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Predict which substance in each of the following pairs would
have the greater intermolecular forces.

. CO, or OCS

. SeO, or SO,

CH;CH,CH,NH, or H,NCH,CH,NH,

. CH;CH; or H,CO

CH;0H or H,CO

Consider the compounds Cl,, HCI, F,, NaF, and HF. Which com-
pound has a boiling point closest to that of argon? Explain.

cRe TS

. Rationalize the difference in boiling points for each of the fol-

34.
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lowing pairs of substances:

a. n-pentane CH;CH,CH,CH,CH;,4 36.2°C
i
neopentane H3C*$*CH3 9.5°C
CH;
b. HF 20°C
HCl1 —85°C
c. HCI —85°C
LiCl 1360°C
d. n-pentane CH;CH,CH,CH,CH;,4 36.2°C
n-hexane CH;CH,CH,CH,CH,CH; 69°C

Consider the following compounds and formulas. (Note: The for-
mulas are written in such a way as to give you an idea of the
structure.)

ethanol: CH;CH,0H
dimethyl ether: CH;0CH;
propane: CH;CH,CH;

The boiling points of these compounds are (in no particular
order) —42.1°C, —23°C, and 78.5°C. Match the boiling points
to the correct compounds.

. In each of the following groups of substances, pick the one that

36.

has the given property. Justify your answer.

. highest boiling point: HBr, Kr, or Cl,

. highest freezing point: H,O, NaCl, or HF

. lowest vapor pressure at 25°C: Cl,, Br,, or I,

. lowest freezing point: N,, CO, or CO,

. lowest boiling point: CH,, CH;CH;, or CH;CH,CH;
highest boiling point: HF, HCI, or HBr
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g. lowest vapor pressure at 25°C: CH;CH,CH;, CH;CCHj;, or
CH;CH,CH,OH

In each of the following groups of substances, pick the one that

has the given property. Justify each answer.

a. highest boiling point: CCl,, CF,, CBr,

b. lowest freezing point: LiF, F,, HC1

c. smallest vapor pressure at 25°C: CH,OCH,;, CH;CH,OH,
CH;CH,CH;

d. greatest viscosity: H,S, HF, H,0,

e. greatest heat of vaporization: H,CO, CH;CH;, CH,
f. smallest enthalpy of fusion: I,, CsBr, CaO

Properties of Liquids

37.

38.

39. Hydrogen peroxide (H,0O,) is a syrupy liquid with a relatively

40.

The shape of the meniscus of water in a glass tube is different
from that of mercury in a glass tube. Why?

H,O0 in glass Hg in glass

Explain why water forms into beads on a waxed car finish.

low vapor pressure and a normal boiling point of 152.2°C.
Rationalize the differences of these physical properties from
those of water.

Carbon diselenide (CSe,) is a liquid at room temperature. The
normal boiling point is 125°C, and the melting point is —45.5°C.
Carbon disulfide (CS,) is also a liquid at room temperature with
normal boiling and melting points of 46.5°C and —111.6°C, re-
spectively. How do the strengths of the intermolecular forces vary
from CO, to CS, to CSe,? Explain.

Structures and Properties of Solids

41.

42,

43. A topaz crystal has an interplanar spacing (d) of 1.36 A (1 A =

44.

45.

46.

X rays from a copper X-ray tube (A = 154 pm) were diffracted
at an angle of 14.22 degrees by a crystal of silicon. Assuming
first-order diffraction (n = 1 in the Bragg equation), what is the
interplanar spacing in silicon?

The second-order diffraction (n = 2) for a gold crystal is at an
angle of 22.20° for X rays of 154 pm. What is the spacing
between these crystal planes?

1 X 107" m). Calculate the wavelength of the X ray that should
be used if # = 15.0° (assume n = 1).

X rays of wavelength 2.63 A were used to analyze a crystal.
The angle of first-order diffraction (n = 1 in the Bragg equa-
tion) was 15.55 degrees. What is the spacing between crystal
planes, and what would be the angle for second-order diffrac-
tion (n = 2)?

Calcium has a cubic closest packed structure as a solid. Assum-
ing that calcium has an atomic radius of 197 pm, calculate the
density of solid calcium.

Nickel has a face-centered cubic unit cell. The density of
nickel is 6.84 g/cm®. Calculate a value for the atomic radius
of nickel.
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A certain form of lead has a cubic closest packed structure with
an edge length of 492 pm. Calculate the value of the atomic
radius and the density of lead.

You are given a small bar of an unknown metal X. You find the
density of the metal to be 10.5 g/cm®. An X-ray diffraction ex-
periment measures the edge of the face-centered cubic unit cell
as 4.09 A (1 A = 107" m). Identify X.

Titanium metal has a body-centered cubic unit cell. The density
of titanium is 4.50 g/cm®. Calculate the edge length of the unit
cell and a value for the atomic radius of titanium. (Hint: In a
body-centered arrangement of spheres, the spheres touch across
the body diagonal.)

Barium has a body-centered cubic structure. If the atomic
radius of barium is 222 pm, calculate the density of solid
barium.

The radius of gold is 144 pm, and the density is 19.32 g/cm?.
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Does elemental gold have a face-centered cubic structure or a
body-centered cubic structure?

The radius of tungsten is 137 pm and the density is 19.3 g/cm®.
Does elemental tungsten have a face-centered cubic structure or
a body-centered cubic structure?

What fraction of the total volume of a cubic closest packed struc-
ture is occupied by atoms? (Hint: Vyypere = %wrs.) What fraction
of the total volume of a simple cubic structure is occupied by
atoms? Compare the answers.

Iron has a density of 7.86 g/cm® and crystallizes in a body-
centered cubic lattice. Show that only 68% of a body-centered
lattice is actually occupied by atoms, and determine the atomic
radius of iron.

Explain how doping silicon with either phosphorus or gal-
lium increases the electrical conductivity over that of pure
silicon.

Explain how a p—n junction makes an excellent rectifier.

Selenium is a semiconductor used in photocopying machines.
What type of semiconductor would be formed if a small amount
of indium impurity is added to pure selenium?

The Group 3A/Group 5A semiconductors are composed of
equal amounts of atoms from Group 3A and Group SA—for
example, InP and GaAs. These types of semiconductors are
used in light-emitting diodes and solid-state lasers. What
would you add to make a p-type semiconductor from pure
GaAs? How would you dope pure GaAs to make an n-type
semiconductor?

The band gap in aluminum phosphide (AIP) is 2.5 electron-volts

60.
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(1eV = 1.6 X 107" J). What wavelength of light is emitted by
an AlP diode?

An aluminum antimonide solid-state laser emits light with a
wavelength of 730. nm. Calculate the band gap in joules.

The structures of some common crystalline substances are shown
below. Show that the net composition of each unit cell corre-
sponds to the correct formula of each substance.

62.

64.

65.

66.
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The unit cell for nickel arsenide is shown below. What is the for-
mula of this compound?

Qo

S O Zn

O ni
OAS

63.

Cobalt fluoride crystallizes in a closest packed array of fluoride
ions with the cobalt ions filling one-half of the octahedral holes.
What is the formula of this compound?

The compounds Na,O, CdS, and Zrl, all can be described as cu-
bic closest packed anions with the cations in tetrahedral holes.
What fraction of the tetrahedral holes is occupied for each case?

What is the formula for the compound that crystallizes with a
cubic closest packed array of sulfur ions, and that contains zinc
ions in & of the tetrahedral holes and aluminum ions in § of the
octahedral holes?

Assume the two-dimensional structure of an ionic compound,
M,A,, is

What is the empirical formula of this ionic compound?



478

67.

Chapter Ten Liquids and Solids

A certain metal fluoride crystallizes in such a way that the fluor-

68.

69.

ide ions occupy simple cubic lattice sites, while the metal ions
occupy the body centers of half the cubes. What is the formula
of the metal fluoride?

The structure of manganese fluoride can be described as a sim-
ple cubic array of manganese ions with fluoride ions at the cen-
ter of each edge of the cubic unit cell. What is the charge of the
manganese ions in this compound?

The unit cell of MgO is shown below.

70.

71.

72.

73.

Does MgO have a structure like that of NaCl or ZnS? If the den-
sity of MgO is 3.58 g/cm®, estimate the radius (in centimeters)
of the O*~ anions and the Mg** cations.

The CsCl structure is a simple cubic array of chloride ions with
a cesium ion at the center of each cubic array (see Exercise 61).
Given that the density of cesium chloride is 3.97 g/cm?, and as-
suming that the chloride and cesium ions touch along the body
diagonal of the cubic unit cell, calculate the distance between
the centers of adjacent Cs™ and Cl~ ions in the solid. Compare
this value with the expected distance based on the sizes of the
ions. The ionic radius of Cs™ is 169 pm, and the ionic radius of
Cl™ is 181 pm.

What type of solid will each of the following substances form?

a. CO, e. Ru i. NaOH

b. Si0, f I, j- U

c. Si g. KBr k. CaCO;

d. CH, h. H,0 1. PH,

What type of solid will each of the following substances form?
a. diamond e. KCl1 i. Ar

b. PH; f. quartz j- Cu

c. H) g. NH,NO; k. C¢H,O4

d. Mg h. SF,

The memory metal, nitinol, is an alloy of nickel and titanium. It

is called a memory metal because after being deformed, a piece

of nitinol wire will return to its original shape. The structure of

nitinol consists of a simple cubic array of Ni atoms and an in-

ner penetrating simple cubic array of Ti atoms. In the extended

lattice, a Ti atom is found at the center of a cube of Ni atoms;

the reverse is also true.

a. Describe the unit cell for nitinol.

b. What is the empirical formula of nitinol?

¢. What are the coordination numbers (number of nearest neigh-
bors) of Ni and Ti in nitinol?

74. The unit cell for a pure xenon fluoride compound is shown below.

75.

76.

77.

What is the formula of the compound?

0 Xenon

P
Q Fluorine

Perovskite is a mineral containing calcium, titanium, and oxygen.
Two different representations of the unit cell are shown below.
Show that both these representations give the same formula and
the same number of oxygen atoms around each titanium atom.

() Titanium
Calcium

0 Oxygen

A mineral crystallizes in a cubic closest packed array of oxygen
ions with aluminum ions in some of the octahedral holes and
magnesium ions in some of the tetrahedral holes. Deduce the
formula of this mineral and predict the fraction of octahedral
holes and tetrahedral holes that are filled by the various cations.

Materials containing the elements Y, Ba, Cu, and O that are su-
perconductors (electrical resistance equals zero) at temperatures

o Barium

(a) Ideal perovskite structure

0 Oxygen

@ Copper

(b) Actual structure of
superconductor

@ Yttrium
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above that of liquid nitrogen were recently discovered. The struc-

tures of these materials are based on the perovskite structure. Were

they to have the ideal perovskite structure, the superconductor
would have the structure shown in part (a) of the figure above.

a. What is the formula of this ideal perovskite material?

b. How is this structure related to the perovskite structure shown
in Exercise 75?7

These materials, however, do not act as superconductors unless

they are deficient in oxygen. The structure of the actual super-

conducting phase appears to be that shown in part (b) of the figure.
¢. What is the formula of this material?

The structures of another class of ceramic, high-temperature su-

perconductors are shown in the figure below.

a. Determine the formula of each of these four superconductors.

b. One of the structural features that appears to be essential for
high-temperature superconductivity is the presence of planar
sheets of copper and oxygen atoms. As the number of sheets
in each unit cell increases, the temperature for the onset of
superconductivity increases. Order the four structures from
lowest to the highest superconducting temperature.

c. Assign oxidation states to Cu in each structure assuming
TI exists as TI*". The oxidation states of Ca, Ba, and O are
assumed to be +2, +2, and —2, respectively.

d. It also appears that copper must display a mixture of oxida-
tion states for a material to exhibit superconductivity. Explain
how this occurs in these materials as well as in the super-
conductor in Exercise 77.

i@ o Ca
QBa @ Cu

P

N
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Phase Changes and Phase Diagrams

79. Plot the following data and determine AH,,

80

81.

82.

84.

85.

86.

op fOr magnesium and
lithium. In which metal is the bonding stronger?

Temperature (°C)

Vapor Pressure

(mm Hg) Li Mg
1. 750. 620.

10. 890. 740.
100. 1080. 900.
400. 1240. 1040.
760. 1310. 1110.

. From the following data for liquid nitric acid, determine its heat
of vaporization and normal boiling point.

Temperature (°C) Vapor Pressure (mm Hg)

0. 14.4
10. 26.6
20. 47.9
30. 81.3
40. 133
50. 208
80. 670.

In Breckenridge, Colorado, the typical atmospheric pressure is
520. torr. What is the boiling point of water (AH,,, = 40.7
kJ/mol) in Breckenridge?

What pressure would have to be applied to steam at 350.°C to
condense the steam to liquid water (AH,,, = 40.7 kJ/mol)?

. Carbon tetrachloride, CCl,, has a vapor pressure of 213 torr at 40.°C

and 836 torr at 80.°C. What is the normal boiling point of CCl,?
The normal boiling point for acetone is 56.5°C. At an elevation
of 5300 ft the atmospheric pressure is 630. torr. What would be
the boiling point of acetone (AH,,, = 32.0 kJ/mol) at this ele-
vation? What would be the vapor pressure of acetone at 25.0°C
at this elevation?

A substance, X, has the following properties:

Specific
Heat Capacities

AH,,, 20. kJ/mol
AHg, 5.0 kJ/mol
bp 75°C

mp —15°C

C(s)
W)
C(g)

3.01/g - °C
2.51/g - °C
1.0 J/g - °C

Sketch a heating curve for substance X starting at —50.°C.

Given the data in Exercise 85 on substance X, calculate the en-
ergy that must be removed to convert 250. g of substance X from
a gas at 100.°C to a solid at —50.°C. Assume X has a molar
mass of 75.0 g/mol.
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How much energy does it take to convert 0.500 kg ice at —20.°C

88.

89.

90.

91.

92.

2Na(s) + 2H,0(I) —> 2NaOH(aq) + Hy(g)

to steam at 250.°C? Specific heat capacities: ice, 2.03 J/g + °C;
liquid, 4.2 J/g - °C; steam, 2.0 J/g + °C, AHvap = 40.7 kJ/mol,
AH;,, = 6.02 kJ/mol.

Consider a 75.0-g sample of H,O(g) at 125°C. What phase or
phases are present when 215 kJ of energy is removed from this
sample? (See Exercise 87.)

An ice cube tray contains enough water at 22.0°C to make 18 ice
cubes that each have a mass of 30.0 g. The tray is placed in a
freezer that uses CF,Cl, as a refrigerant. The heat of vaporiza-
tion of CF,Cl, is 158 J/g. What mass of CF,Cl, must be vapor-
ized in the refrigeration cycle to convert all the water at 22.0°C
to ice at —5.0°C? The heat capacities for H,O(s) and H,O(/) are
2.03J/g - °C and 4.18 J/g - °C, respectively, and the enthalpy of
fusion for ice is 6.02 kJ/mol.

A 0.250-g chunk of sodium metal is cautiously dropped into a
mixture of 50.0 g of water and 50.0 g of ice, both at 0°C. The
reaction is

AH = =368 kJ

Will the ice melt? Assuming the final mixture has a specific heat
capacity of 4.18 J/g - °C, calculate the final temperature. The en-
thalpy of fusion for ice is 6.02 kJ/mol.

Consider the phase diagram given below. What phases are
present at points A through H? Identify the triple point, normal
boiling point, normal freezing point, and critical point. Which
phase is denser, solid or liquid?

Sulfur exhibits two solid phases, thombic and monoclinic. Use
the accompanying phase diagram for sulfur to answer the fol-
lowing questions. (The phase diagram is not to scale.)

153°C,
1420 atm

Monoclinic Liquid

° 95.39°C, 115.21°C,
§ 1 atm
8 "lam 444.6°C,
n Rhombic Lt
115.18°C,
32x105am  Gas
95.31°C,
5.1 X 10%atm
Temperature

93.

9.

96.

. How many triple points are in the phase diagram?

. What phases are in equilibrium at each of the triple points?

. What is the stable phase at 1 atm and 100.°C?

. What are the normal melting point and the normal boiling
point of sulfur?

. Which is the densest phase?

At a pressure of 1.0 X 107 atm, can rhombic sulfur sublime?

. What phase changes occur when the pressure on a sample of

sulfur at 100.°C is increased from 1.0 X 10~* atm to 1500 atm?

a0 T

e e

Use the accompanying phase diagram for carbon to answer the

following questions.

a. How many triple points are in the phase diagram?

b. What phases can coexist at each triple point?

c. What happens if graphite is subjected to very high pressures
at room temperature?

d. If we assume that the density increases with an increase in
pressure, which is more dense, graphite or diamond?

1011

10°

Graphite

Pressure (Pa)

107 =

I I
0 2000 4000 6000

Temperature (K)

Like most substances, bromine exists in one of the three typical
phases. Br, has a normal melting point of —7.2°C and a normal
boiling point of 59°C. The triple point for Br, is —7.3°C and
40 torr, and the critical point is 320°C and 100 atm. Using this
information, sketch a phase diagram for bromine indicating the
points described above. Based on your phase diagram, order the
three phases from least dense to most dense. What is the stable
phase of Br, at room temperature and 1 atm? Under what tem-
perature conditions can liquid bromine never exist? What phase
changes occur as the temperature of a sample of bromine at
0.10 atm is increased from —50°C to 200°C?

. The melting point of a fictional substance X is 225°C at 10.0 atm.

If the density of the solid phase of X is 2.67 g/cm® and the den-
sity of the liquid phase is 2.78 g/cm® at 10.0 atm, predict whether
the normal melting point of X will be less than, equal to, or
greater than 225°C. Explain.

Consider the following data for xenon:
Triple point:

Normal melting point:
Normal boiling point:

—121°C, 280 torr
—112°C
—107°C

Which is more dense, Xe(s), or Xe(/)? How do the melting point
and boiling point of xenon depend on pressure?
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97.

98.

99.

100.

Rationalize why chalk (calcium carbonate) has a higher melting
point than motor oil (large compounds made from carbon and
hydrogen), which has a higher melting point than water, which
engages in relatively strong hydrogen-bonding interactions.
Rationalize the differences in physical properties in terms of in-
termolecular forces for the following organic compounds. Com-
pare the first three substances with each other, compare the last
three with each other, and then compare all six. Can you account
for any anomalies?

bp (°C) mp (°C)  AH,,, (kJ/mol)

Benzene, C¢Hg 80 6 339
Naphthalene,

C,oHg 218 80 51.5
Carbon tetra-

chloride 76 —23 31.8
Acetone,

CH;COCH; 56 —95 31.8
Acetic acid,

CH;CO,H 118 17 39.7
Benzoic acid,

C¢HsCO,H 249 122 68.2

Consider the following vapor pressure versus temperature plot
for three different substances A, B, and C.

Py, (torr)

Temperature (°C) —

If the three substances are CH,, SiH,, and NH;, match each curve
to the correct substance.

Consider the following enthalpy changes:

F- + HF — FHF"  AH = —155kJ/mol
(CH;),C=0 + HF — (CH;),C=0---HF
AH = —46 kJ/mol
H,0(g) + HOH(g) — H,0 ---HOH (in ice)
AH = —21 kJ/mol

How do the strengths of hydrogen bonds vary with the elec-
tronegativity of the element to which hydrogen is bonded? Where
in the preceding series would you expect hydrogen bonds of the
following type to fall?

\ \ /
—N--HO— and —N-—-H—N
/ /

N

101.

102.

104.

105.

106.

Challenge Problems 481

How could you tell experimentally if TiO, is an ionic solid or a
network solid?

Boron nitride (BN) exists in two forms. The first is a slippery
solid formed from the reaction of BCl; with NH;, followed by
heating in an ammonia atmosphere at 750°C. Subjecting the first
form of BN to a pressure of 85,000 atm at 1800°C produces a
second form that is the second hardest substance known. Both
forms of BN remain solids to 3000°C. Suggest structures for the
two forms of BN.

. Consider the following data concerning four different substances.

Conducts
Electricity
Compound as a Solid Other Properties
B,H¢ no gas at 25°C
Si0O, no high mp
Csl no aqueous solution
conducts electricity
W yes high mp

Label the four substances as either ionic, network, metallic, or
molecular solids.

A 20.0-g sample of ice at —10.0°C is mixed with 100.0 g of wa-
ter at 80.0°C. Calculate the final temperature of the mixture as-
suming no heat loss to the surroundings. The heat capacities of
H,O(s) and H,O(/) are 2.03 and 4.18 J/g - °C, respectively, and
the enthalpy of fusion for ice is 6.02 kJ/mol.

In regions with dry climates, evaporative coolers are used to cool
air. A typical electric air conditioner is rated at 1.00 X 10* Btu/h
(1 Btu, or British thermal unit = amount of energy to raise the
temperature of 1 1b of water by 1°F). How much water must be
evaporated each hour to dissipate as much heat as a typical
electric air conditioner?

The critical point of NH; is 132°C and 111 atm, and the critical
point of N, is —147°C and 34 atm. Which of these substances
cannot be liquefied at room temperature no matter how much
pressure is applied? Explain.

Challenge Problems

107.

108.

109.

When 1 mol of benzene is vaporized at a constant pressure of
1.00 atm and its boiling point of 353.0 K, 30.79 kJ of energy
(heat) is absorbed and the volume change is +28.90 L. What are
AE and AH for this process?

You and a friend each synthesize a compound with the formula
XeCLF,. Your compound is a liquid and your friend’s compound
is a gas (at the same conditions of temperature and pressure).
Explain how the two compounds with the same formulas can
exist in different phases at the same conditions of pressure and
temperature.

Using the heats of fusion and vaporization for water given in Ex-
ercise 87, calculate the change in enthalpy for the sublimation
of water:

H,0(s) — H0(g)
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Using the AH value given in Exercise 100 and the number of
hydrogen bonds formed with each water molecule, estimate what
portion of the intermolecular forces in ice can be accounted for
by hydrogen bonding.

Oil of wintergreen, or methyl salicylate, has the following
structure:

Methyl-4-hydroxybenzoate is another molecule with exactly the
same molecular formula; it has the following structure:

O
C—OCH;

O

OH

mp = 127°C

Account for the large difference in the melting points of the two
substances.

Consider the following melting point data:

Compound: NaCl MgCl, AICl; SiCl, PCl; SCl, Cl,
mp (°C): 801 708 190 —-70 —-91 —78 —101
Compound: NaF MgF, AIlF; SiF, PFs; SF, F,
mp (°C): 997 1396 1040 —90 —94 —56 —220

Account for the trends in melting points in terms of interparti-
cle forces.

MnO has either the NaCl type structure or the CsCl type struc-
ture (see Exercise 70). The edge length of the MnO unit cell is
4.47 X 107 cm and the density of MnO is 5.28 g/cm®.
a. Does MnO crystallize in the NaCl or the CsCl type structure?
b. Assuming that the ionic radius of oxygen is 140. pm, esti-
mate the ionic radius of manganese.
Some ionic compounds contain a mixture of different charged
cations. For example, some titanium oxides contain a mixture of
Ti** and Ti*" ions. Consider a certain oxide of titanium that is
28.31% oxygen by mass and contains a mixture of Ti’* and Ti**
ions. Determine the formula of the compound and the relative
numbers of Ti>* and Ti*" ions.
Spinel is a mineral that contains 37.9% aluminum, 17.1% mag-
nesium, and 45.0% oxygen, by mass, and has a density of
3.57 g/em’. The edge of the cubic unit cell measures 809 pm.
How many of each type of ion are present in the unit cell?

115.

116.

117.
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120.

Mn crystallizes in the same type of cubic unit cell as Cu.
Assuming that the radius of Mn is 5.6% larger than the radius
of Cu and the density of copper is 8.96 g/cm?, calculate the
density of Mn.
You are asked to help set up a historical display in the park by
stacking some cannonballs next to a Revolutionary War cannon.
You are told to stack them by starting with a triangle in which
each side is composed of four touching cannonballs. You are to
continue stacking them until you have a single ball on the top
centered over the middle of the triangular base.
a. How many cannonballs do you need?
b. What type of closest packing is displayed by the cannonballs?
c. The four corners of the pyramid of cannonballs form the
corners of what type of regular geometric solid?

Some water is placed in a sealed glass container connected to a
vacuum pump (a device used to pump gases from a container),
and the pump is turned on. The water appears to boil and then
freezes. Explain these changes using the phase diagram for wa-
ter. What would happen to the ice if the vacuum pump was left
on indefinitely?

The molar enthalpy of vaporization of water at 373 K and
1.00 atm is 40.7 kJ/mol. What fraction of this energy is used to
change the internal energy of the water, and what fraction is used
to do work against the atmosphere? (Hint: Assume that water
vapor is an ideal gas.)

For a simple cubic array, solve for the volume of an interior
sphere (cubic hole) in terms of the radius of a sphere in the array.
Consider two different compounds, each with the formula C,HO.
One of these compounds is a liquid at room conditions and the
other is a gas. Write Lewis structures consistent with this observa-
tion and explain your answer. Hint: the oxygen atom in both struc-
tures satisfies the octet rule with two bonds and two lone pairs.

Integrative Problems

These problems require the integration of multiple concepts to find the
solutions.

121.

122.

A 0.132-mol sample of an unknown semiconducting material
with the formula XY has a mass of 19.0 g. The element X has
an electron configuration of [Kr]5s4d'’. What is this semicon-
ducting material? A small amount of the Y atoms in the semi-
conductor is replaced with an equivalent amount of atoms with
and electron configuration of [Ar]4s?3d'%4p’. Does this corre-
spond to n-type or p-type doping?

A metal burns in air at 600°C under high pressure to form
an oxide with formula MO,. This compound is 23.72% oxy-
gen by mass. The distance between touching atoms in a cubic
closest packed crystal of this metal is 269.0 pm. What is this
metal? What is its density?

. One method of preparing elemental mercury involves roasting

cinnabar (HgS) in quicklime (CaO) at 600.°C followed by
condensation of the mercury vapor. Given the heat of vaporiza-
tion of mercury (296 J/g) and the vapor pressure of mercury at
25.0°C (2.56 X 1073 torr), what is the vapor pressure of the
condensed mercury at 300.°C? How many atoms of mercury are
present in the mercury vapor at 300.°C if the reaction is con-
ducted in a closed 15.0-L container?



Marathon Problem

This problem is designed to incorporate several concepts and techniques
into one situation. Marathon Problems can be used in class by groups of
students to help facilitate problem-solving skills.

124. General Zod has sold Lex Luthor what Zod claims to be a new
copper-colored form of kryptonite, the only substance that can
harm Superman. Lex, not believing in honor among thieves, de-
cided to carry out some tests on the supposed kryptonite. From
previous tests, Lex knew that kryptonite is a metal having a spe-
cific heat capacity of 0.082 J/g - °C, and a density of 9.2 g/cm®.

Lex Luthor’s first experiment was an attempt to find the
specific heat capacity of kryptonite. He dropped a 10g =3 ¢
sample of the metal into a boiling water bath at a temperature
of 100.0°C = 0.2°C. He waited until the metal had reached the
bath temperature and then quickly transferred it to 100 g = 3 g
of water that was contained in a calorimeter at an initial tem-
perature of 25.0°C # 0.2°C. The final temperature of the metal
and water was 25.2°C. Based on these results, is it possible to
distinguish between copper and kryptonite? Explain.

Marathon Problem 483

When Lex found that his results from the first experiment
were inconclusive, he decided to determine the density of the
sample. He managed to steal a better balance and determined the
mass of another portion of the purported kryptonite to be
4 g £ 1 g. He dropped this sample into water contained in a
25-mL graduated cylinder and found that it displaced a volume of
0.42 mL * 0.02 mL. Is the metal copper or kryptonite? Explain.

Lex was finally forced to determine the crystal structure of
the metal General Zod had given him. He found that the cubic
unit cell contained 4 atoms and had an edge length of 600. pm.
Explain how this information enabled Lex to identify the metal
as copper or kryptonite.

Will Lex be going after Superman with the kryptonite or
seeking revenge on General Zod? What improvements could he
have made in his experimental techniques to avoid performing
the crystal structure determination?

Wk,  Get help understanding core concepts and visualizing
(”i'\ molecular-level interactions, and practice problem solving,

) by visiting the Online Study Center at college.hmco.com/
PIC/zumdahl7e.
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Active Learning Questions

These questions are designed to be used by groups of students in class. The
questions allow students to explore their understanding of concepts through
discussion and peer teaching. The real value of these questions is the learning
that occurs while students talk to each other about chemical concepts.

1. Consider the following apparatus: a test tube covered with a non-
permeable elastic membrane inside a container that is closed with
a cork. A syringe goes through the cork.

B 1— Cork

— Membrane

a. As you push down on the syringe, how does the membrane
covering the test tube change?

b. You stop pushing the syringe but continue to hold it down.
In a few seconds, what happens to the membrane?

2. Figure 5.2 shows a picture of a barometer. Which of the following
statements is the best explanation of how this barometer works?
a. Air pressure outside the tube causes the mercury to move in the

tube until the air pressure inside and outside the tube is equal.
b. Air pressure inside the tube causes the mercury to move in the
tube until the air pressure inside and outside the tube is equal.
¢. Air pressure outside the tube counterbalances the weight of
the mercury in the tube.
d. Capillary action of the mercury causes the mercury to go up
the tube.
e. The vacuum that is formed at the top of the tube holds up the
mercury.
Justify your choice, and for the choices you did not pick, explain
what is wrong with them. Pictures help!

3. The barometer below shows the level of mercury at a given at-
mospheric pressure. Fill all the other barometers with mercury
for that same atmospheric pressure. Explain your answer.

A ,
‘ ST [i T = '

4. As you increase the temperature of a gas in a sealed, rigid con-

tainer, what happens to the density of the gas? Would the results
be the same if you did the same experiment in a container with
a piston at constant pressure? (See Figure 5.17.)

. A diagram in a chemistry book shows a magnified view of a

flask of air as follows:

()
.‘

What do you suppose is between the dots (the dots represent air
molecules)?

a. air

b. dust

c¢. pollutants
d. oxygen
e. nothing

. If you put a drinking straw in water, place your finger over the

opening, and lift the straw out of the water, some water stays in
the straw. Explain.

. A chemistry student relates the following story: I noticed my

tires were a bit low and went to the gas station. As I was filling
the tires, I thought about the kinetic molecular theory (KMT). I
noticed the tires because the volume was low, and I realized that
I was increasing both the pressure and volume of the tires.
“Hmmm,” I thought, “that goes against what I learned in chem-
istry, where I was told pressure and volume are inversely pro-
portional.” What is the fault in the logic of the chemistry student
in this situation? Explain why we think pressure and volume to
be inversely related (draw pictures and use the KMT).

. Chemicals X and Y (both gases) react to form the gas XY, but it

takes a bit of time for the reaction to occur. Both X and Y are
placed in a container with a piston (free to move), and you note
the volume. As the reaction occurs, what happens to the volume
of the container? (See Fig. 5.18.)

. Which statement best explains why a hot-air balloon rises when

the air in the balloon is heated?

a. According to Charles’s law, the temperature of a gas is
directly related to its volume. Thus the volume of the balloon
increases, making the density smaller. This lifts the balloon.

b. Hot air rises inside the balloon, and this lifts the balloon.

c. The temperature of a gas is directly related to its pressure.
The pressure therefore increases, and this lifts the balloon.

d. Some of the gas escapes from the bottom of the balloon, thus
decreasing the mass of gas in the balloon. This decreases the
density of the gas in the balloon, which lifts the balloon.

e. Temperature is related to the root mean square velocity of the
gas molecules. Thus the molecules are moving faster, hitting
the balloon more, and thus lifting the balloon.

Justify your choice, and for the choices you did not pick, explain

what is wrong with them.
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10.

11.

12.

13.

14.

15.

Chapter Five Gases

Draw a highly magnified view of a sealed, rigid container filled
with a gas. Then draw what it would look like if you cooled the
gas significantly but kept the temperature above the boiling point
of the substance in the container. Also draw what it would look
like if you heated the gas significantly. Finally, draw what each
situation would look like if you evacuated enough of the gas to
decrease the pressure by a factor of 2.

If you release a helium balloon, it soars upward and eventually
pops. Explain this behavior.
If you have any two gases in different containers that are the
same size at the same pressure and same temperature, what is
true about the moles of each gas? Why is this true?
Explain the following seeming contradiction: You have two
gases, A and B, in two separate containers of equal volume and
at equal pressure and temperature. Therefore, you must have the
same number of moles of each gas. Because the two tempera-
tures are equal, the average kinetic energies of the two samples
are equal. Therefore, since the energy given such a system will
be converted to translational motion (that is, move the mole-
cules), the root mean square velocities of the two are equal, and
thus the particles in each sample move, on average, with the same
relative speed. Since A and B are different gases, they each must
have a different molar mass. If A has higher molar mass than B,
the particles of A must be hitting the sides of the container with
more force. Thus the pressure in the container of gas A must be
higher than that in the container with gas B. However, one of
our initial assumptions was that the pressures were equal.
You have a balloon covering the mouth of a flask filled with air
at 1 atm. You apply heat to the bottom of the flask until the vol-
ume of the balloon is equal to that of the flask.
a. Which has more air in it, the balloon or the flask? Or do both
have the same amount? Explain.
b. In which is the pressure greater, the balloon or the flask? Or
is the pressure the same? Explain.
How does Dalton’s law of partial pressures help us with our
model of ideal gases? That is, what postulates of the kinetic mo-
lecular theory does it support?

A blue question or exercise number indicates that the answer to that
question or exercise appears at the back of the book and a solution appears
in the Solutions Guide.

Questions

16.

17.

18.

At room temperature, water is a liquid with a molar volume of
18 mL. At 105°C and 1 atm pressure, water is a gas and has a
molar volume of over 30 L. Explain the large difference in molar
volumes.

If a barometer were built using water (d = 1.0 g/lcm®) instead of
mercury (d = 13.6 g/cm®), would the column of water be higher
than, lower than, or the same as the column of mercury at
1.00 atm? If the level is different, by what factor? Explain.

A bag of potato chips is packed and sealed in Los Angeles,
California, and then shipped to Lake Tahoe, Nevada, during ski
season. It is noticed that the volume of the bag of potato chips
has increased upon its arrival in Lake Tahoe. What external
conditions would most likely cause the volume increase?

19.

20.

21.
22,

23.

24.

Boyle’s law can be represented graphically in several ways.
Which of the following plots does not correctly represent Boyle’s
law (assuming constant 7 and n)? Explain.

PVf— P 14 P

P Vv 1/P /v

As weather balloons rise from the earth’s surface, the pressure of
the atmosphere becomes less, tending to cause the volume of the
balloons to expand. However, the temperature is much lower in
the upper atmosphere than at sea level. Would this temperature
effect tend to make such a balloon expand or contract? Weather
balloons do, in fact, expand as they rise. What does this tell you?

Which noble gas has the smallest density at STP? Explain.

Consider two different containers, each filled with 2 moles of
Ne(g). One of the containers is rigid and has constant volume.
The other container is flexible (like a balloon) and is capable of
changing its volume to keep the external pressure and internal
pressure equal to each other. If you raise the temperature in both
containers, what happens to the pressure and density of the gas
inside each container? Assume a constant external pressure.

Do all the molecules in a 1-mol sample of CH,(g) have the same
kinetic energy at 273 K? Do all molecules in a 1-mol sample of
N,(g) have the same velocity at 546 K? Explain.

Consider the following samples of gases at the same temperature.

@ Ne
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Arrange each of these samples in order from lowest to highest:
a. pressure

b. average kinetic energy

c. density

d. root mean square velocity

Note: Some samples of gases may have equal values for these
attributes. Assume the larger containers have a volume twice the
volume of the smaller containers and assume the mass of an ar-
gon atom is twice the mass of a neon atom.

. As NHj;(g) is decomposed into nitrogen gas and hydrogen gas at

constant pressure and temperature, the volume of the product gases
collected is twice the volume of NH; reacted. Explain. As NH;(g)



26.

is decomposed into nitrogen gas and hydrogen gas at constant
volume and temperature, the total pressure increases by some
factor. Why the increase in pressure and by what factor does the
total pressure increase when reactants are completely converted
into products? How do the partial pressures of the product gases
compare to each other and to the initial pressure of NH;?

Which of the following statements is (are) true? For the false

statements, correct them.

a. At constant temperature, the lighter the gas molecules, the
faster the average velocity of the gas molecules.

b. At constant temperature, the heavier the gas molecules, the
larger the average kinetic energy of the gas molecules.

c. A real gas behaves most ideally when the container volume
is relatively large and the gas molecules are moving relatively
quickly.

d. As temperature increases, the effect of interparticle interac-
tions on gas behavior is increased.

e. At constant V and 7, as gas molecules are added into a con-
tainer, the number of collisions per unit area increases re-
sulting in a higher pressure.

f. The kinetic molecular theory predicts that pressure is inversely
proportional to temperature at constant volume and mol of gas.

Exercises

In this section similar exercises are paired.

Pressure

27.

28.

29.

Freon-12 (CF,Cl,) is commonly used as the refrigerant in cen-
tral home air conditioners. The system is initially charged to a
pressure of 4.8 atm. Express this pressure in each of the fol-
lowing units (1 atm = 14.7 psi).
a. mm Hg b. torr c. Pa d. psi

A gauge on a compressed gas cylinder reads 2200 psi (pounds
per square inch; 1 atm = 14.7 psi). Express this pressure in each
of the following units.

a. standard atmospheres

b. megapascals (MPa)

c. torr

A sealed-tube manometer (as shown below) can be used to meas-
ure pressures below atmospheric pressure. The tube above the
mercury is evacuated. When there is a vacuum in the flask, the
mercury levels in both arms of the U-tube are equal. If a gaseous
sample is introduced into the flask, the mercury levels are dif-
ferent. The difference £ is a measure of the pressure of the gas
inside the flask. If /2 is equal to 6.5 cm, calculate the pressure in
the flask in torr, pascals, and atmospheres.

30.

31.

32.

34.
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If the sealed-tube manometer in Exercise 29 had a height dif-
ference of 20.0 inches between the mercury levels, what is the
pressure in the flask in torr and atmospheres?

A diagram for an open-tube manometer is shown below.

Atmosphere

If the flask is open to the atmosphere, the mercury levels are
equal. For each of the following situations where a gas is con-
tained in the flask, calculate the pressure in the flask in torr, at-
mospheres, and pascals.

Atmosphere Atmosphere
(760. torr) (760. torr)
Flask Flask

E E
E =
e} gl
= S

a b.

c. Calculate the pressures in the flask in parts a and b (in torr)
if the atmospheric pressure is 635 torr.

a. If the open-tube manometer in Exercise 31 contains a non-
volatile silicone oil (density = 1.30 g/cm?) instead of mercury
(density = 13.6 g/cm®), what are the pressures in the flask as
shown in parts a and b in torr, atmospheres, and pascals?

b. What advantage would there be in using a less dense fluid
than mercury in a manometer used to measure relatively small
differences in pressure?

Laws

. A particular balloon is designed by its manufacturer to be in-

flated to a volume of no more than 2.5 L. If the balloon is filled
with 2.0 L of helium at sea level, is released, and rises to an al-
titude at which the atmospheric pressure is only 500. mm Hg,
will the balloon burst? (Assume temperature is constant.)

A balloon is filled to a volume of 7.00 X 10> mL at a tempera-
ture of 20.0°C. The balloon is then cooled at constant pressure
to a temperature of 1.00 X 10? K. What is the final volume of
the balloon?



220

w
wn

36.

38.

Chapter Five Gases

. An 11.2-L sample of gas is determined to contain 0.50 mol of

N,. At the same temperature and pressure, how many moles of
gas would there be in a 20.-L sample?

Consider the following chemical equation.
2NO,(g) — N,04(g)

If 25.0 mL of NO, gas is completely converted to N,O, gas un-
der the same conditions, what volume will the N,O, occupy?

Complete the following table for an ideal gas.

P(atm) V(L) n(mol) T
a. 5.00 2.00 155°C
b. 0.300 2.00 155 K
C. 4.47 25.0 2.01
d. 2.25 10.5 75°C

Complete the following table for an ideal gas.

P 74 n T
a. 7.74x10°Pa  122mL 25°C
b. 43.0 mL 0.421 mol 223 K
c. 455 torr 44X 107>mol  331°C
d. 745 mm Hg 112L 0.401 mol

Suppose two 200.0-L tanks are to be filled separately with the

40.

41.

gases helium and hydrogen. What mass of each gas is needed to
produce a pressure of 135 atm in its respective tank at 24°C?
A flask that can withstand an internal pressure of 2500 torr, but
no more, is filled with a gas at 21.0°C and 758 torr and heated.
At what temperature will it burst?

A 2.50-L container is filled with 175 g argon.

42.

4.

a. If the pressure is 10.0 atm, what is the temperature?
b. If the temperature is 225 K, what is the pressure?

A person accidentally swallows a drop of liquid oxygen, O,(1),
which has a density of 1.149 g/mL. Assuming the drop has a
volume of 0.050 mL, what volume of gas will be produced in
the person’s stomach at body temperature (37°C) and a pressure
of 1.0 atm?

. A gas sample containing 1.50 mol at 25°C exerts a pressure of

400. torr. Some gas is added to the same container and the tem-
perature is increased to 50.°C. If the pressure increases to 800.
torr, how many moles of gas were added to the container? As-
sume a constant-volume container.

A bicycle tire is filled with air to a pressure of 100. psi at a
temperature of 19°C. Riding the bike on asphalt on a hot day

increases the temperature of the tire to 58°C. The volume of the
tire increases by 4.0%. What is the new pressure in the bicycle
tire?

. Consider two separate gas containers at the following conditions:

46.

47.

48.

49. A sealed balloon is filled with 1.00 L of helium at 23°C and

50.

Container A Container B

Contents: SO,(g)
Pressure = P,

Moles of gas = 1.0 mol
Volume = 1.0L
Temperature = 7°C

Contents: unknown gas
Pressure = Py

Moles of gas = 2.0 mol
Volume = 2.0 L
Temperature = 287°C

How is the pressure in container B related to the pressure in con-
tainer A?

A container is filled with an ideal gas to a pressure of 40.0 atm

at 0°C.

a. What will be the pressure in the container if it is heated to
45°C?

b. At what temperature would the pressure be 1.50 X 10 atm?

c. At what temperature would the pressure be 25.0 atm?

An ideal gas is contained in a cylinder with a volume of 5.0 X
10*> mL at a temperature of 30.°C and a pressure of 710. torr.
The gas is then compressed to a volume of 25 mL, and the
temperature is raised to 820.°C. What is the new pressure of
the gas?

A compressed gas cylinder contains 1.00 X 10* g of argon gas.
The pressure inside the cylinder is 2050. psi (pounds per square
inch) at a temperature of 18°C. How much gas remains in the
cylinder if the pressure is decreased to 650. psi at a temperature
of 26°C?

1.00 atm. The balloon rises to a point in the atmosphere where
the pressure is 220. torr and the temperature is —31°C. What
is the change in volume of the balloon as it ascends from 1.00 atm
to a pressure of 220. torr?

A hot-air balloon is filled with air to a volume of 4.00 X 10° m?
at 745 torr and 21°C. The air in the balloon is then heated to
62°C, causing the balloon to expand to a volume of 4.20 X 10° m?.
What is the ratio of the number of moles of air in the heated bal-
loon to the original number of moles of air in the balloon? (Hint:
Openings in the balloon allow air to flow in and out. Thus the
pressure in the balloon is always the same as that of the
atmosphere.)

Gas Density, Molar Mass, and Reaction Stoichiometry

51.

Consider the following reaction:
4Al(s) + 30,(g) — 2ALOs(s)

It takes 2.00 L of pure oxygen gas at STP to react completely
with a certain sample of aluminum. What is the mass of alu-
minum reacted?



52.

54.

55.

A student adds 4.00 g of dry ice (solid CO,) to an empty bal-
loon. What will be the volume of the balloon at STP after all the
dry ice sublimes (converts to gaseous CO,)?

Air bags are activated when a severe impact causes a steel ball
to compress a spring and electrically ignite a detonator cap. This
causes sodium azide (NaNj;) to decompose explosively accord-
ing to the following reaction:

2NaN;(s) —> 2Na(s) + 3Ny(g)

What mass of NaNj(s) must be reacted to inflate an air bag to
70.0 L at STP?

Concentrated hydrogen peroxide solutions are explosively
decomposed by traces of transition metal ions (such as Mn
or Fe):

2H,0,(agq) — 2H,0(/) + Oi(g)

What volume of pure O,(g), collected at 27°C and 746 torr, would
be generated by decomposition of 125 g of a 50.0% by mass
hydrogen peroxide solution? Ignore any water vapor that may be
present.

In 1897 the Swedish explorer Andreé tried to reach the North

56.

Pole in a balloon. The balloon was filled with hydrogen gas. The
hydrogen gas was prepared from iron splints and diluted sulfuric
acid. The reaction is

Fe(s) + H,S04(ag) — FeSOy(aq) + Ha(g)

The volume of the balloon was 4800 m® and the loss of

hydrogen gas during filling was estimated at 20.%. What mass
of iron splints and 98% (by mass) H,SO, were needed to
ensure the complete filling of the balloon? Assume a temper-
ature of 0°C, a pressure of 1.0 atm during filling, and
100% yield.

Sulfur trioxide, SO;, is produced in enormous quantities each
year for use in the synthesis of sulfuric acid.
S(s) + 04(g) > SOx(g)
280,(g) + O4(g) —2S05(g)

What volume of O,(g) at 350.°C and a pressure of 5.25 atm is
needed to completely convert 5.00 g of sulfur to sulfur trioxide?

. Consider the reaction between 50.0 mL of liquid methyl alco-

58.

hol, CH;OH (density = 0.850 g/mL), and 22.8 L of O, at 27°C
and a pressure of 2.00 atm. The products of the reaction are
CO,(g) and H,O(g). Calculate the number of moles of H,0O
formed if the reaction goes to completion.

Urea (H,NCONH,) is used extensively as a nitrogen source in
fertilizers. It is produced commercially from the reaction of am-
monia and carbon dioxide:

2NH;(g) + CO5(g) ——> H,NCONH,(s) + H,0(g)

Pressure
Ammonia gas at 223°C and 90. atm flows into a reactor at a rate
of 500. L/min. Carbon dioxide at 223°C and 45 atm flows into
the reactor at a rate of 600. L/min. What mass of urea is pro-
duced per minute by this reaction assuming 100% yield?

60.

61. An unknown diatomic gas has a density of 3.164 g/L at STP.

62.

64.
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Hydrogen cyanide is prepared commercially by the reaction of

methane, CH,4(g), ammonia, NH;(g), and oxygen, O,(g), at high

temperature. The other product is gaseous water.

a. Write a chemical equation for the reaction.

b. What volume of HCN(g) can be obtained from 20.0 L CH,(g),
20.0 L NH;(g), and 20.0 L O,(g)? The volumes of all gases
are measured at the same temperature and pressure.

Methanol, CH;OH, can be produced by the following reaction:
CO(g) + 2H,(g) — CH;OH(g)

Hydrogen at STP flows into a reactor at a rate of 16.0 L/min.
Carbon monoxide at STP flows into the reactor at a rate of
25.0 L/min. If 5.30 g of methanol is produced per minute, what
is the percent yield of the reaction?

What is the identity of the gas?

A compound has the empirical formula CHCIL. A 256-mL flask,
at 373 K and 750. torr, contains 0.800 g of the gaseous com-
pound. Give the molecular formula.

. Uranium hexafluoride is a solid at room temperature, but it boils

at 56°C. Determine the density of uranium hexafluoride at 60.°C
and 745 torr.

Given that a sample of air is made up of nitrogen, oxygen,
and argon in the mole fractions 78% N,, 21% O,, and 1.0%
Ar, what is the density of air at standard temperature and
pressure?

Partial Pressure

65.

66.

67. Consider the flasks in the following diagram. What are the final

A piece of solid carbon dioxide, with a mass of 7.8 g, is placed
in a 4.0-L otherwise empty container at 27°C. What is the pres-
sure in the container after all the carbon dioxide vaporizes? If
7.8 g solid carbon dioxide were placed in the same container but
it already contained air at 740 torr, what would be the partial
pressure of carbon dioxide and the total pressure in the container
after the carbon dioxide vaporizes?

A mixture of 1.00 g H, and 1.00 g He is placed in a 1.00-L con-
tainer at 27°C. Calculate the partial pressure of each gas and the
total pressure.

partial pressures of H, and N, after the stopcock between the
two flasks is opened? (Assume the final volume is 3.00 L.) What
is the total pressure (in torr)?

2.00 L H,
475 torr

1.00 LN,
0.200 atm
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68.

69.

Chapter Five Gases

Consider the flask apparatus in Exercise 67, which now contains
2.00 L of H, at a pressure of 360. torr and 1.00 L of N, at an
unknown pressure. If the total pressure in the flasks is 320. torr
after the stopcock is opened, determine the initial pressure of N,
in the 1.00-L flask.

The partial pressure of CH,(g) is 0.175 atm and that of O,(g) is

70.

71.

72.

0.250 atm in a mixture of the two gases.

a. What is the mole fraction of each gas in the mixture?

b. If the mixture occupies a volume of 10.5 L at 65°C, calcu-
late the total number of moles of gas in the mixture.

c. Calculate the number of grams of each gas in the mixture.

A 1.00-L gas sample at 100.°C and 600. torr contains 50.0% he-
lium and 50.0% xenon by mass. What are the partial pressures
of the individual gases?

Small quantities of hydrogen gas can be prepared in the
laboratory by the addition of aqueous hydrochloric acid to
metallic zinc.

Zn(s) + 2HCl(aq) — ZnCl,y(aq) + Hi(g)

Typically, the hydrogen gas is bubbled through water for col-
lection and becomes saturated with water vapor. Suppose 240.
mL of hydrogen gas is collected at 30.°C and has a total pres-
sure of 1.032 atm by this process. What is the partial pressure
of hydrogen gas in the sample? How many grams of zinc must
have reacted to produce this quantity of hydrogen? (The vapor
pressure of water is 32 torr at 30°C.)

Helium is collected over water at 25°C and 1.00 atm total pres-
sure. What total volume of gas must be collected to obtain 0.586 g
of helium? (At 25°C the vapor pressure of water is 23.8 torr.)

. At elevated temperatures, sodium chlorate decomposes to

74.

75.

produce sodium chloride and oxygen gas. A 0.8765-g sample of
impure sodium chlorate was heated until the production of oxy-
gen gas ceased. The oxygen gas collected over water occupied
57.2 mL at a temperature of 22°C and a pressure of 734 torr.
Calculate the mass percent of NaClO; in the original sample.
(At 22°C the vapor pressure of water is 19.8 torr.)

Xenon and fluorine will react to form binary compounds when
a mixture of these two gases is heated to 400°C in a nickel
reaction vessel. A 100.0-mL nickel container is filled with xenon
and fluorine, giving partial pressures of 1.24 atm and 10.10 atm,
respectively, at a temperature of 25°C. The reaction vessel is
heated to 400°C to cause a reaction to occur and then cooled to
a temperature at which F, is a gas and the xenon fluoride
compound produced is a nonvolatile solid. The remaining F, gas
is transferred to another 100.0-mL nickel container, where the
pressure of F, at 25°C is 7.62 atm. Assuming all of the xenon
has reacted, what is the formula of the product?

Hydrogen azide, HN;, decomposes on heating by the following

unbalanced reaction:
HN;(g) —> Ny(g) + Hy(g)

If 3.0 atm of pure HN;(g) is decomposed initially, what is the
final total pressure in the reaction container? What are the par-
tial pressures of nitrogen and hydrogen gas? Assume the volume
and temperature of the reaction container are constant.

76.

Some very effective rocket fuels are composed of lightweight
liquids. The fuel composed of dimethylhydrazine [(CH;),N,H,]
mixed with dinitrogen tetroxide was used to power the Lunar
Lander in its missions to the moon. The two components react
according to the following equation:

(CH;3),NoHy (1) + 2N,04(1) — 3Ny(g) + 4H,0(g) + 2CO4(g)

If 150 g of dimethylhydrazine reacts with excess dinitrogen
tetroxide and the product gases are collected at 27°C in an evac-
uated 250-L tank, what is the partial pressure of nitrogen gas
produced and what is the total pressure in the tank assuming the
reaction has 100% yield?

Kinetic Molecular Theory and Real Gases

77.

78.

79.

80.

81.

82.

Calculate the average kinetic energies of CH, and N, molecules
at 273 K and 546 K.

A 100.-L flask contains a mixture of methane, CH,, and argon
at 25°C. The mass of argon present is 228 g and the mole frac-
tion of methane in the mixture is 0.650. Calculate the total kinetic
energy of the gaseous mixture.

Calculate the root mean square velocities of CH, and N, mole-
cules at 273 K and 546 K.

Consider separate 1.0-L samples of He(g) and UF4(g), both at
1.00 atm and containing the same number of moles. What ratio
of temperatures for the two samples would produce the same
root mean square velocity?

Consider a 1.0-L container of neon gas at STP. Will the aver-
age kinetic energy, average velocity, and frequency of colli-
sions of gas molecules with the walls of the container increase,
decrease, or remain the same under each of the following
conditions?

a. The temperature is increased to 100°C.

b. The temperature is decreased to —50°C.

¢. The volume is decreased to 0.5 L.

d. The number of moles of neon is doubled.

Consider two gases, A and B, each in a 1.0-L container with both
gases at the same temperature and pressure. The mass of gas A
in the container is 0.34 g and the mass of gas B in the container
is 0.48 g.

034 ¢ 048 ¢

a. Which gas sample has the most molecules present? Explain.

b. Which gas sample has the largest average kinetic energy?
Explain.
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c. Which gas sample has the fastest average velocity? Explain.

d. How can the pressure in the two containers be equal to each
other since the larger gas B molecules collide with the con-
tainer walls more forcefully?

Consider three identical flasks filled with different gases.

84.

85.

86.

87.

88.

Flask A: CO at 760 torr and 0°C

Flask B: N, at 250 torr and 0°C

Flask C: H, at 100 torr and 0°C

a. In which flask will the molecules have the greatest average
kinetic energy?

b. In which flask will the molecules have the greatest average
velocity?

Consider separate 1.0-L gaseous samples of H,, Xe, Cl,, and O,

all at STP.

a. Rank the gases in order of increasing average kinetic energy.

b. Rank the gases in order of increasing average velocity.

c. How can separate 1.0-L samples of O, and H, each have the
same average velocity?

Freon-12 is used as a refrigerant in central home air condition-
ers. The rate of effusion of Freon-12 to Freon-11 (molar mass =
137.4 g/mol) is 1.07:1. The formula of Freon-12 is one of the
following: CF,, CF;Cl, CF,Cl,, CFCl;, or CCl. Which formula
is correct for Freon-12?

The rate of effusion of a particular gas was measured and found
to be 24.0 mL/min. Under the same conditions, the rate of effu-
sion of pure methane (CH,) gas is 47.8 mL/min. What is the mo-
lar mass of the unknown gas?

One way of separating oxygen isotopes is by gaseous diffusion
of carbon monoxide. The gaseous diffusion process behaves like
an effusion process. Calculate the relative rates of effusion of
12¢1%0, 12C70, and '2C'*0. Name some advantages and disad-
vantages of separating oxygen isotopes by gaseous diffusion of
carbon dioxide instead of carbon monoxide.

It took 4.5 minutes for 1.0 L helium to effuse through a porous
barrier. How long will it take for 1.0 L Cl, gas to effuse under
identical conditions?

Calculate the pressure exerted by 0.5000 mol N, in a 1.0000-L

89.

90.

container at 25.0°C

a. using the ideal gas law.

b. using the van der Waals equation.
c. Compare the results.

Calculate the pressure exerted by 0.5000 mol N, in a 10.000-L
container at 25.0°C

a. using the ideal gas law.

b. using the van der Waals equation.

c. Compare the results.

d. Compare the results with those in Exercise 89.

Atmosphere Chemistry

91.

Use the data in Table 5.4 to calculate the partial pressure of He
in dry air assuming that the total pressure is 1.0 atm. Assuming
a temperature of 25°C, calculate the number of He atoms per cu-
bic centimeter.

223

Additional Exercises

. A 1.0-L sample of air is collected at 25°C at sea level (1.00 atm).

Estimate the volume this sample of air would have at an altitude
of 15 km (see Fig. 5.30).

. Write reactions to show how nitric and sulfuric acids are pro-

9.

duced in the atmosphere.

Write reactions to show how the nitric and sulfuric acids in acid
rain react with marble and limestone. (Both marble and lime-
stone are primarily calcium carbonate.)

Additional Exercises

95.

96.

97.

98.

99.

100.

101.

102.

Draw a qualitative graph to show how the first property varies
with the second in each of the following (assume 1 mol of an
ideal gas and 7 in kelvins).

a. PV versus V with constant T’

b. P versus T with constant V

c. T versus V with constant P

d. P versus V with constant T

e. P versus 1/V with constant T

f. PV/T versus P

At STP, 1.0 L Br, reacts completely with 3.0 L F,, producing
2.0 L of a product. What is the formula of the product? (All sub-
stances are gases.)

A form of Boyle’s law is PV = k (at constant 7 and n). Table
5.1 contains actual data from pressure—volume experiments
conducted by Robert Boyle. The value of k in most
experiments is 14.1 X 10% in Hg - in®. Express k in units of
atm - L. In Sample Exercise 5.3, k was determined for NH; at
various pressures and volumes. Give some reasons why the k
values differ so dramatically between Sample Exercise 5.3 and
Table 5.1.

An ideal gas at 7°C is in a spherical flexible container having a
radius of 1.00 cm. The gas is heated at constant pressure to 88°C.
Determine the radius of the spherical container after the gas is
heated. (Volume of a sphere = 4/37r3))

A 2.747-g sample of manganese metal is reacted with excess
HCI gas to produce 3.22 L of Hy(g) at 373 K and 0.951 atm
and a manganese chloride compound (MnCl,). What is the
formula of the manganese chloride compound produced in the
reaction?

Equal moles of hydrogen gas and oxygen gas are mixed in a
flexible reaction vessel and then sparked to initiate the forma-
tion of gaseous water. Assuming that the reaction goes to com-
pletion, what is the ratio of the final volume of the gas mixture
to the initial volume of the gas mixture if both volumes are meas-
ured at the same temperature and pressure?

A 15.0-L tank is filled with H, to a pressure of 2.00 X 10 atm.
How many balloons (each 2.00 L) can be inflated to a pressure
of 1.00 atm from the tank? Assume that there is no temperature
change and that the tank cannot be emptied below 1.00 atm
pressure.

A spherical glass container of unknown volume contains helium
gas at 25°C and 1.960 atm. When a portion of the helium is with-
drawn and adjusted to 1.00 atm at 25°C, it is found to have a
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volume of 1.75 cm®. The gas remaining in the first container
shows a pressure of 1.710 atm. Calculate the volume of the spher-
ical container.

. A 2.00-L sample of O,(g) was collected over water at a total

pressure of 785 torr and 25°C. When the O,(g) was dried (wa-
ter vapor removed), the gas had a volume of 1.94 L at 25°C and
785 torr. Calculate the vapor pressure of water at 25°C.

A 20.0-L stainless steel container was charged with 2.00 atm of
hydrogen gas and 3.00 atm of oxygen gas. A spark ignited the
mixture, producing water. What is the pressure in the tank at
25°C? at 125°C?

Metallic molybdenum can be produced from the mineral molyb-
denite, MoS,. The mineral is first oxidized in air to molybde-
num trioxide and sulfur dioxide. Molybdenum trioxide is then
reduced to metallic molybdenum using hydrogen gas. The bal-
anced equations are

MoS,(s) + 20,(g) = MoOs(s) + 2S0,(g)
MoOx(s) + 3H,(g) — Mo(s) + 3H,0(/)

Calculate the volumes of air and hydrogen gas at 17°C and 1.00
atm that are necessary to produce 1.00 X 10° kg of pure molyb-
denum from MoS,. Assume air contains 21% oxygen by volume
and assume 100% yield for each reaction.

Nitric acid is produced commercially by the Ostwald process. In
the first step ammonia is oxidized to nitric oxide:

4NH;(g) + 50,(g) = 4NO(g) + 6H,0(g)

Assume this reaction is carried out in the apparatus diagramed
below.

2.00 L NH;4
0.500 atm

1.00L O,
1.50 atm

The stopcock between the two reaction containers is opened, and
the reaction proceeds using proper catalysts. Calculate the par-
tial pressure of NO after the reaction is complete. Assume 100%
yield for the reaction, assume the final container volume is
3.00 L, and assume the temperature is constant.

In the “Méthode Champenoise,” grape juice is fermented in a
wine bottle to produce sparkling wine. The reaction is

CeH,,04(aq) —> 2C,H;OH(aq) + 2CO4(g)

Fermentation of 750. mL grape juice (density = 1.0 g/cm®) is
allowed to take place in a bottle with a total volume of 825 mL
until 12% by volume is ethanol (C,H;OH). Assuming that the
CO, is insoluble in H,O (actually, a wrong assumption), what

108.

109.

110.

111.

would be the pressure of CO, inside the wine bottle at 25°C?
(The density of ethanol is 0.79 g/cm®.)

One of the chemical controversies of the nineteenth century con-
cerned the element beryllium (Be). Berzelius originally claimed
that beryllium was a trivalent element (forming Be*" ions) and
that it gave an oxide with the formula Be,O;. This resulted in
a calculated atomic mass of 13.5 for beryllium. In formulating
his periodic table, Mendeleev proposed that beryllium was
divalent (forming Be*" ions) and that it gave an oxide with the
formula BeO. This assumption gives an atomic mass of 9.0. In
1894, A. Combes (Comptes Rendus 1894, p. 1221) reacted
beryllium with the anion CsH;0,” and measured the density
of the gaseous product. Combes’s data for two different exper-
iments are as follows:

Mass 0.2022 g 0.2224 g
Volume 22.6 cm’ 26.0 cm?
Temperature 13°C 17°C
Pressure 765.2 mm Hg 764.6 mm

If beryllium is a divalent metal, the molecular formula of the
product will be Be(CsH;0,),; if it is trivalent, the formula will
be Be(CsH;0,);. Show how Combes’s data help to confirm that
beryllium is a divalent metal.

The nitrogen content of organic compounds can be determined
by the Dumas method. The compound in question is first reacted
by passage over hot CuO(s):

Hof
Compound Cu—()t(x)) N,(g) + CO,(g) + H,0(g)

The product gas is then passed through a concentrated solution
of KOH to remove the CO,. After passage through the KOH so-
lution, the gas contains N, and is saturated with water vapor. In
a given experiment a 0.253-g sample of a compound produced
31.8 mL N, saturated with water vapor at 25°C and 726 torr.
What is the mass percent of nitrogen in the compound? (The
vapor pressure of water at 25°C is 23.8 torr.)

A compound containing only C, H, and N yields the following data.

i. Complete combustion of 35.0 mg of the compound produced
33.5 mg of CO, and 41.1 mg of H,O.

ii. A 65.2-mg sample of the compound was analyzed for
nitrogen by the Dumas method (see Exercise 109), giving
35.6 mL of N, at 740. torr and 25°C.

iii. The effusion rate of the compound as a gas was measured
and found to be 24.6 mL/min. The effusion rate of argon gas,
under identical conditions, is 26.4 mL/min.

What is the molecular formula of the compound?

An organic compound contains C, H, N, and O. Combustion of
0.1023 g of the compound in excess oxygen yielded 0.2766 g of
CO, and 0.0991 g of H,0. A sample of 0.4831 g of the com-
pound was analyzed for nitrogen by the Dumas method (see Ex-
ercise 109). At STP, 27.6 mL of dry N, was obtained. In a third
experiment, the density of the compound as a gas was found to



be 4.02 g/L at 127°C and 256 torr. What are the empirical and
molecular formulas of the compound?

112. Consider the following diagram:

113.

Container A (with porous walls) is filled with air at STP. It is
then inserted into a large enclosed container (B), which is then
flushed with H,(g). What will happen to the pressure inside con-
tainer A? Explain your answer.

Without looking at tables of values, which of the following gases
would you expect to have the largest value of the van der Waals
constant b: H,, N,, CH,, C,Hg, or C3Hg? From the values in Table
5.3 for the van der Waals constant a for the gases H,, CO,, N,
and CH,, predict which of these gas molecules show the strongest
intermolecular attractions.

Challenge Problems

114.

116.

An important process for the production of acrylonitrile (C3H;N)
is given by the following reaction:

2C;Hg(g) + 2NH;(g) + 30,(g) — 2C3H;N(g) + 6H,0(g)

A 150.-L reactor is charged to the following partial pressures
at 25°C:
Pc, = 0.500 MPa
Pyy, = 0.800 MPa
Py, = 1.500 MPa

¢l

What mass of acrylonitrile can be produced from this mixture
(Mpa = 10° Pa)?

. A chemist weighed out 5.14 g of a mixture containing unknown

amounts of BaO(s) and CaO(s) and placed the sample in a 1.50-L
flask containing CO,(g) at 30.0°C and 750. torr. After the reaction
to form BaCOs(s) and CaCO;(s) was completed, the pressure of
CO,(g) remaining was 230. torr. Calculate the mass percentages
of CaO(s) and BaO(s) in the mixture.

A mixture of chromium and zinc weighing 0.362 g was re-
acted with an excess of hydrochloric acid. After all the met-
als in the mixture reacted, 225 mL of dry hydrogen gas was
collected at 27°C and 750. torr. Determine the mass percent
Zn in the metal sample. [Zinc reacts with hydrochloric acid
to produce zinc chloride and hydrogen gas; chromium reacts
with hydrochloric acid to produce chromium(III) chloride and
hydrogen gas.]

117.

118.

119.

120.

121.

122.
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Consider a sample of a hydrocarbon (a compound consisting of
only carbon and hydrogen) at 0.959 atm and 298 K. Upon com-
busting the entire sample in oxygen, you collect a mixture of
gaseous carbon dioxide and water vapor at 1.51 atm and 375 K.
This mixture has a density of 1.391 g/L and occupies a volume
four times as large as that of the pure hydrocarbon. Determine
the molecular formula of the hydrocarbon.

You have an equimolar mixture of the gases SO, and O,, along

with some He, in a container fitted with a piston. The density of

this mixture at STP is 1.924 g/L. Assume ideal behavior and

constant temperature and pressure.

a. What is the mole fraction of He in the original mixture?

b. The SO, and O, react to completion to form SO;. What is the
density of the gas mixture after the reaction is complete?

Methane (CH,) gas flows into a combustion chamber at a rate

of 200. L/min at 1.50 atm and ambient temperature. Air is added

to the chamber at 1.00 atm and the same temperature, and the
gases are ignited.

a. To ensure complete combustion of CH, to CO,(g) and H,0(g),
three times as much oxygen as is necessary is reacted. As-
suming air is 21 mole percent O, and 79 mole percent N,,
calculate the flow rate of air necessary to deliver the required
amount of oxygen.

b. Under the conditions in part a, combustion of methane
was not complete as a mixture of CO,(g) and CO(g) was
produced. It was determined that 95.0% of the carbon in
the exhaust gas was present in CO,. The remainder was pre-
sent as carbon in CO. Calculate the composition of the
exhaust gas in terms of mole fraction of CO, CO,, O,, N,,
and H,0. Assume CH, is completely reacted and N, is
unreacted.

A steel cylinder contains 5.00 mol of graphite (pure carbon) and
5.00 mol of O,. The mixture is ignited and all the graphite re-
acts. Combustion produces a mixture of CO gas and CO, gas.
After the cylinder has cooled to its original temperature, it is
found that the pressure of the cylinder has increased by 17.0%.
Calculate the mole fractions of CO, CO,, and O, in the final
gaseous mixture.

The total mass that can be lifted by a balloon is given by the dif-
ference between the mass of air displaced by the balloon and the
mass of the gas inside the balloon. Consider a hot-air balloon
that approximates a sphere 5.00 m in diameter and contains air
heated to 65°C. The surrounding air temperature is 21°C. The
pressure in the balloon is equal to the atmospheric pressure,
which is 745 torr.

a. What total mass can the balloon lift? Assume that the average
molar mass of air is 29.0 g/mol. (Hint: Heated air is less dense
than cool air.)

b. If the balloon is filled with enough helium at 21°C and 745
torr to achieve the same volume as in part a, what total mass
can the balloon lift?

¢. What mass could the hot-air balloon in part a lift if it were on
the ground in Denver, Colorado, where a typical atmospheric
pressure is 630. torr?

You have a sealed, flexible balloon filled with argon gas. The
atmospheric pressure is 1.00 atm and the temperature is
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25°C. The air has a mole fraction of nitrogen of 0.790, the rest

being oxygen.

a. Explain why the balloon would float when heated. Make sure
to discuss which factors change and which remain constant,
and why this matters. Be complete.

b. Above what temperature would you heat the balloon so that
it would float?

You have a helium balloon at 1.00 atm and 25°C. You want to
make a hot-air balloon with the same volume and same lift as
the helium balloon. Assume air is 79.0% nitrogen, 21.0% oxygen
by volume. The “lift” of a balloon is given by the difference be-
tween the mass of air displaced by the balloon and the mass of
gas inside the balloon.

a. Will the temperature in the hot-air balloon have to be higher
or lower than 25°C? Explain.

b. Calculate the temperature of the air required for the hot-air
balloon to provide the same lift as the helium balloon at 1.00
atm and 25°C. Assume atmospheric conditions are 1.00 atm
and 25°C.

We state that the ideal gas law tends to hold best at low pres-
sures and high temperatures. Show how the van der Waals equa-
tion simplifies to the ideal gas law under these conditions.
Atmospheric scientists often use mixing ratios to express the con-
centrations of trace compounds in air. Mixing ratios are often
expressed as ppmv (parts per million volume):

£ X vol. of X at STP
ppmv of X =

= : X 10°
total vol. of air at STP

On a recent autumn day, the concentration of carbon monoxide

in the air in downtown Denver, Colorado, reached 3.0 X 10?

ppmv. The atmospheric pressure at that time was 628 torr, and

the temperature was 0°C.

a. What was the partial pressure of CO?

b. What was the concentration of CO in molecules per cubic
centimeter?

Nitrogen gas (N,) reacts with hydrogen gas (H,) to form am-

monia gas (NH;). You have nitrogen and hydrogen gases in a

15.0-L container fitted with a movable piston (the piston allows

the container volume to change so as to keep the pressure con-

stant inside the container). Initially the partial pressure of each

reactant gas is 1.00 atm. Assume the temperature is constant and

that the reaction goes to completion.

a. Calculate the partial pressure of ammonia in the container af-
ter the reaction has reached completion.

b. Calculate the volume of the container after the reaction has
reached completion.

Integrative Problems

These

problems require the integration of multiple concepts to find the

solutions.

127.

In the presence of nitric acid, UO*" undergoes a redox process.
It is converted to UO,>" and nitric oxide (NO) gas is produced
according to the following unbalanced equation:

NO; (aq) + UO**(aqg) —> NO(g) + UO,*"(aq)

128.

129.

130.

If 2.55 X 10> mL of NO(g) is isolated at 29°C and 1.5 atm, what
amount (moles) of UO*" was used in the reaction?

Silane, SiH,, is the silicon analogue of methane, CH,. It is
prepared industrially according to the following equations:

Si(s) + 3HCl(g) — HSiCly(1) + Hy(g)
4HSICly(I) — SiH,(g) + 3SiCl,())

a. If 156 mL of HSiCl; (d = 1.34 g/mL) is isolated when 15.0 L
of HCl at 10.0 atm and 35°C is used, what is the percent yield
of HSiCl;?

b. When 156 mL of HSiCl; is heated, what volume of SiH, at
10.0 atm and 35°C will be obtained if the percent yield of the
reaction is 93.1%?

Solid thorium(IV) fluoride has a boiling point of 1680°C. What
is the density of a sample of gaseous thorium(IV) fluoride at its
boiling point under a pressure of 2.5 atm in a 1.7-L container?
Which gas will effuse faster at 1680°C, thorium(IV) fluoride or
uranium(III) fluoride? How much faster?

Natural gas is a mixture of hydrocarbons, primarily methane
(CH,) and ethane (C,Hg). A typical mixture might have
Xmethane = 0-915 and Xemane = 0.085. What are the partial pres-
sures of the two gases in a 15.00-L container of natural gas at
20.°C and 1.44 atm? Assuming complete combustion of both
gases in the natural gas sample, what is the total mass of water
formed?

Marathon Problem*

This problem is designed to incorporate several concepts and techniques

into one situation. Marathon Problems can be used in class by groups of
students to help facilitate problem-solving skills.

131.

Use the following information to identify element A and com-
pound B, then answer questions a and b.

An empty glass container has a mass of 658.572 g. It has a
mass of 659.452 g after it has been filled with nitrogen gas at a
pressure of 790. torr and a temperature of 15°C. When the con-
tainer is evacuated and refilled with a certain element (A) at a
pressure of 745 torr and a temperature of 26°C, it has a mass of
660.59 g.

Compound B, a gaseous organic compound that consists of
85.6% carbon and 14.4% hydrogen by mass, is placed in a stain-
less steel vessel (10.68 L) with excess oxygen gas. The vessel is
placed in a constant-temperature bath at 22°C. The pressure in
the vessel is 11.98 atm. In the bottom of the vessel is a container
that is packed with Ascarite and a desiccant. Ascarite is asbestos
impregnated with sodium hydroxide; it quantitatively absorbs
carbon dioxide:

2NaOH(s) + CO,(g) —> Na,CO4(s) + H,0()

*Used with permission from the Journal of Chemical Education, Vol. 68,

No. 11, 1991, pp. 919-922; copyright © 1991, Division of Chemical
Education, Inc.



The desiccant is anhydrous magnesium perchlorate, which
quantitatively absorbs the water produced by the combustion re-
action as well as the water produced by the above reaction. Nei-
ther the Ascarite nor the desiccant reacts with compound B or
oxygen. The total mass of the container with the Ascarite and
desiccant is 765.3 g.

The combustion reaction of compound B is initiated by a
spark. The pressure immediately rises, then begins to decrease,
and finally reaches a steady value of 6.02 atm. The stainless steel
vessel is carefully opened, and the mass of the container inside
the vessel is found to be 846.7 g.

Marathon Problem 227

A and B react quantitatively in a 1:1 mole ratio to form one

mole of the single product, gas C.

a. How many grams of C will be produced if 10.0 L of A and
8.60 L of B (each at STP) are reacted by opening a stopcock
connecting the two samples?

b. What will be the total pressure in the system?

Wi,  Get help understanding core concepts and visualizing

“ 2 molecular-level interactions, and practice problem solving,
¥ L) by visiting the Online Study Center at college.hmco.com/
"~ PIC/zumdahl7e.
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10.

Active Learning Questions

These questions are designed to be used by groups of students in class. The

Define the terms in Raoult’s law. Figure 11.9 illustrates the net transfer of water
molecules from pure water to an aqueous solution of a nonvolatile solute. Ex-
plain why eventually all of the water from the beaker of pure water will transfer
to the aqueous solution. If the experiment illustrated in Fig. 11.9 was performed
using a volatile solute, what would happen? How do you calculate the total
vapor pressure when both the solute and solvent are volatile?

In terms of Raoult’s law, distinguish between an ideal liquid-liquid solution and
a nonideal liquid-liquid solution. If a solution is ideal, what is true about AH,,
AT for the solution formation, and the interactive forces within the pure solute
and pure solvent as compared to the interactive forces within the solution. Give
an example of an ideal solution. Answer the previous two questions for solutions
that exhibit either negative or positive deviations from Raoult’s law.
Vapor-pressure lowering is a colligative property, as are freezing-point depres-
sion and boiling-point elevation. What is a colligative property? Why is the
freezing point depressed for a solution as compared to the pure solvent? Why is
the boiling point elevated for a solution as compared to the pure solvent?
Explain how to calculate AT for a freezing-point depression problem or a boiling-
point elevation problem. Of the solvents listed in Table 11.5, which would have
the largest freezing-point depression for a 0.50 molal solution? Which would
have the smallest boiling-point elevation for a 0.50 molal solution?

A common application of freezing-point depression and boiling-point
elevation experiments is to provide a means to calculate the molar mass of a
nonvolatile solute. What data are needed to calculate the molar mass of a non-
volatile solute? Explain how you would manipulate these data to calculate the
molar mass of the nonvolatile solute.

What is osmotic pressure? How is osmotic pressure calculated? Molarity units
are used in the osmotic pressure equation. When does the molarity of a solution
approximately equal the molality of the solution? Before refrigeration was com-
mon, many foods were preserved by salting them heavily, and many fruits were
preserved by mixing them with a large amount of sugar (fruit preserves). How
do salt and sugar act as preservatives? Two applications of osmotic pressure are
dialysis and desalination. Explain these two processes.

Distinguish between a strong electrolyte, a weak electrolyte, and a nonelec-
trolyte. How can colligative properties be used to distinguish between them?
What is the van’t Hoff factor? Why is the observed freezing-point depression for
electrolyte solutions sometimes less than the calculated value? Is the discrepancy
greater for concentrated or dilute solutions?

What is a colloidal dispersion? Give some examples of colloids. The Tyndall
effect is often used to distinguish between a colloidal suspension and a true
solution. Explain. The destruction of a colloid is done through a process called
coagulation. What is coagulation?

a. Explain why this occurs.
b. The explanation in the text uses terms such as vapor pressure
and equilibrium. Explain what these have to do with the phe-

questions allow students to explore their understanding of concepts through nomenon. For example, what is coming to equilibrium?

discussion and peer teaching. The real value of these questions is the
learning that occurs while students talk to each other about chemical
concepts.

¢

Does all the water end up in the second beaker?
d. Is water evaporating from the beaker containing the solution?
If so, is the rate of evaporation increasing, decreasing, or stay-

1. Consider Fig. 11.9. According to the caption and picture, water ing constant?

seems to go from one beaker to another.

Draw pictures to illustrate your explanations.



. Once again, consider Fig. 11.9. Suppose instead of having a

nonvolatile solute in the solvent in one beaker, the two beakers con-
tain different volatile liquids. That is, suppose one beaker contains
liquid A (Py,, = 50 torr) and the other beaker contains liquid B
(Pyyp = 100 torr). Explain what happens as time passes. How is
this similar to the first case (shown in the figure)? How is it different?

. Assume that you place a freshwater plant into a saltwater solu-

tion and examine it under a microscope. What happens to the
plant cells? What if you placed a saltwater plant in pure water?
Explain. Draw pictures to illustrate your explanations.

. How does AH,, relate to deviations from Raoult’s law? Explain.
. You have read that adding a solute to a solvent can both increase

the boiling point and decrease the freezing point. A friend of
yours explains it to you like this: “The solute and solvent can be
like salt in water. The salt gets in the way of freezing in that it
blocks the water molecules from joining together. The salt acts
like a strong bond holding the water molecules together so that
it is harder to boil.” What do you say to your friend?

. You drop an ice cube (made from pure water) into a saltwater

solution at 0°C. Explain what happens and why.

. Using the phase diagram for water and Raoult’s law, explain

why salt is spread on the roads in winter (even when it is below
freezing).

. You and your friend are each drinking cola from separate 2-L

bottles. Both colas are equally carbonated. You are able to drink
1 L of cola, but your friend can drink only about half a liter. You
each close the bottles and place them in the refrigerator. The next
day when you each go to get the colas, whose will be more car-
bonated and why?

A blue question or exercise number indicates that the answer to that
question or exercise appears at the back of this book and a solution appears
in the Solutions Guide.

Solution Review

If you have trouble with these exercises, review Sections 4.1 to 4.3 in Chapter 4.

9.

10.

11.

12.

Rubbing alcohol contains 585 g of isopropanol (C;H,OH) per
liter (aqueous solution). Calculate the molarity.

What volume of a 0.580 M solution of CaCl, contains 1.28 g of
solute?

Calculate the sodium ion concentration when 70.0 mL of 3.0 M
sodium carbonate is added to 30.0 mL of 1.0 M sodium bicar-
bonate.

Write equations showing the ions present after the following
strong electrolytes are dissolved in water.

a. HNO; d. SrBr, g. NH,NO;

b. Na,SO, e. KCIO, h. CuSO,

c. AI(NO;); f. NH,Br i. NaOH

Questions

13.

14.

Rationalize the temperature dependence of the solubility of a gas
in water in terms of the kinetic molecular theory.

The weak electrolyte NH;(g) does not obey Henry’s law. Why?
0O,(g) obeys Henry’s law in water but not in blood (an aqueous
solution). Why?

15.

16.

17.

18.

19.

20.
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Questions

The two beakers in the sealed container illustrated below con-
tain pure water and an aqueous solution of a volatile solute.

Aqueous
solution

If the solute is less volatile than water, explain what will hap-
pen to the volumes in the two containers as time passes.

The following plot shows the vapor pressure of various solutions
of components A and B at some temperature.
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Which of the following statements is false concerning solutions

of A and B?

a. The solutions exhibit negative deviations from Raoult’s law.

b. AH,,, for the solutions should be exothermic.

c. The intermolecular forces are stronger in solution than in ei-
ther pure A or pure B.

d. Pure liquid B is more volatile than pure liquid A.

e. The solution with yy = 0.6 will have a lower boiling point
than either pure A or pure B.

When pure methanol is mixed with water, the resulting solution

feels warm. Would you expect this solution to be ideal? Explain.

Detergent molecules can stabilize the emulsion of oil in water
as well as remove dirt from soiled clothes. A typical detergent
is sodium dodecylsulfate, or SDS, and it has a formula of
CH;(CH,),(CH,SO, Na™. In aqueous solution, SDS suspends
oil or dirt by forming small aggregates of detergent anions called
micelles. Propose a structure for micelles.

For an acid or a base, when is the normality of a solution equal
to the molarity of the solution and when are the two concentra-
tion units different?

In order for sodium chloride to dissolve in water, a small amount
of energy must be added during solution formation. This is not
energetically favorable. Why is NaCl so soluble in water?
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21.

22,

23.
24.

Which of the following statements is(are) true? Correct the false

statements.

a. The vapor pressure of a solution is directly related to the mole
fraction of solute.

b. When a solute is added to water, the water in solution has a
lower vapor pressure than that of pure ice at 0°C.

c. Colligative properties depend only on the identity of the solute
and not on the number of solute particles present.

d. When sugar is added to water, the boiling point of the solu-
tion increases above 100°C because sugar has a higher boil-
ing point than water.

Is the following statement true of false? Explain your answer.

When determining the molar mass of a solute using boiling point

of freezing point data, camphor would be the best solvent choice

of all of the solvents listed in Table 11.5.

Explain the terms isotonic solution, crenation, and hemolysis.
What is ion pairing?

Exercises

In this section similar exercises are paired.

Concentration of Solutions

25.

26.

27.

28.

29.

A solution of phosphoric acid was made by dissolving 10.0 g of
H;PO, in 100.0 mL of water. The resulting volume was 104 mL.
Calculate the density, mole fraction, molarity, and molality of the
solution. Assume water has a density of 1.00 g/cm®.

An aqueous antifreeze solution is 40.0% ethylene glycol (C,H40O,)
by mass. The density of the solution is 1.05 g/cm®.Calculate the
molality, molarity, and mole fraction of the ethylene glycol.

Common commercial acids and bases are aqueous solutions with
the following properties:

Density Mass Percent

(¢/cm®) of Solute
Hydrochloric acid 1.19 38
Nitric acid 1.42 70.
Sulfuric acid 1.84 95
Acetic acid 1.05 99
Ammonia 0.90 28

Calculate the molarity, molality, and mole fraction of each of the
preceding reagents.

In lab you need to prepare at least 100 mL of each of the fol-
lowing solutions. Explain how you would proceed using the
given information.

a. 2.0 m KCI in water (density of H,O = 1.00 g/cm?)

b. 15% NaOH by mass in water (d = 1.00 g/cm®)

¢. 25% NaOH by mass in CH;OH (d = 0.79 g/cm?)

d. 0.10 mole fraction of C¢H,,O4 in water (d = 1.00 g/cm®)

A solution is prepared by mixing 25 mL pentane (CsH,,, d =

0.63 g/cm?®) with 45 mL hexane (C¢H,4, d = 0.66 g/cm®). As-
suming that the volumes add on mixing, calculate the mass
percent, mole fraction, molality, and molarity of the pentane.

30. A bottle of wine contains 12.5% ethanol by volume. The density
of ethanol (C,H;OH) is 0.789 g/cm?. Calculate the concentration
of ethanol in wine in terms of mass percent and molality.

31. A 1.37 M solution of citric acid (H;C¢HsO-) in water has a den-
sity of 1.10 g/cm’. Calculate the mass percent, molality, mole frac-
tion, and normality of the citric acid. Citric acid has three acidic
protons.

32. Calculate the molarity and mole fraction of acetone in a 1.00 m
solution of acetone (CH;COCH;) in ethanol (C,HsOH). (Den-
sity of acetone = 0.788 g/cm?; density of ethanol = 0.789 g/cm®.)
Assume that the volumes of acetone and ethanol add.

Energetics of Solutions and Solubility

33. The lattice energy* of Nal is —686 kJ/mol, and the enthalpy of
hydration is —694 kJ/mol. Calculate the enthalpy of solution per
mole of solid Nal. Describe the process to which this enthalpy
change applies.

34. a. Use the following data to calculate the enthalpy of hydration

for calcium chloride and calcium iodide.

Lattice Energy AH,,
CaCly(s) —2247 kJ/mol —46 kJ/mol
Cal,(s) —2059 kJ/mol —104 kJ/mol

b. Based on your answers to part a, which ion, C1” or I, is more
strongly attracted to water?

. Although Al(OH); is insoluble in water, NaOH is very soluble.
Explain in terms of lattice energies.

w
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36. The high melting points of ionic solids indicate that a lot of en-
ergy must be supplied to separate the ions from one another. How
is it possible that the ions can separate from one another when
soluble ionic compounds are dissolved in water, often with es-
sentially no temperature change?

37. Which solvent, water or carbon tetrachloride, would you choose
to dissolve each of the following?
a. KrF, e. MgF,
b. SF, f. CH,O
c. SO, g. CH,=—CH,
d. CO,
38. Which solvent, water or hexane (C¢H,,), would you choose to
dissolve each of the following?
a. NaCl c. octane (CgH )
b. HF d. (NH,),SO,

39. What factors cause one solute to be more strongly attracted to
water than another? For each of the following pairs, predict
which substance would be more soluble in water.

a. CH;CH,OH or CH;CH,CH;4
b. CHCI; or CCl,
c¢. CH;CH,OH or CH;5(CH,),,CH,OH

*Lattice energy was defined in Chapter 8 as the energy change for the
process M*(g) + X (g) — MX(s).



40.

41.

42,

Which ion in each of the following pairs would you expect to
be more strongly hydrated? Why?

a. Na* or Mg?* d. F-orBr~

b. Mg?* or Be*" e. CI” or ClO,~

c. Fe?* or Fe’* f. ClO,” or SO~

Rationalize the trend in water solubility for the following sim-
ple alcohols:

Solubility
(¢/100 g H,0
Alcohol at 20°C)
Methanol, CH;OH Soluble in all
proportions
Ethanol, CH,CH,OH Soluble in all
proportions
Propanol, CH;CH,CH,OH Soluble in all
proportions
Butanol, CH;(CH,),CH,OH 8.14
Pentanol, CH;(CH,);CH,OH 2.64
Hexanol, CH;(CH,),CH,OH 0.59
Heptanol, CH;(CH,)sCH,OH 0.09

The solubility of benzoic acid (HC,;H;0,),

@ i—-—-O—H

is 0.34 g/100 mL in water at 25°C and is 10.0 g/100 mL in ben-
zene (C¢Hg) at 25°C. Rationalize this solubility behavior. (Hint:
Benzoic acid forms a dimer in benzene.) Would benzoic acid be
more or less soluble in a 0.1 M NaOH solution than it is in wa-
ter? Explain.

. The solubility of nitrogen in water is 8.21 X 10~* mol/L at 0°C

4.

when the N, pressure above water is 0.790 atm. Calculate the
Henry’s law constant for N, in units of mol/L - atm for Henry’s
law in the form C = kP, where C is the gas concentration in
mol/L. Calculate the solubility of N, in water when the partial
pressure of nitrogen above water is 1.10 atm at 0°C.

In Exercise 107 in Chapter 5, the pressure of CO, in a bottle of
sparkling wine was calculated assuming that the CO, was in-
soluble in water. This was a bad assumption. Redo this problem
by assuming that CO, obeys Henry’s law. Use the data given in
that problem to calculate the partial pressure of CO, in the gas
phase and the solubility of CO, in the wine at 25°C. The Henry’s
law constant for CO, is 3.1 X 1072 mol/L - atm at 25°C with
Henry’s law in the form C = kP, where C is the concentration
of the gas in mol/L.

Vapor Pressures of Solutions

45.

Glycerin, C;HgOs, is a nonvolatile liquid. What is the vapor pres-
sure of a solution made by adding 164 g of glycerin to 338 mL
of H,O at 39.8°C? The vapor pressure of pure water at 39.8°C
is 54.74 torr and its density is 0.992 g/cm’.

46.

47.

48.

49.

50.

52.
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Exercises

The vapor pressure of a solution containing 53.6 g glycerin
(C3HgO5) in 133.7 g ethanol (C,HsOH) is 113 torr at 40°C. Cal-
culate the vapor pressure of pure ethanol at 40°C assuming that
glycerin is a nonvolatile, nonelectrolyte solute in ethanol.

At a certain temperature, the vapor pressure of pure benzene
(C¢Hg) 1s 0.930 atm. A solution was prepared by dissolving 10.0
g of a nondissociating, nonvolatile solute in 78.11 g of benzene
at that temperature. The vapor pressure of the solution was found
to be 0.900 atm. Assuming the solution behaves ideally, deter-
mine the molar mass of the solute.

A solution of sodium chloride in water has a vapor pressure of
19.6 torr at 25°C. What is the mole fraction of NaCl solute parti-
cles in this solution? What would be the vapor pressure of this so-
lution at 45°C? The vapor pressure of pure water is 23.8 torr at
25°C and 71.9 torr at 45°C and assume sodium chloride exists
as Na® and Cl~ ions in solution.

Pentane (CsH,,) and hexane (CqH;;) form an ideal solution.

At 25°C the vapor pressures of pentane and hexane are 511

and 150. torr, respectively. A solution is prepared by mixing

25 mL pentane (density, 0.63 g/mL) with 45 mL hexane (density,

0.66 g/mL).

a. What is the vapor pressure of the resulting solution?

b. What is the composition by mole fraction of pentane in the
vapor that is in equilibrium with this solution?

A solution is prepared by mixing 0.0300 mol CH,Cl, and 0.0500

mol CH,Br, at 25°C. Assuming the solution is ideal, calculate

the composition of the vapor (in terms of mole fractions) at 25°C.

At 25°C, the vapor pressures of pure CH,Cl, and pure CH,Br,

are 133 and 11.4 torr, respectively.

. What is the composition of a methanol (CH;0H)-propanol

(CH;CH,CH,OH) solution that has a vapor pressure of 174 torr
at 40°C? At 40°C, the vapor pressures of pure methanol and pure
propanol are 303 and 44.6 torr, respectively. Assume the solu-
tion is ideal.

Benzene and toluene form an ideal solution. Consider a solution
of benzene and toluene prepared at 25°C. Assuming the mole
fractions of benzene and toluene in the vapor phase are equal,
calculate the composition of the solution. At 25°C the vapor pres-
sures of benzene and toluene are 95 and 28 torr, respectively.

. Which of the following will have the lowest total vapor pressure

at 25°C?

a. pure water (vapor pressure = 23.8 torr at 25°C)

b. a solution of glucose in water with X¢ 0, = 0.01

c¢. a solution of sodium chloride in water with Xy, = 0.01

d. asolution of methanol in water with Xcy,on = 0.2 (Consider
the vapor pressure of both methanol [143 torr at 25°C] and
water.)

. Which of the choices in Exercise 53 has the highest vapor pressure?

. A solution is made by mixing 50.0 g acetone (CH;COCHj;) and

50.0 g methanol (CH;OH). What is the vapor pressure of this
solution at 25°C? What is the composition of the vapor expressed
as a mole fraction? Assume ideal solution and gas behavior. (At
25°C the vapor pressures of pure acetone and pure methanol are
271 and 143 torr, respectively.) The actual vapor pressure of this
solution is 161 torr. Explain any discrepancies.



