. Follow the logic in Sample Exercise 4.3.

Solve. In each reaction, the precipitate is in bold type.

(a) NaCOs(aq) +2AgNOsz(aq) - Ag,COs(s) + 2NaNOs(aq)

(b) No precipitate (all nitrates and most sulfates are soluble).

(¢) FeSOq(aq) + Pb(NOs)2(aq) = PbSO.(s) + Fe(NOs)2(aq)

In each reaction, the precipitate is in bold type.

(@) No precipitate. [CH3COO- gains H* to form CH3COOH (aq), which is soluble.]
(b) Cu(NOs):(aq) + 2KOH(aq) - Cu(OH).(s) + 2KNOs(aq)

(¢) Na:S(aq) + CdSO4(aq) = CdS(s) + Na,5O4(aq)

Analyze/Plan. Follow the logic in Sample Exercise 4.4. From the complete ionic equation,

identify the ions that don’t change during the reaction; these are the spectator ions.
Solve.

(@) 2Na*(aq)+COs*"(aq) + Mgz*(éq) +504%7(aq) > MgCOs(s) + 2Na*(aq) + SO,42(aq)
Spectators: Na*, SO4%"
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424

4.25

4.26

427

4.28

(b) Pb2*(aq) + 2NO, (aq) + 2Na*(aq) + S2-(aq) > PbS(s) + 2Na*(aq) + 2NO;"(aq)
Spectators: Na*, NO3~ .

() 6NH,*(aq) + 2PO43-(aq) + 3Ca?*(aq) + 6Cl-(aq) = Ca;(POy,),(s) + 6NH,* (aq) +
6Cl-(aq) Spectators: NH,*, Cl1-

Spectator ions are those that do not change during reaction.

(@ 2Cr3*(aq) + 3CO;2-(aq) = Cr,(CO3),(s); spectators: NH,*, SO,2-

(b) Ba? (aq) + SO42-(aq) - BaSO,(s); spectators: K*, NO,~

() Fe?*(aq) + 20H(aq) —> Fe(OH),(s); spectators: K*, NO;~

Analyze. Given: reactions of unknown with HBr, H,SO,, NaOH. Find: The unknown

contains a single salt. Is K* or Pb?* or Ba?+ present?

Plan. Analyze solubility guidelines for Br~, SO,2- and OH- and select the cation that
produces a precipitate with each of the anions.

Solve. K* forms no precipitates with any of the anions. BaSO, is insoluble, but BaCl,
and Ba(OH), are soluble. Since the unknown forms precipitates with all three anions, it
must contain Pb2*.

Check. PbBr,, PbSO,4, and Pb(OH), are all insoluble according to Table 4.1, so our
process of elimination is confirmed by the insolubility of the Pb%* compounds.

Br- and NO;~ can be ruled out because the BaBr, is soluble and all NO;~ salts are
soluble. CO32- forms insoluble salts with the three cations given; it must be the anion in
question.

Analyze. Given: three possible salts in an unknown solution react with Ba(NO;), and
then NaCl. Find: Can the results identify the unknown salt? Do the three possible
unknowns give distinctly different results with Ba(NO;), and NaCl?

Plan. Using Table 4.1, determine whether each of the possible unknowns will form a
precipitate with Ba(NO3), and NaCl. Solve.

Compound Ba(NO;), result NaCl result
AgNO;(aq) no ppt AgClppt
CaCl,(aq) no ppt no ppt
Al,(504)s BaSO, ppt no ppt

This sequence of tests would definitively identify the contents of the bottle, because the
results for each compound are unique.

@ Pb(CH,;COO)2(aq) + Na,S(aq) -> PbS(s) + 2NaCH,COO (aq)
net ionic: Pb2*(aq) + S2-(aq) —> PbS(s)
Pb(CH,COO)x(aq) + CaCl, (aq) - PbCl (s) + Ca(CH3COO)x(aq)
net ionic: Pb2*(aq) + 2C1-(aq) — PbCl,(s)
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Na,S(aq) + CaCl, (aq) — CaS(aq) + 2NaCl(aq)
net ionic: no reaction

(b)  Spectator ions: Na*, Ca2*, CH;COO-

Acids, Bases, and Neutralization Reactions (section 4.3)

4.29

4.30

431

432

433

Analyze. Given: solute and concentration of three solutions. Find: solution with greatest
concentration of solvated protons.

Plan: See Sample Exercise 4.6. Determine whether solutes are strong or weak acids or
bases or nonelectrolytes. For solutions of equal concentration, strong acids will have
greatest concentration of solvated protons. Take varying concentration into con-
sideration when evaluating the same class of solutions.

Solve. LiOH is a strong base, HI is a strong acid, CH;OH is a molecular compound and
nonelectrolyte. The strong acid HI will have the greatest concentration of solvated
protons.

Check. The solution concentrations weren’'t needed to answer the question.

NH;(aq) is a weak base, while KOH and Ba(OH), are strong bases. NH;(aq) is only
slightly ionized, so even (a) 0.6 M NH; is less basic than (b) 0.150 M KOH. Ba(OH), has
twice as many OH"~ per mole as KOH, so (c) 0.100 M Ba(OH), is more basic than

(b) 0.150 M KOH. The most basic solution is (c) 0.100 M Ba(OH),.

(@) A monoprotic acid has one ionizable (acidic) H and a diprofic acid has two.

(b) A strong acid is completely ionized in aqueous solution, whereas only a fraction of
weak acid molecules are ionized.

(©0 An acid is an H* donor, a substance that increases the concentration of H* in
aqueous solution. A base is an H* acceptor and thus increases the concentration of
OH-" in aqueous solution.

(a) NHj; produces OH" in aqueous solution by reacting with H,O (hydrolysis):
NHs(aq) + HO(I) = NH4 *(aq) + OH" (aq). The OH" causes the solution to be
basic.

(b) The term “weak” refers to the tendency of HF to dissociate into H* and F- in
aqueous solution, not its reactivity toward other compounds.

(©) H,;S0, is a diprotic acid; it has two ionizable hydrogens. The first hydrogen
completely ionizes to form H* and HS0,, but HSO," only partially ionizes into
H* and SO,?- (HSO," is a weak electrolyte). Thus, an aqueous solution of H,SO,
contains a mixture of H*, HSO,~ and SO,2-, with the concentration of HSO,"
greater than the concentration of SO42-. '

When each of the strong acids in Table 4.2 dissociates, the anions formed are the same
ones that normally form soluble ionic compounds (Table 4.1). Although ClO;~ and
ClIO,~ don't appear in Table 4.1, their ionic compounds are typically water soluble, but
less common than compounds containing anions that do appear in the table. The one
anion that typically forms soluble compounds that is not the anion of a strong acid is
acetate, CH;COOQO- ; it is the anion of a weak acid.
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434

435

4.36

4.37

438

439

All soluble ionic hydroxides from Table 4.1 are listed as strong bases in Table 4.2.
Insoluble hydroxides like Cd(OH), are not listed as strong bases. “Insoluble” means that
less than 1% of the base molecules exist as separated ions and are dissolved. Thus,
insoluble hydroxide salts produce too few OH-(aq) to be considered strong bases.

Analyze. Given: chemical formulas. Find: classify as acid, base, salt; strong, weak, or
nonelectrolyte.

Plan. See Table 4.3. Ionic or molecular? Ionic, soluble: OH", strong base and strong
electrolyte; otherwise, salt, strong electrolyte. Molecular: NH,, weak base and weak
electrolyte; H-first, acid; strong acid (Table 4.2), strong electrolyte; otherwise weak acid
and weak electrolyte.  Solve.

(@) HEF: acid, mixture of ions and molecules (weak electrolyte)

() CH,CN: none of the above, entirely molecules (nonelectrolyte)
() NaClOy: salt, entirely ions (strong electrolyte)

(d) Ba(OH),: base, entirely ions (strong electrolyte)

Since the solution does conduct some electricity, but less than an equimolar NaCl
solution (a strong electrolyte), the unknown solute must be a weak electrolyte. The weak
electrolytes in the list of choices are NH; and H;PO,; since the solution is acidic, the
unknown must be H3PO ;.

Analyze. Given: chemical formulas. Find: electrolyte properties.

Plan. In order to classify as electrolytes, formulas must be identified as acids, bases, or
salts as in Solution 4.35. Solve.

(@) H,SO;,: H first, so acid; not in Table 4.2, so weak acid; therefore, weak electrolyte

(b) C,H5;OH: not acid, not ionic (no metal cation), contains OH group, but not as
anion so not a base; therefore, nonelectrolyte

(©0 NH;: common weak base; therefore, weak electrolyte

(d) KClO;: ionic compound, so strong electrolyte

() Cu(NO;),: ionic compound, so strong electrolyte

(@ LiClO,:strong (b) HCIO: weak (c) CH3CH,CH,0H: non

(d) HCIO,:strong (e) CuSO,:strong  (f) C;,H;,07::n0N

Plan. Follow Sample Exercise 4.7.  Solve.

(@) 2HBr(aq) + Ca(OH),(aq) - CaBr,(aq) + 2H,O0(1)
H*(aq) + OH"(aq) = H,0(l)

(b) Cu(OH),(s) + 2HCIO,(aq) = Cu(ClO,),(aq) + 2H,O()
Cu(OH),(s) + 2H* (aq) = 2H,0(1) + Cu?*(aq)

© Al(OH) a(s) + 3HNO; (aq) > AI(NO3)s(aq) + 3H,O()
Al(OH);(s) + 3H*(aq) - 3H,0() + Al®*(aq)
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440

441

442

443
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(@) 2CH3;COOH (aq) + Ba(OH), (aq) = Ba(CH;COO0),(aq) + 2H,0(1)
CH;COOH(aq) + OH-(aq) » CH;COO~(aq) + H,O(l)

(o) Cr(OH)i(s) + 3HNO,(aq) > Cr(NO,)i(aq) + 3H,0()
Cr(OH),(s) + 3HNO,(aq) = 3H,O0(l) + Cr®**(aq) + 3NO, (aq)

(6 HNO;(aq) + NHs(aq) - NH,NO;(aq)
H*(aq) + NH;(aq) & NH,*(aq)

Analyze. Given: names of reactants. Find: gaseous products.

Plan. Write correct chemical formulas for the reactants, complete and balance the
metathesis reaction, and identify either H,S or CO, products as gases. Solve.

(@ CdS(s) + H,SO4(aq) - CdSO,(aq) + H,S(g)
CdS(s) + 2H* (aq) - H,S(g) + Cd2*(ag)

(b)  MgCO;,(s) + 2HCIO(aq) - Mg(ClO,),(aq) + H,O() + CO,(g)

MgCO3;(s) + 2H* (aq) - H,O(l) + CO,(g) + Mg?*(aq)
(@)  FeO(s) + 2H"(aq) > H,O) + Fe?*(aq)
(b) NiO(s) + 2H*(aq) > H,0(l) + Ni%*(aq)
Analyze. Given the formulas or names of reactants, write balanced molecular and net
ionic equations for the reactions.

Plan. Write correct chemical formulas for all reactants. Predict products of the
neutralization reactions by exchanging ion partners. Balance the complete molecular
equation, identify spectator ions by recognizing strong electrolytes, write the
corresponding net ionic equation (omitting spectators).  Solve.

(a) MgCOs(s) + 2HCl(ag) > MgCl, (ag) + H,O() + CO, (g)
MgCO,(5) + 2H (ag) > Mg2*(aq) + H,0() + CO4(g)
MgO(s) + 2HCl (aq) -> MgCly (aq) + H;0()

MgO(s) + 2H* (aq) - Mg2*(aq) + H,O())
Mg(OH), (s) + 2HCl(aq) — MgCl, (aq) + 2H,0()
Mg(OH),(s) + 2H" (ag) > Mg?*(aq) + 2H,0(1)

(b) Yes. The reaction involving magnesium carbonate, MgCO,(s), produces CO,(g)
which appears as bubbles. The other two reactions are calm.

(©)  If excess HCl(aq) is added in each case, the identity of the ions in the clear product
solution is the same. Each different reaction produces Mg?*(aq), along with CI-
(aq) spectator ions. There will be H*(aq) [and more Cl"(aq)] from the excess acid.

K;0(aq) + H,0(1) - 2KOH(aq), molecular; O%-(aq) + H,0O(l) - 20H- (aq), net ionic
base: (H* ion acceptor) O%-(aq); acid: (H* ion donor) H,O(aq); spectator: K*
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Oxidation-Reduction Reactions (section 4.4)

4.45

4.46

4.47

448

449

4.50
451

(@) In terms of electron transfer, oxidation is the loss of electrons by a substance, and
reduction is the gain of electrons (LEO says GER).

(b) Relative to oxidation numbers, when a substance is oxidized, its oxidation
number increases. When a substance is reduced, its oxidation number decreases.

Oxidation is loss of electrons; it can occur in the presence of any electron acceptor, not
just oxygen.

Oxidation and reduction can only occur together, not separately. When a substance is
oxidized, it loses electrons, but free electrons do not exist under normal conditions. If
electrons are lost by one substance they must be gained by another, and vice versa. '

Analyze. Given the labeled periodic chart, determine which region is most readily
oxidized and which is most readily reduced.

Plan. Review the definition of oxidation and apply it to the properties of elements in the
indicated regions of the chart.

Solve. Oxidation is loss of electrons. Elements readily oxidized form positive ions; these
are metals. Elements not readily oxidized tend to gain electrons and form negative ions;
these are nonmetals. Elements in regions A, B, and C are metals, and their ease of
oxidation is shown in Table 4.5. Metals in region A, Na, Mg, K, and Ca are most easily
oxidized. Elements in region D are nonmetals and are least easily oxidized.

(@) BaSO,; +6 (b) H,S0;; +4 (¢) SrS;-2 (d) H,S;-2

(e) Based on these compounds, the range of oxidation numbers for sulfur is +6 to ~2.
Sulfur is a nonmetal, and positive as well as negative oxidation numbers are
possible. It is located in group 6A, and 6 is the maximum positive oxidation
number for-it.

Analyze. Given the chemical formula of a substance, determine the oxidation number of
a particular element in the substance.

Plan. Follow the logic in Sample Exercise 4.8. Solve.
(@) +4 (b) +4 © +7 (@ +1 () O (f) -1 (0,2 is peroxide ion)
@ + @O+ ©-2 @-3 @+ @ +6

Analyze. Given: chemical reaction. Find: element oxidized or reduced. Plan. Assign
oxidation numbers to all species. The element whose oxidation number increases
(becomes more positive) is oxidized; the one whose oxidation number decreases

(becomes more negative) is reduced. Solve.
(@) Na(g) [N, 0] = 2NH3s(g) [N, -3], N is reduced; 3H(g) [H, 0] —» 2NHs(g) [H, +1], H
is oxidized.

(b) Fe?* — Fe, Fe is reduced; Al —» Al3*, Al is oxidized
(© Cl, > 2CI, Clisreduced; 2I™ - I, I is oxidized
(d) S2% - S0,%7(S, +6), Sis oxidized; H,0, (O, -1) - H,0 (O, -2); O is reduced
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4.53

4.54

455

4.56

(@) oxidation-reduction reaction; P is oxidized, Cl is reduced

(b) oxidation-reduction reaction; K is oxidized, Br is reduced

.(c) oxidation-reduction reaction; C is oxidized, O is reduced

(d) precipitation reaction

Analyze. Given: reactants. Find: balanced molecular and net ionic equations.

Plan. Metals oxidized by H* form cations. Predict products by exchanging cations and
balance. The anjons are the spectator ions and do not appear in the net ionic equations.
Solve.

(@ Mn(s) + H,S0,(aq) - MnSO,(aq) + H,(g); Mn(s) + 2H* (aq) - Mn2*(aq) + H,(g)

Products with the metal in a higher oxidation state are possible, depending on
reaction conditions and acid concentration.

(b) 2Cr(s) + 6HBr(aq) = 2CrBr;(aq) + 3H,(g); 2Cr(s) + 6H* (aq) > 2Cr**(aq) + 3H,(g)
(¢)  Sn(s) + 2HCl(aq) = SnCl, (aq) + H,(g); Sn(s) + 2H* (aq) - Sn?*(aq) + H,(g)
(d) 2Al(s) + BHCOOH(aq) > 2A1(I{COO)3(aq) +3H,(g);
2Al(s) + 6HCOOH(aq) - 2AI**(aq) + 6HCOO-(aq) + 3H,(g)
(@ 2HCI(aq) + Ni(s) - NiCl, (aq) + H,(g); Ni(s) + 2H"* (aq) - Ni**(aq) + H,(g)
() H,SO,(aq) + Fe(s) » FeSO4(aq) + H,(g); Fe(s) + 2H* (aq) - Fe?*(aq) + H,(g)

Products with the metal in a higher oxidation state are possible, depending on
reaction conditions and acid concentration.

()  2HBr(aq) + Mg(s) > MgBr, (aq) + Hy(g); Mg(s) + 2H* (aq) - Mg?*(aq) + H,(g)
(d) 2CH3COOH(aq) + Zn(s) - Zn(CHsCOO): (aq) + H,(g);

Zn(s) + 2CH3COOH(aq) - Zn?*(aq) + 2CH;COO-(aq) + H,(g)
Analyze. Given: a metal and an aqueous solution. Find: balanced equation.

Plan. Use Table 4.5. If the metal is above the aqueous solution, reaction will occur; if the
aqueous solution is higher, NR. If reaction occurs, predict products by exchanging
cations (a metal ion or H*), then balance the equation.  Solve.

() Fe(s) + Cu(NO;),(aq) - Fe(NO), (aq) + Cufs)
(b)  Zn(s) + MgSO,(aq) > NR

()  Sn(s) + 2HBr(aq) - SnBr,(aq) + H,(g)

(d) Hy(g) +NiCl,(aq) » NR

(e)  2Al(s) + 3CoSO,4(aq) > Al,(SO,)s(aq) + 3Co(s)

(@  Ni(s) + Cu(NOs)»(aq) — Ni(NO;)2(aq) + Cu(s)
(b) Zn(NO,;),(aq) + MgSO,(aq) = NR
(©0 Au(s) + HCl(aq) > NR
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Solutions to Exercises

4 Aqueous Reactions

457

4.58

(d)
©)
(@)

(b)

©

@

(b)

©

2Cr(s) + 3CoCl, (aq) = 2CrCl4(aq) + 3Co(s)

H,(g) + 2AgNO;(aq) = 2Ag(s) + 2HNO; (aq)

i. Zn(s) + Cd?*(aq) > Cd(s) + Zn?*(aq)

ii. Cd(s)+ Ni2*(aq) - Ni(s) + Cd?*(aq)

According to Table 4.5, the most active metals are most easily oxidized, and Zn is
more active than Ni. Observation (i) indicates that Cd is less active than Zn;

observation (ii) indicates that Cd is more active than Ni. Cd is between Zn and Ni
on the activity series.

Place an iron strip in CdCl,(aq). If Cd(s) is deposited, Cd is less active than Fe; if
there is no reaction, Cd is more active than Fe. Do the same test with Co if Cd is
less active than Fe or with Cr if Cd is more active than Fe.

Br, + 2Nal — 2NaBr + I, indicates that Br, is more easily reduced than I,.

Cl, + 2NaBr — 2NaCl + Br, shows that Cl, is more easily reduced than Br,.

The order for ease of reduction is Cl, > Br, > 1,. Conversely, the order for ease of
oxidation is I- > Br- > Cl-.

Since the halogens are nonmetals, they tend to form anions when they react
chemically. Nonmetallic character decreases going down a family and so does the -
tendency to gain electrons during a chemical reaction. Thus, the ease of reduction
of the halogen, X,, decreases going down the family and the ease of oxidation of
the halide, X~, increases going down the family.

Cl, + 2KI — 2KCl + I; Br; + LiCl - no reaction

Concentrations of Solutions (section 4.5)

4.59

4.60

@

(b)

@)

(b)

Concentration is an intensive property; it is the ratio of the amount of solute present
in a certain quantity of solvent or solution. This ratio remains constant regardless

. of how much solution is present.

The term 0.50 mol HCI defines an amount (~18 g) of the pure substance HCl. The
term 0.50 M HCl is a ratio; it indicates that there are 0.50 mol of HCl solute in 1.0
liter of solution. This same ratio of moles solute to solution volume is present
regardless of the volume of solution under consideration.

The concentration of the remaining solution is unchanged, assuming the original
solution was thoroughly mixed. Molar concentration is a ratio of moles solute to
liters solution. Although there are fewer moles solute remaining in the flask, there
is also less solution volume, so the ratio of moles solute/solution volume remains
the same,

The concentration of the remaining solution is increased. The moles solute
remaining in the flask are unchanged, but the solution volume decreases after
evaporation. The ratio of moles solute/solution volume increases.



4 Aqueous Reactions Solutions to Exercises

4.61

4.62

4.63

{¢)  The second solution is five times as concentrated as the first. An equal volume of
the more concentrated solution will contain five times as much solute (five times
the number of moles and also five times the mass) as the 0.50 M solution. Thus,
the mass of solute in the 2.50 M solutionis 5 x 4.5 g=225g.

Mathematically:
2.50 mol solute
1L solution _ x grams solute
050 molsolute 4.5 g solute
1L solution

250 mol solute _ x gsolute
0.50 mol solute  4.5g solute’

5.0(4.5 g solute) = 23 g solute

The result has 2 sig figs; 22.5 rounds to 23 g solute.

Analyze/Plan. Follow the logic in Sample Exercises 4.11 and 4.13. Solve.

_ molsolute  0.175mol ZnCl, " 1000 mL
L solution ’ 150 mL 1L

Check. (0.175 / 0.150) > 1.0 M

4.50 mol HNO;,
1L

Check. (4.5 x .04) = 0.16 mol

_mol  0.325 mol NaOH
M ’ 6.00 mol NaOH/L

@) =1.17 M ZnCl,

) mol=M x L;

x 0.0350 L =0.158 mol HNO,

© L =0.0542 L or 54.2 mL of 6.00 M NaOH

Check. (0.325/6.0)>0.50L.
M= mol solute  12.5g Na,CrO, " 1mol Na,CrO,

a - ; =0.140 M Na,CrO
@ Lsolution’  0550L  161.97 g Na,CrO, Az
® mol=M x L; %”;“TMKE x 0.150L = 4.13 x 102 mol KBr

L= mol 0.100 mol HC]

; =1.6 x 102 Lor16 mL
M 6imolHCIL =~ oriom

©

Analyze. Given molarity, M, and volume, L, find mass of Na*(aq) in the blood.

Plan. Calculate moles Na* (aq) using the definition of molarity: M = _mL_ol ; mol=MxL.

Calculate mass Na*(aq) using the definition moles: mol = g/MM; g =mol x MM. (MM is
the symbol for molar mass in this manual.) '

0.135mol 23.0gNa*

+

Solve. 5.0L x =15.525=16gNa" (aq)

mol Na

Check. Since there are more than 0.1 mol/L and we have 5.0 L, there should be more
than half a mol (11.5 g) of Na*. The calculation agrees with this estimate.

89
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4.64 Calculate the mol of Na* at the two concentrations; the difference is the mol NaCl
required to increase the Na* concentration to the desired level.

0.118mol 4 61.= 05428 =0.54mol Na*

0138mol 1 _ 0.6348 = 0.63 mol Na*

(0.6348 - 0.5428) = 0.092 = 0.09 mol NaCl (2 decimal places and 1 sig fig)

58.5g NaCl

0.092 mol NaCl x
mol

=538="5gNaCl

4.65 Analyze. Given: g alcohol/100 mL blood; molecular formula of alcohol. Find: molarity
(mol/L) of alcohol. Plan. Use the molar mass (MM) of alcohol to change (g/100) mL to
(mol/100 mL) then mL to L.

Solve. MM of alcohol = 2(12.01) + 6(1.1008) + 1(16.00) = 46.07 g alcohol/mol

_ 0.08 g alcohol y 1mol alcohol 1000 mL

x =0.0174 = 0.02 M alcohol
100 mL blood 46.07 g alcohol 1L

BAC

4.66 Analyze. Given: BAC (definition from Exercise 4.65), vol of blood. Find: mass alcohol
in bloodstream.

Plan. Change BAC (g/100 mL) to (g/L), then times vol of blood in L.
Solve.. BAC = 0.10 g/100 mL

0.10 g alcohol . 1000 mL
100 mL blood 1L

x 5.0 L blood = 5.0 g alcohol

4.67 Plan. Proceed as in Sample Exercises 4.11 and 4.13.

M= —n;_‘il ; mol= ﬁ (MM is the symbol for molar mass in this manual.)
Solve.

0.175 M KBr 119.0g KBr
0170 MRBY 02501 x =828
(@ T ™ Tmol KBr

Check. (0.25 x 120) ~ 30; 30 x 0.18 ~ 5.4 g KBr

1mol Ca(NO,), N 1
164.09g Ca(NO;), 1.375L

=5.21g KBr

(b) 14.75gCa(NO,), x =0.06537 M Ca(NO,),

Check. (15/1.5) ~ 10;10/160 =5/80 ~ 0.06 M Ca(NO3),

1mol Na,PO 1L 1000 mL
2.50 ¢ Na,PO 3 —4
© BN X 163.9gNa,PO,  1.50mol Na,PO, 1L
=10.2 mL solution

Check. [25/(160x1.5)] #2.5/240~1/100~0.01L=10 mL
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4.68 M= lnfol_ ; mol = —th— (MM is the symbol for molar mass in this manual.)
@ 0.736 mol K,Cr,0O, « 15.0mL x 1L " 294.2g K,Cr,0O, - 325gK,Cr,0,
1L 1000mL  1molK,Cr,0O,
1mol (NH,),SO, 1 1000 mL
14.00 g (NH,),S0
®) g (NFL), **1322g(NH,),50, 250mL 1L
=0.424 M (NH,):S04
1mol CuSO 1L 1000 mL
3.65g CuSO 4 =503 mL soluti
© B-H4 X 150.6g CuSO,  0.0455molCusO, . 1L i sofution
4.69 Analyze. Given: formula and concentration of each solute. Find: concentration of K* in
each solution. Plan. Note mol K* /mol solute and compare concentrations or total moles.

Solve.

(a KCl->»K*+Cl;020 MKCl=020 MK*
K,CrO, - 2K* +Cr0,27;0.15 MK,CrO, = 030 MK*
K;PO, - 3K* + PO,3-;0.080 MK3;PO, =0.24 MK*
0.15 M K,CrO, has the highest K* concentration.

() K,CrO,4:0.30 M K* x 0.0300 L = 0.0090 mol K*
K;3;PO,: 0.24 MK* x 0.0250 L = 0.0060 mol K*
30.0 mL of 0.15 M K,CrO, has more K* ions.

470 (@) 010MBal,=02MI1;025MKI=025M1I-
0.25 M KI has the higher I~ concentration.
() 010MKI=01MI; 0040 M Znl, = 0.080 M I~; 0.10 M KI has a higher I-
concentration than 0.040 M Znl,. Total volume does not affect concentration.
(0 32MHI=32MI-

1 mol Nal 1

X = 6.45MNal = 645M 1
1499 gNal  0.150 L

145 g Nal x
The Nal solution has the higher I~ concentration.

4.71 Analyze. Given: molecular formula and solution molarity. Find: concentration (M) of
each jon.

Plan. Follow the logic in Sample Exercise 4.12.

Solve.

(@ NaNO; - Na*, NOs7; 0.25 M NaNO; = 0.25 M Na*, 0.25 MNO;~
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(b)
©
(@)

472  (a)

(b)

MgSOs —> Mg?, SO 1.3 x 102 M MgS0; = 1.3 x 102 M Mg?, 1.3 x 102 M SO&
CeHi120s = CeH1,06 (molecular solute); 0.0150 M CgHi120¢ = 0.0150 M CgH1,04

Plan. There is no reaction between NaCl and (NH,)2CO;, so this is just a dilution
problem, M;V1 = M;V2. Then account for ion stoichiometry.

Solve. 45.0 mL + 65.0 mL = 110.0 mL total volume

0.272 M NaCl x 45.0mL _ 191 A1 NaCl; 0.111 M Nat, 0111 M CI-
110.0 mL

0.0247 M (NH,),CO, x 65.0mL
110.0 mL

= 0.0146 M (NHy),COs

2 x (0.0146 M) = 0.0292 M NHy*, 0.0146 M COs*

Check. By adding the two solutions (with no common ions or chemical reaction),
we have approximately doubled the solution volume, and reduced the
concentration of each ion by approximately a factor of two.

Plan. These two solutions have common ions. Find the ion concentration
resulting from each solution, then add.

Solve. total volume = 42.0 mL + 37.6 mL =79.6 mL

0.170 M NaOH x 42.0mL _ 0.08970 = 0.0897 M NaOEH:
79.6 mL .

0.0897 M Na*, 0.0897 M OH™

0.400 M NaOH x 37.6 mL

= 0.18894 = 0.189 M NaOH;
79.6 mL

0.189 M Na*, 0.189 M OH™

M Na* =0.08970 M + 0.18894 M = 0.27864 = 0.2786 M Na*
MOH = MNa*=0.2786 M OH"

Plan. No common ions; just dilution.

Solve. 44.0 mL + 25.0 mL = 69.0 mL

0.100 M Na,SO, x 44.0mL
69.0mL

= 0.06377 = 0.0638 M NazS0,

2 x (0.06377 M) = 0.1275 = 0.128 M Na'; 0.0638 M SO,=
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4.73

4.74

4.75

0.150 M KCl x 25.0mL
69.0 mL

= 0.054348 = 0.0543 M KCl

0.0543 M K*, 0.0543 M CI”

© Plgn. Calculate concentration of K* and CI™ due to the added solid. Then sum to
get total concentration of CI".

3.60 g KC1 y 1molKCl 1000 mL
. X
750mL soln  74.55 g KCl 1L

Solve. =0.6439 = 0.644 M KCl

0.250 M CaCl,; 2(0.250 M) = 0.500 M CI-
total CI” = 0.644 M + 0.500 M = 1.144 M CT', 0.644 M K*, 0.250 M Ca*

Analyze/Plan. Follow the logic of Sample Exercise 4.14.

Solve.
@  Vy=M,V,/M,; Z2OOMNH,x10000mL 009 149 m1148 M NH,
14.8 MNH,
Check. 250/15=15 M
14.8 M NH; x10.0 mL
M, = M,V, [V,; 0296 MNH
(b) 2 1v1 / 2 500 mL 3

Check. 150/500 ~ 0.30 M

0.500 MHNO, x0.110L

@ Vi=M,V,/M;; SO HIil o, =0.00917 L=9.2mL 6.0 M HNO,
6.0 MHNO; x10.0 mL

b) M=MV,/V,; 5% fn 5 =0.240 M HNO,

(@)  Plan/Solve. Follow the logic in Sample Exercise 4.13. The number of moles of

sucrose needed is @&L"l % 0.250 L = 0.06250 = 0.0625 mol

34235 Cy,H,,0;;

Weigh Out 0-0625 mol Clezzoll X = 21.4 g ClenOn

Add this amount of solid to a 250 mL volumetric flask, dissolve in a small volume
of water, and add water to the mark on the neck of the flask. Agitate thoroughly
to ensure total mixing,

(b)  Plan/Solve. Follow the logic in Sample Exercise 4.14. Calculate the moles of solute
present in the final 350.0 mL of 0.100 M C,,H,,0,, solution:

moles Cj,H,Oy, = MxL = 2190 m°11i12H220“ x0.3500 L = 0.0350 mol C;,H,,0;

Calculate the volume of 1.50 M glucose solution that would contain 0.0350 mol
Ci2H2,0412
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4.76

4.77

4.78

1L
L = moles/M; 0.0350 mol C1,H ,,0 —0.02333=0.0233L
moles/ MO 121 X 50 mol CuH,, 05

0.02333Lx % =233mL

Thoroughly rinse, clean, and fill a 50 mL buret with the 1.50 M C,,H,,0;;.
Dispense 23.3 mL of this solution into a 350 mL volumetric container, add water
to the mark, and mix thoroughly. (23.3 mL is a difficult volume to measure with a

pipette.)

(@) The amount of AgNOj; needed is:
0.150 M x 0.1750 L = 0.02625 = 0.263 mol AgNO,

169.88 g AgNO,

0.02625 mol AgNO
O s ol AgNO,

=4.4594 = 4.46 g AgNO;,
Add this amount of solid to a 175 mL volumetric container, dissolve in a small
amount of water, bring the total volume to exactly 175 mL, and agitate well.

(b) Dilute the 3.6 M HNO, to prepare 100 mL of 0.50 M HNO,. To determine the
volume of 3.6 M HNO; needed, calculate the moles HNO; present in 100 mL of
0.50 M HNOj; and then the volume of 3.6 M solution that contains this number of
moles.

0.100 L x 0.50 M = 0.050 mol HNO; needed;

L= 1 of36 MHNO, = $050molneeded _ 510001 _14mi.
M 36 M

Thoroughly clean, rinse, and fill a buret with the 3.6 M HNO,, taking precautions
appropriate for working with a relatively concentrated acid. Dispense 14 mL of
the 3.6 M acid into a 100 mL volumetric flask, add water to the mark, and mix

thoroughly.

Analyze. Given: density of pure acetic acid, volume pure acetic acid, volume new
solution. Find: molarity of new solution. Plan. Calculate the mass of acetic acid,
CHsCOOH, present in 20.0 mL of the pure liquid. Solve.

1.049 g acetic acid
1mL acetic acid

1mol CH,COOH
60.05 g CH,COOH

20.00 mL acetic acid x

=20.98 g acetic acid

20.98 g CH,COOH x =0.349375 = 0.3494 mol CH,COOH

_0.349375 mol CH,COOH
~ 0.2500 L solution

Check. (20 x 1) =20 g acid; (20/60) = 0.33 mol acid; (0.33/0.25 = 0.33 x 4) ~1.33 M

M =mol/L

=1.39750 =1.398 M CH,;COOH

1.2656 g glycerol

50.000 mL glycerol x
1mL glycerol

=63.280 g glycerol
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1mol C3H803
92094 C,H,0,

63.280 g C;HgO3 = 0.687124 = 0.68712 mol C,H,z0,

_ 0.687124 mol C;HgO,
~0.25000 L solution

= 2.7485 M C3H803

Solution Stoichiometry and Chemcial Analysis (section 4.6)

479

4.80

4.81

Analyze. Given: volume and molarity AgNOj;. Find: mass KCL
Plan. M x L = mol AgNO; = mol Ag*; balanced equation gives ratio mol KCl/mol
AgNO;; mol KCl - g KCl. Solve.

0-200 m;’lLAgNOE‘ x0.0150 L = 3.00x 10~ mol AgNO, (aq)

AgNO;(aq) + KCl(ag) - AgCl(s) + KNOs(aq)

‘mol KC1 = mol AgNO; = 3.00 x 10-*> mol KC1

74.55g KCl
1mol KCI

Check. (0.2 x 0.015) = 0.003 mol; (0.003 x 75) ~ 0.225 g KCl

3.00x10~2 mol KClx =0.224 g KCl

Plan. M x L =mol Cd(NO,),; balanced equation - mol ratio —» mol NaOH — g NaOH

0.500 mol Cd(NO3),
1L

CA(NO;), (aq) + 2NaOH(ag) - Cd(OH),(s) + 2NaNO, (aq)

2 mol NaOH y 40.00 g NaOH
1mol Cd(NO;), 1mol NaOH

Solve.

x0.0350 L = 0.0175 mol Cd(NO,),

0.0175 mol CA(NO; ), x

=1.40g NaOH

(@) Analyze. Given: M and vol base, M acid. Find: vol acid
Plan/Solve. Write the balanced equation for the reaction in question:
HCIO,(aq) + NaOH(aq) - NaClO,(aq) + H,O(l)
Calculate the moles of the known substance, in this case NaOH.

moles NaOH = MxL = 29875 ‘;‘i‘ NaOH _ 0500 L = 0004375 = 0.00438 mol NaOH

Apply the mole ratio (mol unknown,/mol known) from the chemical equation.
1mol HCIO,
1mol NaOH

Calculate the desired quantity of unknown, in this case the volume of 0.115 M
HClO, solution.

0.004375 mol NaOH x =0.004375 mol HCIO,

L = mol/M; L= 0.004375 mol HCIO, x 1L =0.0380L =38.0mL

0.115 mol HCIO,

Check. (0.09 x 0.05) = 0.0045 mol; (0.0045/0.11) ~ 0.040 L ~ 40 mL
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(b)

©

(d)

482  (a)

(b)

©)

(d)

Following the logic outlined in part (a):
2HCl(aq) + Mg(OH),(s) » MgCl,(aq) + 2H20(1)

1mol Mg(OH),
58.32 g Mg(OH),

2.87 g Mg(OH), x =0.049211 = 0.0492 mol Mg(OH),

0.0492 mol Mg(OH), x _2molHCl _ 0.0984 mol HC1
1 mol Mg(OH),

L = mol/M = 0.09840 mol HCIx —LEHEL (2601 = 769 mL
0.128 mol HC1

AgNOj;(aq) + KCl(ag) - AgCl(s) + KNO;(aq)

1x1072 g, 1molKCl 1mol AgNO,

785 mg KClx . x
1mg  7455gKCl  1molKCl

=0.01053 = 0.0105 mol AgNO,

0.01053 mol AgNO,
0.0258L
HCl(aq) + KOH(aq) — KCl(aq) + H,0())

0.108 mol HCl «0.0453 Lx 1 mol KOH N 56.11g KOH
1L 1molHCl] 1mol KOH

‘M =mol/L = =0.408 M AgNO,

=0.275g KOH

2HCl(aq) + Ba(OH),(aq) — BaCl,(aq) + 2H,0())

0.101 mol Ba(OH), x0.0500 L Ba(OH), x 2mol HCl " 1LHCl
1L Ba(OH), 1mol Ba(OH), 0.120 mol HCl
=0.0842 L or 84.2 mL HCl soln

H,S0,(aq) + 2NaOH(aq) —> N2,50, (aq) + 2H,0())

1mol NaOH N 1molH,S0, N 1LH,S0,
40.00g NaOH 2molNaOH 0.125mol H,SO,
=0.0200 L or 20.0 mL H,SO, soln
BaCl,(aq) + Na,SO,(aq) — BaSO,(s) + 2NaCl(aq)

0.200 g NaOH x

752 mg = 0.752 g Na,SO, x 1mol Na,SO, 9 1mol BaCl, g 1
142.1g Na,SO, ~ 1mol Na,50, ~ 0.0558 L
=0.0948 M Ba(l,

2HCl(aq) + Ca(OH);(aq) - CaCl,(aq) + 2H,0()

0208 mol HCl 1mol Ca(OH), 74.10g Ca(OH),

0.0427 L HC
*TILHA | 2molHCl . 1mol Ca(OH),

=0.329 g Ca(OH),

4.83 Analyze/Plan. See Exercise 4.81(a) for a more detailed approach. Solve.

6.0molH

2504 x0.027 Lx 2 mol NaHCO, x 84.01g NaHCO,
H 1molH,S0, ~ 1mol NaHCO,

=27 g NaHCO,
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4.84

485

4.86

4.87

See Exercise 4.81(a) for a more detailed approach.
0.115mol NaOH «0.0425 L x 1mol CH;COOH y 60.05g CH;COOH
1L 1mol NaOH 1mol CH,COOH
=0.29349 =0.293 g CH;COOH in 3.45 mL
1L « 1000 mL . 0.29349 g CH,COOH
1.057 qt 1L 3.45mL vinegar

=80.5g CH,COOH/qt

1.00 gt vinegar x

Analyze. Given: M and vol HCI. Find: MM of base, an alkali metal hydroxide.

Plan. Alkali metal ions have a 1+ charge, so the general mormula of an alkali metal
hydroxide is MOH. One mol of MOH requires one mol of HCl for neutralization.

g MOH

_8MO  ooive.
Tmol MOH 0%

@ M xL=mol HCl=mol MOH. MM =

2_-50%21@,( 0.0170 L = 0.0425 mol HCI = 0.0425 mol MOH
436 g MOH
MM of MOH = = 10259 = 103 g /mol
of M 0.0425 mol MOH ~ 10 103g/mo

(b) MM of alkali metal = MM of MOH - (17.01g)  Solve.
MM of alkali metal = (102.59 g/mol - 17.01 g/mol) = 85.58 = 86 g/mol
The experimental molar mass most closely fits that of Rb*, 85.47 g/mol

Check. The experimental molar mass matches one of the alkali metals.
Analyze/Plan. Follow the logic in Exercise 4.85. The unknown is a group 2A metal

hydroxide, general formula M(OH),. Two mol HCL are required to neutralize 1 mol
M(OH),. Solve.

(@ 2OmolHA o560 1x 1MAMO), _ 4 471125 =0.0711 mol M(OH),
1L 2 mol HCI
8.65g M(OH),
MM of M(OH), = = 121.62 = 122 g/mol
of M(OR), = 5 671125 mol M(OH), g/mo

(b) MM of group 2A metal = MM of M(OH), ~ 2(17.01g)  Solve.
MM of group 2A metal = (121.62 g/mol - 34.02 g/mol) = 87.60 = 88 g/mol
The experimental molar mass most closely fits that of Sr*, 87.62 g/mol
Check. The experimental molar mass matches one of the group 2A metals.
(a) NiSO4(aq) + 2KOH(aq) - Ni(OH),(s) + K,S0,(aq)
(b)  The precipitate is Ni(OH),.
(¢)  Plan. Compare mol of each reactant; mol =M x L
Solve. 0.200 M KOH x 0.1000 L. KOH = 0.0200 mol KOH

0.150 M NiSO, x 0.2000 L KOH = 0.0300 mol NiSO,

1 mol NiSO, requires 2 mol KOH, so 0.0300 mol NiSO, requires 0.0600 mol KOH.
Since only 0.0200 mol KOH is available, KOH is the limiting reactant.
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488

4.89

CY

©

@
(b)

©

Plan. The amount of the limiting reactant (KOH) determines amount of product,
in this case Ni(OH),.

1mol Ni(OH), 92.71gNi(OH),
2molKOH ~ 1mol Ni(OH),

Solve. 0.0200 mol KOHx =0.927 g Ni(OH),

Plan/Solve. Limiting reactant: OH": no excess OH - remains in solution.
Excess reactant: Ni2*: M Nj2* remaining = mol Ni2* remaining/L solution
0.0300 mol Ni?* initial - 0.0100 mol Ni2* reacted = 0.0200 mol Ni?* remaining
0.0200 mol Ni2*/0.3000 L = 0.0667 M Ni2*(aq)

Spectators: SO,2-, K*. These ions do not react, so the only change in their
concentration is dilution. The final volume of the solution is 0.3000 L.

M, = M;V,/V,: 0.200 MK* x 01000 L/0.3000 L = 0.0667 M K* (aq)
0.150 M SO, 2" x 0.2000 L/0.3000 L = 0.100 M SO, - (aq)

2HNO;(aq) + Sr(OH),(s) > Sr(NO3),(aq) + 2H,0()

Determine the limiting reactant, then the identity and concentration of ions
remaining in solution. Assume that the H,O(l) produced by the reaction does not
increase the total solution volume.

1mol Sr(OH),
121.64 g Sr(OH),

mol OH™ =2(0.1233) mol Sr(OH), = 0.2466 = 0.247 mol OH"
0.200 M HNO; x 0.0550 L HNO; = 0.0110 mol HNO;.

15.0 g Sr(OH), x = 0.1233 = 0.123 mol Sr(OH),

Two mol HNO, react with one mol Sr(OH),, so HNO; is the limiting reactant.
No excess H* remains in solution. The remaining ions are OH- (excess reactant),
Sr2*, and NOj;- (spectators).

OH™: 0.2466 mol OH- initial - 0.0110 mol OH" react = 0.2356 = 0.236 mol OH"
remain
0.2356 mol OH~/0.0550 L soln = 4.28 M OH"™ (aq)
Sr?*:  0.123 mol Sr2*/0.0550 L soln = 2.24 M Sr?* (aq)
NO;™: 0.0110 mol NO;~/0.0550 L = 0.200 M NO;~ (aq)

The resulting solution is basic because of the large excess of OH" (aq).

Analyze. Given: mass impure Mg(OH),; M and vol excess HCl; M and vol NaOH.

Find: mass % Mg(OH), in sample. Plan/Solve. Write balanced equations.
Mg(OH)(s) + 2HCl(aq) > MgCl(aq) + 2H,O()

HCl(aq) + NaOH(aq) - NaCl(aq) + H,O(1)

Calculate total moles HCl = M HCl x L HCl

0.2050 mol HCl

x0.1000 L = 0.02050 mol HCl total
1L soln
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4.90

mol excess HCl = mol NaOH used = M NaOH x L. NaQH

0.1020 mol NaOH
1L soln

x0.01985 L = 0.0020247 = 0.002025 mol NaOH

mol HCl reacted with Mg(OH), = total mol HCI - excess mol HC]
0.02050 mol total - 0.0020247 mol excess = 0.0184753 = 0.01848 mol HCl reacted
(The result has 5 decimal places and 4 sig. figs.)

Use mol ratio to get mol Mg(OH), in sample, then molar mass of Mg(OH), to get g pure
Mg(OH),.
1mol Mg(OH), y 58.32 g Mg(OH),

0.0184753 mol HC
R X T molHA  * 1mol Mg(OH),

=0.5387 Mg(OH),

_gMg(OH), . . 05388gMg(OH),

% Mg(O
mass % Mg(OH), g sample 0.5895 g sample

x 100 = 91.40% Mg(OH),

Plan. CaCO,(s) + 2HCl(aq) — CaCl,(aq) + H,O() + CO,(g)

HCl(aq) + NaOH(aq) — NaCl(aq) + H,O()
total mol HCl - excess mol HCl = mol HCl reacted; mol CaCO; = (mol HCl)/2;
g CaCO; = mol CaCO; x molar mass; mass % = (g CaCO; /g sample) x 100

Solve:

1.035 mol HC1
1L soln

1.010 mol NaOH
1L soln

x 0.03000 L =0.031050 = 0.03105 mol HCl total

x0.01156 L = 0.011676 = 0.01168 mol HCl excess

0.031050 total - 0.011676 excess = 0.019374 = 0.01937 mol HCl reacted

1mol CaCO, 5 100.09 g CaCO4
2mol HCl1 1mol CaCO,
_gCaCO, <100 = 0.96959

mass % CaCO; = g rock 248 100 =77.69% CaCO4

0.019374 mol HCl x

=0.96959 = 0.9696 g CaCO,4

Additional Exercises

491

4.92

Gold is one of the least active metals, and it is extremely dense. These two properties
make it possible to find gold by panning. Inactivity means that gold is not oxidized in
air and does not react with water, so it exists in its elemental state in nature. High
density means that the gold nuggets sink to the bottom of the pan where they can be
observed and physically separated from other materials in the pan.

The precipitate is CdS(s). Na*(aq) and NO;~(aq) are spectator ions and remain in
solution. Any excess reactant ions also remain in solution. The net ionic equation is:

Cd?*(aq) + S2~(aq) ~> CdS(s).
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4.93

494

4.95

4.96

497

The two precipitates formed are due to AgCl(s) and SrSO,(s). Since no precipitate forms
on addition of hydroxide ion to the remaining solution, the other two possibilities, Ni?*
and Mn?*, are absent.

(ab) Expt.1 No reaction
Expt. 2 2Ag*(aq) + CrO,2-(aq) & Ag,CrOy(s) red precipitate
Expt. 3 Ca2*(aq) + CrO,2-(aq) = CaCrO,(s) yellow precipitate
Expt. 4 2Ag*(aq) + C,042-(aq) = Ag,C,0,(s) white precipitate
Expt. 5 Ca?*(aq) + C,042-(aq) - CaC,0,(s) white precipitate
Expt. 6 Ag*(aq) + Cl-(aq) > AgCl(s) white precipitate

(@ AI(OH);(s) + 3H*(aq) = Al**(aq) + 3H,O(l)

() Mg(OH),(s) + 2H"* (aq) - Mg?*(aq) + 2H,O(l)

(© MgCOs(s) + 2H* (aq) - Mg?*(aq) + H,0(1) + CO,(g)

(d) NaAl(CO3)(OH),(s) + 4H*(ag) > Na* (aq) + Al**(aq) + 3H,0() + CO4(g)

(€)  CaCOs(s) + 2H* (aq) - Ca?*(aq) + H,O(l) + CO,(g)

[In (c), (d) and (e), one could also write the equation for formation of bicarbonate, e.g.,
MgCO,(s) + H* (aq) > Mg?* + HCO;3 (aq).]

4NH;(g) + 50,(g) = 4NO(g) + 6H,0(g).
N=-3 0=0 N=+2 0=-2

(a) redoxreaction (b) N is oxidized, O is reduced
2NO(g) + O, (g) - 2NO, (g).

N=+2 O=0 N=+4,0=-2
(a) redoxreaction (b) N isoxidized, O is reduced
3NO,(g) + H,O(1) » HNO;3(aq) + NO(g).

N=+4 N=+5 N=+2
(a)  redox reaction

(b) N is oxidized (NO, - HNO;), N is reduced (NO, - NO). A reaction where the
same element is both oxidized and reduced is called disproportionation.

A metal on Table 4.5 can be oxidized by ions of the elements below it. Or, a metal on the
table is able to displace the (metal) cations below it from their compounds.

(@  Zn(s) + 2HNO;(aq) - Zn(NO3),(aq) + H,(g)
The substance that inflates the balloon is H,(g). Of Zn, Cu and Hg, only Zn is
above H on Table 4.5, so only Zn can displace H from HCL

1mol Zn

50gZ
®) 3508 Zn x g 7n

= 0.53525 = 0.535mol Zn
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498

4.9

©

()

@)

(b)

©

3.00 mol HNO,

- x 0.150 L = 0.450 mol HNO,

One mol Zn reacts with 2 mol HNO;, so HNO; is the limiting reactant.

1molH, 2016gH,

0.450 mol HNO
o 373 mol HNO;  1molH,

= 0.4536 = 0.454g H,

Both Zn and Cu are above Ag on Table 4.5, so both Zn and Cu can displace Ag
from AgNO;. Note that H,(g) would also displace Ag, but H *(aq) will not.

Zn(s) + 2AgNO;(aq) - 2Ag(s) + Zn(NO;3),(aq); Zn?* (aq) and NO; (aq) remain
Cu(s) + 2AgNO; (aq) —» 2Ag(s) + Cu(NO;),(aq); Cu?* (aq) and NO; (aq) remain

| 1mol Zn
0.535 mol Zn [from part (b)]; 42.0g Znx———>“_ _ 06609 = 0.661mol C
mol Zn [from part (b)] gZnx—— 2Cu mol Cu
0750 m°gAgN03 x 0.150L = 0.1125 = 0.113 mol AgNO,

One mol metal reacts with 2 mol AgNO3, so AgNO; is the limiting reactant for
both Zn and Cu.

7. ‘
0.1125 mol AgNO, x 22787848 _ 1 135 — 121 ¢ Agin both reactions
1mol Ag
A:La,0, Metals often react with the oxygen in air to produce metal oxides.

B:La(OH),3 When metals react with water (HOH) to form H,, OH" remains.
C:LaCl, Most chlorides are soluble.

D:Lay(S0,); Sulfuric acid provides SO,%- ions.

4La(s) + 30,(g) — 2La,0;(s)

2La(s) + 6 H,0(1) - 2La(OH)5(s) + 3Ha(g)

(There are no spectator ions in either of these reactions.)
molecular: La,O3(s) + 6HCl(aq) — 2LaCl3(aq) + 3H,O(1)
netionic: La,0,(s) + 6H*(aq) - 2La3*(aq) + 3H,O()
molecular: La(OH);(s) + 3HCl(aq) - LaCl;(aq) + 3H,O(1)
netionic: La(OH);(s) + 3H* (aq) - La3*(aq) + 3H,O(l)
molecular: 2LaCl3(aq) + 3H,S0,(aq) — La,(SO,);(s) + 6HCl(aq)
netionic: 2La%*(aq) + 350,2-(aq) - La,(SO,)3(s)

La metal is oxidized by water to produce H,(g), so La is definitely above H, on
the activity series. In fact, since an acid is not required to oxidize La, it is probably
one of the more active metals. '

Plan. Calculate moles KBr from the two quantities of solution (mol = M x L), then new
molarity (M = mol/L). KBr is nonvolatile, so no solute is lost when the solution is
evaporated to reduce the total volume. Solve.

101



4 Aqueous Reactions Solutions to Exercises

4.100

4101

4.102

4.103

4.104

1.00 M KBr x 0.0350 L = 0.0350 mol KBr; 0.600 M KBr x 0.060 L = 0.0360 mol KBr

0.0350 mol KBr + 0.0360 mol KBr = 0.0710 mol KBr total

0.0710 mol KBr
0.0500 L soln

=1.42 M KBr

50pg 1x10 g y 1x10° mL 1molNa
1mL lpg L 23.0g Na

(@) =2.17x107 =2.2x10° M Na’

2.17x10~° mol Na y 1L N 6.02x10% Na atom
(®) 1Lsoln 1x10% cm?® 1mol Na

=1.3x10'? atom or Na* ions/cm?

(@) Na* must replace the total positive (+) charge due to Ca2* and Mg?2*. Think of
this as moles of charge rather than moles of particles.

2+
0020 molCa™ 1 5x10° 1, x 2ROLEPANGE _ 1101 o + charge
1L water 1 mol Ca**
2+
0.0040 mol Mg % 1.5%x10° L x zrn()l.*.—du;ge =12 mol of + charge
1L water 1 mol Mg**

72 moles of + charge must be replaced; 72 mol Na* are needed.

1mol Na* , 5844 g NaCl
1mol NaCl 1mol NaCl

(b) 72molNa* x =4208g = 4.2x10° g Ag
H2C4H406 + 2OH-(aq) - C4H4062-(aq) + ZHZO(].)
0.2500 mol NaOH 1molH,C,H,Oq y 1

0.02465 L. NaOH soln x X
1L 2 mol NaOH 0.0500LH,C,H,Oq4

=0.06163 M H,C,H,O, soln

1 mol Sr(OH), N 1
121.64 g Sr(OH), 0.05000L

@ 10.45gSr(OH), x = 17182 =1.718 M Sr(OH),

(b)  2HNOj(aq) + Sr(OH),(s) > Sr(NO3), (ag) + 2H,0()

(¢)  Plan. mol Sr(OH), = M x L - mol ratio - mol HNO; -» M HNO,. Solve.

17182 mol SOH), 0 017301 gx(0H), x 2POLHNOs 1
L 1mol Sr(OH), ~ 0.0315L HNO,

= 26073 = 2.61 M HNO,

mol OH- from NaOH(aq) + mol OH- from Zn(OH),(s) = mol H* from HBr

mol H* = M HBr x L HBr = 0,500 M HBr x 0.350 L HBr = 0.175 mol H*

mol OH- from NaOH = M NaOH x L. NaOH = 0.500 M NaOH x 0.0885 L NaOH
= 0.04425 = 0.0443 mol OH-
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mol OH" from Zn(OH),(s) = 0.175 mol H* - 0.04425 mol OH "~ from NaOH = 0.13075
=0.131 mol OH" from Zn(OH),

1 mol Zn(OH), N 99.41 g Zn(OH),

0.13075 mol OH™ x
2 mol OH™ 1 mol Zn(OH),

=6.50 g Zn(OH),

Integrative Exercises

4105 (@) A metal can be oxidized by ions of the elements below it on Table 4.5. Of the
~ three substances given, K*(aq) is above Mg(s), but Ag*(aq) is below it, so
AgNO; (aq) will react with Mg(s).
(b) Mg(s) +2A8" (aq) - Mg?* (aq) + 2Ag(s)
() gMg— mol Mg — [via mole ratio] mol Ag* — [via (mol/M)] vol AgNO;(aq)
1mol Mg
24.305g Mg

2mol AgNO, < 1.00L
1molMg = 2.00mol AgNO;,

5.00 g Mg x = 0.2057 = 0.206 mol Mg

0.2057 mol Mg x

= 0.2057 = 0.206 L. AgNO,(aq)

0.2057 mol Mg?**
0.2057 Lsoln

(d) = 1.00 M Mg?*(aq)

4.106 (@) At the equivalence point of a titration, mol NaOH added = mol H* present

Mpyon XLinaoH = ﬁ%d%& (foran acid.with 1lacidic hydrogen)
g acid _ 0.2053 g

MM acid = =136 g/mol

Mo XLnaon 0-1008 M x0.0150 L

(b) Assume 100 g of acid.

7068 CxLC _ 588 mol C;5.88 /147 ~4
12.01g C

589 Hx—P 5 84 mol H; 5.84/1.47 ~ 4
1.008gH

23550x240 147 mol 0; 147 /147 =1
1600 O

The empirical formula is C;H,O.

MM _1%6 2; the molecular formula is 2 x the empirical formula.
FW 681

The molecular formula is CgHgO,.
4107  Ba?*(aq) + SO,%"(aq) - BaSO,(s)

1373 g Ba

0.2815 g BaSO, x — =8 °2__
8 a4 0334 g BasO,

=0.16560 = 0.1656 g Ba
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g Ba 100 < 0.16560 g Ba

%100 = %100 = 4.793 % Ba
g sample 3.455 g sample

mass % =

4108  Plan. Write balanced equation.

0,
mass H,50, soln —mﬁ)mass H,S0, - mol H,50, - mol Na,CO; — mass Na,CO,

Solve. H,50,4(aq) + Na,CO5(s) - Na,SO,(aq) + H,O(1)+ CO,(g)
0.950 kg H,50,

5.0x10° kg conc. H,SO
X KB Cone: F2504 X100 kg conc. H,50,

=4.75x10° = 4.8x10% kg H,S0,

1x10°g 1molH,S0, 1 mol Na,CO,4

4.75x10° kg H,SO
B e X T e 98,08 g H,50, . 1mol H,50,

_105.99g NaHCO;  1kg

=5.133x10% =5.1x103% kg Na,CO
1mol NaHCO,  1x10°g g BN,

4109 (@ Mg(OH),(s) + 2HNOs(aq) - Mg(NO3),(aq) + 2H,0O()

1 mol Mg(OH),
58.32 g Mg(OH),

() 553 gMg(OH), x =0.09482 = 0.0948 mol Mg(OH),

0.200 M HNO; x 0.0250 L = 0.00500 mol HNO,

The 0.00500 mol HNO; would neutralize 0.00250 mol Mg(OH), and mucf\ more
Mg(OH), is present, so HNOj is the limiting reactant.

© Since HNO; limits, 0 mol HNOj is present after reaction.
0.00250 mol Mg(NO,), is produced.
0.09482 mol Mg(OH), initial - 0.00250 mol Mg(OH), react
= 0.0923 mol Mg(OH), remain
4110 (@) Na,SO,(aq) + Pb(INO,),(s) - PbSO,(s) + 2NaNO;(aq)
(b) Calculate mol of each reactant and compare.

1 mol Pb(NO;),
331.2 g Pb(NO;),

1.50 g Pb(NO;), x =0.004529 = 453x10~2 mol Pb(NO,),

0.100 M Na,SO, x 0.125 L = 0.0125 mol Na,SO,
Since the reactants combine in a 1:1 mol ratio, Pb(NO,), is the 11m1t1ng reactant.

() Pb(NOs;), is the limiting reactant, so no Pb2* remains in solution. The remaining
ions are: SO,2- (excess reactant), Na* and NO;- (spectators).

S0,2~  0.0125 mol SO,2- initial ~ 0.00453 mol SO,2- reacted
= 0.00797 = 0.0080 mol SO,2- remain
0.00797 mol SO,2- / 0.125 L soln = 0.064 M SO, 2-

Na™: Since the total volume of solution is the volume of Na,SO, (aq) added,
the concentration of Na* is unchanged.

0.100 M Na,SO, x (2mol Na* / 1 mol Na,SO,) = 0.200 M Na*
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4.111

4.112

4113

4114

NO;™:  4.53 x 10~ mol Pb(NO3), x 2 mol NO3~ / 1 mol Pb(NO;),

=9.06 x 10-3 mol NO;~

9.06 x 10-3mol NO;3~ / 0.125 L = 0.0725 M NO;-

Plan. M= —IM—; mg Br™ - g Br™ - mol Br~;
L seawater

1kg seawater >g —2% 5 m[ water - L seawater

1gBr~ 1mol Br~

—x —=8.135x107* =8.1x10™* mol Br™
1000 mg Br~ 79.90 g Br

Solve. 65 mg Br~ x

1000g 1mL water 1L

. . =0.9756 L

g seawater x kg X 1.025 g water X 1000 mL

- -
M B = 8.135x10™ mol Br~ _ 8.3x10™* M Br~
0.9756 L seawater
Ag*(aq) + C1” (aq) - AgCl(s)
- . 1ClI~ 35 ;
02907 mOl A8 0 05 L AL BIBECL g 4epgp - 0520 g -
1L 1mol Ag®™ 1molCl

1.
25.00 mL seawater x OZE 8 - 25.625=2563 g seawater
m

mass % CI~ = —228C1 100 =1.766% CI-
25.625 g seawater
(a) AsO 3 +5

(b) Ag;PO, is silver phosphate; Ag; AsO, is silver arsenate

0.102 mol Ag* LmolAg;AsO, ~ 1molAs 7492 g As
X
1L soln 3mol Ag* 1mol Ag;AsO, 1mol As

=0.06368 = 0.0637 g As

()  0.0250 L solnx

0.06368 g As

100=5.22% A
1.22 g sample * oS

mass percent =

Analyze. Given 10 ppb AsO4%¥, find mass Na3 AsO, in 1.00 L of drinking water.
Plan. Use the definition of ppb to calculate g AsO42~ in 1.0 L of water. Convert g
AsOg” - g Na3zAsO, using molar masses. Assume the density of H,O is 1.00 g/mL.

Solve. 1 billion =1x10?; 1 ppb= 1g solute

1x10° g solution

1g solute 1 g solution y 1x10% mL g AsO,*>
X =
1x10° g solution 1mL solution  1Lsolution 1x10° LH,0
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4.115

10 ppb AsO,*> = 108 A0, H,0=1.0x10" g As/L.

" 1x10° LH,0

1mol AsO,*> 1molNa;AsO, 207.89g NazAsO,*>
138.92g AsO,>" 1mol As 1mol Na;AsO,

1.0x107° g AsO % x

=1.5x10"° g Na3AsO, in 1.00 L H,O

(a) mol HCl initial - mol NH; from air = mol HCl remaining
= mol NaOH required for titration
mol NaOH = 0.0588 M x 0.0131 L = 7.703 x 10-* = 7.70 x 10-4 mol NaOH
=7.70 x 10-* mol HCl remain
mol HCl initial - mol ‘HCl remaining = mol NH; from air
(0.0105 M HC1 x 0.100 L) - 7.703 x 10~* mol HC] = mol NH,

10.5 x 10-4 mol HCl - 7.703 x 10-4 mol HC1 = 2.80 x 10-* = 2.8 x 10-* mol NH,

17.03g NH,

2.8x10™* mol NH
o s X ol NH,

=4.77x107° =4.8x10~% g NH,

(b) ppm is defined as molecules of NH; /1 x 10¢ molecules in air.
Calculate molecules NH, from mol NH,.

6.022 x 102 molecules

=1.686x10%
1mol

2.80x10™* mol NH; x

=1.7x10% NH, molecules

Calculate total volume of air processed, then g air using density, then molecules
air using molar mass.

10.0L . 120gair 1molair 6.022x10% molecules
————x10.0 min x X x
1 min 1Lair 29.0 gair 1 mol

=2.492x10%* =2.5x102* air molecules

1.686 x10% NH; molecules
2.492x10% air molecules

ppm NH; = x1x10° = 68 ppm NH,

(¢ 68 ppm > 50 ppm. The manufacturer is not in compliance.
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5.1

5.2

53

54

The book’s potential energy is due to the opposition of gravity by an object of mass m at
a distance d above the surface of the earth. Kinetic energy is due to the motion of the
book. As the book falls, d decreases and potential energy changes into kinetic energy.

The first law states that the total energy of a system is conserved. At the instant before
impact, all potential energy has been converted to kinetic energy, so the book’s total
kinetic energy is 71 ], assuming no transfer of energy as heat.

For an object under the influence of gravity, both potential (E, = mgd) and kinetic
energy (Ex = % mv?) are directly proportional to mass of the object. A heavier book
falling from the same shelf has greater kinetic energy when it hits the floor.

(@)

(b)

()
©
(@)

®)

The caterpillar uses energy produced by its metabolism of food to climb the twig
and increase its potential energy. :

Heat, q, is the energy transferred from a hotter to a cooler object. Without
knowing the temperature of the caterpillar and its surroundings, we cannot
predict the sign of q. It is likely that q is approximately zero, since a small
creature like a caterpillar is unlikely to support a body temperature much
different from its environmental temperature.

Work, w, is the energy transferred when a force moves an object. When the
caterpillar climbs the twig, it does work as its body moves against the force of
gravity.

No. The amount of work is independent of time, and therefore independent of

speed (assuming constant caterpillar speed).

No. Potential energy depends only on the caterpillar’s position, so the change in
potential energy depends only on the distance climbed, not on the speed of the
climb.

The internal energy, E, of the products is greater than that of the reactants, so the
diagram represents an increase in the internal energy of the system.

AE for this process is positive, +.
If no work is associated with the process, it is endothermic.

For an endothermic process, the sign of q is positive; the system gains heat. This
is true only for system (ii).

In order for AE to be less than 0, there is a net transfer of heat or work from the
system to the surroundings. The magnitude of the quantity leaving the system is
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55

5.6

57

5.8

59

©

@)

(b)

@
(b)

©

@

@

(b)

©

@
(b)

@)

greater than the magnitude of the quantity entering the system. In system (i), the
magnitude of the heat leaving the system is less than the magnitude of the work
done on the system. In system (iii), the magnitude of the work done by the
system is less than the magnitude of the heat entering the system. None of the
systems has AE < 0.

In order for AE to be greater than 0, there is a net transfer of work or heat to the
system from the surroundings. In system (i), the magnitude of the work done on
the system is greater than the magnitude of the heat leaving the system. In
system (ii), work is done on the system with no change in heat. In system (iii) the
magnitude of the heat gained by the system is greater than the magnitude of the
work done on the surroundings. AE > 0 for all three systems.

No. This distance traveled to the top of a mountain depends on the path taken by
the hiker. Distance is a path function, not a state function.

Yes. Change in elevation depends only on the location of the base camp and the
height of the mountain, not on the path to the top. Change in elevation is a state
function, not a path function.

State B

AEap = energy difference between State A and State B.

AEAB=AE1 +AE2 or AEAB=AE3 + AE4

AEcp = energy difference between State C and State D.

AECD=AE2-AE4 or AEDC=AE3 —AE-l

(Note that the sign of AE depends on the definition of initial and final state, but
the magnitude is the absolute value of the difference in energy.)

The energy of State E is AE, + AE,, while the energy of State B is AE; + AE,.
Since AE, > AE,, State E is above State B on the diagram; State E would be the
highest energy on the diagram.

You, part of the surroundings, do work on the air, part of the system. Energy is
transferred to the system via work and the sign of w is (+).

The body of the pump (the system) is warmer than the surroundings. Heat is
transferred from the warmer system to the cooler surroundings and the sign of q
is (=).

The sign of w is positive and the sign of q is negative, so we cannot absolutely
determine the sign of AE. It is likely that the heat lost is much smaller than the
work done on the system, so the sign of AE is probably positive.

w = -PAV. Since AV for the process is (-), the sign of w is (+).

AE = q + w. At constant pressure, AH = q. If the reaction is endothermic, the
signs of AH and q are (+). From (a), the sign of w is (+), so the sign of AE is (+).
The internal energy of the system increases during the change. (This situation is
described by the diagram (ii) in Exercise 5.4.)

The temperature of the system and surroundings will equalize, so the
temperature of the hotter system will decrease and the temperature of the colder
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(b)

510 (a)
(b)

511 (@

®)

©

surroundings will increase. The system loses heat by decreasing its temperature,
so the sign of gy, is (). The surrounding gains heat by increasing its temperature,
so the sign of gy, is (+). From the system’s perspective, the process is exothermic
because it loses heat.

If neither volume nor pressure of the system changes, w = 0 and AE = q = AH.
The change in internal energy is equal to the change in enthalpy.

N (g) + O2(g) - 2NO(g). Since AV =0, w = 0.

AH = AH; = 90.37 K] for production of 1 mol of NO(g). The definition of a
formation reaction is one where elements combine to form one mole of a single
product. The enthalpy change for such a reaction is the enthalpy of formation.

AH, = AHg + AHc. The net enthalpy change associated with going from the
initial state to the final state does not depend on path. The diagram shows that
the change can be accomplished via reaction A, or via two successive reactions, B
then C, with the same net enthalpy change. AHa = AHg + AHc because AH is a
state function, independent of path.

AH; = AHy + AHy. The diagram indicates that Reaction Z can be written as the
sum of reactions X and Y. '

Hess's law states that the enthalpy change for a net reaction is the sum of the
enthalpy changes of the component steps, regardless of whether the reaction
actually occurs via this path. The diagrams are a visual statement of Hess's law.

5.12 Since mass must be conserved in the reaction A > B, the component elements of A and
B must be the same.  Further, if AH? > 0 for both A and B, the energies of both A and
B are above the energies of their component elements on the energy diagram.

@

(b)

The bold arrow shows the reaction as written; A
combination of the two thin arrows shows an
alternate route from A to B. B
A
I elements

AHY . = AHf B—AH{ A. If the overall reaction is exothermic, the sign of AH is (-)
and AH{ A>AH{ B. This means that the enthalpy of A is the highest energy
level on the diagram. This is the situation pictured in the diagram above, but
nothing in the given information requires this arrangement. If the reaction is
endothermic, AH{ B> AH{ A and the enthalpy of B would be the highest energy
level on the diagram.

The Nature of Energy (section 5.1)

5.13 An object can possess energy by virtue of its motion or position. Kinetic energy, the
energy of motion, depends on the mass of the object and its velocity. Potential energy,
stored energy, depends on the position of the object relative to the body with which it
interacts.
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Solutions to Exercises

5.14

5.15

5.16

(@)

(b)
©

(@)

(b)
©

(@)

(b)

©

(d)

The kinetic energy of the ball decreases as it moves higher. As the ball moves
higher and opposes gravity, kinetic energy is changed into potential energy.

The potential energy of the ball increases as it moves higher.

The heavier ball would go half as high as the tennis ball. At the apex of the
trajectory, all initial kinetic energy has been changed into potential energy. The
magnitude of the change in potential energy is m g d, which is equal to the energy
initially imparted to the ball. If the same amount of energy is imparted to a ball
with twice the mass, m doubles so d is half as large.

Plan. B, =1/2mv%; m=1,200kg; v=18m/s; 1kg-m?/s2=1]
Solve. E, =1/2x1,200 kg x (18)2 m?/s%2 =1.944x 10° =1.9x 105 ]

1cal

=4.646x10* cal =4.6 x 10* cal
4.184]

1cal =4.184; 1.944x10° J x

As the automobile brakes to a stop, its speed (and hence its kinetic energy) drops
to zero. Brakes stop a moving vehicle, so the kinetic energy of the automobile is
primarily transferred to friction between brakes and wheels, and somewhat to
deformation of the tire and friction between the tire and road.

Analyze. Given: mass and speed of ball. ~ Find: kinetic energy.

Plan. Since 1J=1kg- m?/s?, convert oz - kg and mph to m/s to obtain E in J.

11b 1kg
Ive. 5130z x ——>-
Solve. 5130z x L 72051b

95.Ornix1.6093kmx1000m)< 1hr xlmin
1hr 1mi 1km 60min 60 sec

(42.468 m)’ _131kg-m?
- 2

=0.14541=0.145 kg

=42.468 =42.5m/s

E, =1/2mv? =1/2x0.14541kg x =131]

Check. 1/2(0.15 x 1600) ~ 1/2(160+80) ~ 120 ]

Kinetic energy is related to velocity squared (v2); if the speed of the ball
decreases to 55.0 mph, the kinetic energy of the ball will decrease by a factor of
(55.0/95.0)2. (The conversion factors to m/s apply to both speeds and will cancel .
in the ratio.) The numerical multiplier is (55/95)> = 0.335. The kinetic energy
decreases by approximately a factor of 3.

As the ball hits the catcher’s glove, its speed (and hence its kinetic energy) drops
to zero. Some of the kinetic energy is transferred to the glove, which deforms
when the ball lands. Some is transferred to the catcher’s body (mostly the arm),
which recoils while catching the ball. As usual, some energy is released as heat
through friction between the ball and the glove. :

Assuming that all the kinetic energy is transferred via recoil of the catcher’s arm,
attach the catcher’s mit to a frictionless mechanical arm held a constant distance
above the ground. Measure the distance the arm+mit travels and the elapsed time
of travel; calculate velocity (distance/time). Knowing the mass of the arm+mit,
calculate the kintic energy (1/2 mv?) transferred to the arm+mit. This

110



5 Thermochemistry Solutions to Exercises

5.17

5.18

5.19

5.20

5.21

experiment neglects other pathways by which the kinetic energy is transferred. It
would be difficult to make enough different careful measurements to completely
confirm our answer to (c).

Analyze. Given: heat capacity of water =1Btu/lb - °F Find: J/Btu

Plan. heat capacity of water = 4.184 J/g-°C; ?LE - i -]"F - B_Itl_l-

This strategy requires changing °F to °C. Since this involves the magnitude of a degree
on each scale, rather than a specific temperature, the 32 in the temperature relationship
is not needed. 100 °C = 180 °F; 5 °C =9 °F

4184] 45368 5 °cx11b- °F

=1054 J/Btu
g-°c b gop 1Bt &

Solve.

(@) Analyze. Given: 1 kwh; 1 watt =1 J/s; 1watt-s=1]. Find: conversion factor for
joules and kwh.
Plan. kwh > wh > ws > ]
1000w 60min 60s 1]
X X X
1kw h min lw-s
1kwh=3.6x10¢]

Solve. 1kwhx =3.6x10°]

(b)  Analyze. Given: 100 watt bulb. Find: heat in kcal radiated by bulb or person in

24 hr.

Plan. 1 watt=1]/s;1kcal =4.184 x 103 J; watt — J/s — ] — kcal. Solve.

100 watt = 1000, 60sec 80min o pyy1keal _ 2065.=2.1x10%keal
1s  min hr 4.184x10°J

24 hr has 2 sig figs, but 100 watt is ambiguous. The answer to 1 sig fig would be
2 x 103 kcal.

(@) In thermodynamics, the system is the well-defined part of the universe whose
energy changes are being studied.

(b) A closed system can exchange energy but not mass with its surroundings.
(©)  Any part of the universe not part of the system is called the surroundings.

(@) The system is open, because it exchanges both mass and energy with the
surroundings. Mass exchange occurs when solution flows into and out of the
apparatus. The apparatus is not insulated, so energy exchange also occurs.
Closed systems exchange energy but not mass, while isolated systems exchange
neither.

(b) If the system is defined as shown, it can be closed by blocking the flow in and
out, but leaving the flask full of solution.

(a) Workis a force applied over a distance.

(b) The amount of work done is the magnitude of the force times the distance over
which it is applied. w = F x d.
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522

523

5.24

(@) Heat is the energy transferred from a hotter object to a colder object.

(b) In open or closed systems (but not isolated systems), heat is transferred from one
object (system) to another until the two objects (systems) are at the same
temperature. :

(a) Gravity; work is done because the force of gravity is opposed and the pencil is
lifted a distance above the desk.

(b) Mechanical force; work is done because the force of the coiled spring is opposed
as the spring is compressed over a distance.

(@) Electrostatic attraction; no work is done because the particles are held apart at a
constant distance.

(b) Magnetic aftraction; work is done because the nail is moved a distance in
opposition to the force of magnetic attraction.

The First Law of Thermodynamics (section 5.2)

5.25

5.26

5.27

5.28

(@ In any chemical or physical change, energy can be neither created nor destroyed,
but it can be changed in form.

(b)  The total internal energy (E) of a system is the sum of all the kinetic and potential
energies of the system components.

(©) The internal energy of a closed system (where no mass exchange with
surroundings occurs) increases when work is done on the system by the
surroundings and/or when heat is transferred to the system from the
surroundings (the system is heated).

(A AE=q+w

(b) The quantities q and w are negative when the system loses heat to the
surroundings (it cools), or does work on the surroundings.

Analyze. Given: heat and work. Find: magnitude and sign of AE.

Plan. In each case, evaluate q and w in the expression AE = q + w. For an exothermic
process, q is negative; for an endothermic process, q is positive. Solve.

(@ q=0.763k],w=-840] = 0.840 k]. AE = 0.763 kJ - 0.840 k] = -0.077 k]. The
process is endothermic.

(b) qis negative because the system releases heat, and w is positive because work is
done on the system. AE = -66.1 k] + 44.0 k] = ~22.1 kJ. The process is exothermic.-

(© qis positive because the system absorbs heat. No work is done, since w = -PAV
and AV = 0 (assuming that only P-V work can be done).
AE =7.25 K] + 0 k] =7.25 k]. The process is endothermic.

In each case, evaluate q and w in the expression AE = q + w. For an exothermic process,
q is negative; for an endothermic process, q is positive.

(@) qis negative and w is positive. AE = -0.655 k] + 0.382 k] = -0.273 k]. The process
is exothermic.
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5.29

5.30

5.31

5.32

(b) qis positive and w is essentially zero. AE = 322 J. The process is endothermic.

()  qis zero (the cylinder is perfectly insulated) and w is positive. AE = 1.44 kJ. The
process is neither endothermic nor exothermic when q = 0.

Analyze. How do the different physical situations (cases) affect the changes to heat and
work of the system upon addition of 100 J of energy?

Plan. Use the definitions of heat and work and the First Law to answer the questions.

Solve. If the piston is allowed to move, case (1), the heated gas will expand and push
the piston up, doing work on the surroundings. If the piston is fixed, case (2), most of
the electrical energy will be manifested as an increase in heat of the system.

(a)  Since little or no work is done by the system in case (2), the gas will absorb most
of the energy as heat; the ca