Chapter 10- Liqilids and Solids Study Guide |

10.1 TIntermolecular Forces
There are two types of forces: . :
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Example 10.1A London Dispersion Forces
The boiling point of Argon is ~189.4 °C.
a. Why is it so low?
b. How does this boiling point help prove that London Dispersion forces exist?
c. The boiling point of Xenon is —119.9 °C. Why is it higher than that of Argon?

Solution
a. Argon does not interact with other substances because it is so small and has a complete
" octet of valence electrons. -Argon must be made quite cool to allow liquefication via
London dispersion forces.
b. If these forces did not exist, Argon would never hquefy
c. Xenon is bigger and has more electrons than Argon. The likelihood of momentary dipoles
is greater. (It has greater polarizability than Argon). :

Example 10.1B The E‘jfect of Intermolecular Forces.
Put the following substances in order from lowest to highest boiling points: CyHg, NH;, ¥,

Solution
F> < CHg <NH;
F, can only exhibit intermolecular London forces. CzHj is not especmlly polar, but it does have
very slight electronegativity difference between the carbon and hydrogen atoms. NH; exhibits
“hydrogen bonding, thus giving it a relatively high boiling point.

Problems:
1. OfHF, HCI and HBr, which has the highest boiling point? Why? Which has the lowest?
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2. | Propane. C«Hg, is a gas ai room temp.; hexane, CsHyq is a liquid; and dodecane, CizHzg isa
solid. Explain. .
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3. Which WOuld you expect to have a lower meltmg pomt CsHg or CH30H‘? Why‘?
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10.2 The Liquid State
The following review questions will serve to test your understanding of the material in this
section.

e Why do liquids tend to bead up when on solid surfacies? e interser ole oJ x5 haw “
e mo‘.ew‘e_s hae an uneven P"M' O oa all s J‘5 “Tre Su 'r%ce mle‘,(q,-
e What are cohesive forces? Adhesive forces? What causes these forces? hawe Ugﬁ"’
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¢ Why does water from aconcaviw meniscus when in a thin tube Why does mercury form a
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. What is viscosity? What is a requirement for a liquid to be }u_cous?
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¢ Why do models of hqmds tend to be more complex than those for either solids or gases?
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Example 10.2 Properties of Liquids 3 )
Which would have a higher surface tension, H,O or C¢H;4? Why? Would the shape of the H,O
meniscus in a glass tube be the same or different than CgH4?

Solution

Water, having a large dipole moment, has relatively large cohesive forces. Hexane, CgHyy, is
essentially nonpolar. It has low cohesive forces. Water would therefore have the higher surface tension.

The water meniscus is concave because the adhesive forces of water to polar constituents on the surface
of the glass are stronger than the cohesive forces. Hexane would have a convex meniscus. It has very small
adhesive forces, and the slightly larger cohesive forces would dominate.

Problems: - C“)o @) :

4. Why does water “bead up” more on a car that is waxed than isn’t?
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5. Would mercury bead up more on a waxed or unwaxed car?
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0 8 Vapor Pressure and Changes of State
L Your book introduces some very useful terms in this section. You need to be able to define
¢ vaporization, enthalpy of vaporization, eondensatmn, sublimation, enthalpy of fusion, meltmg
peint and boiling point.

Dynamic equilibrium is a concept that you will be using a great deal for the rest of the year. It
means that fwo opposing processes are occurring aof the same rate. The net effect is no observable
change. But the system is not static. In this section, the equilibrium vapor pressure means that
evaporation and condensation by a liquid are occurring at the same rate. The net effect is to have a
constaut vapor pressure exerted by the liquid. '

The vapor pressure of a liquid varies with the molecular weight of the liquid and other
molecular properties such as polarity and hydrogen bonding.

A heavier substance will have a lower vapor pressure than 2 lighter substance, all other things
being equal, because the atoms are more polarizable, leading to larger intermolecular forces. A
substance with hydrogen bonding interactions will have a lower vapor pressure (will be less volatile)
than a nonpolar substance. Your book introduces the Clausisus-Clapeyron equation which interrelates .
vapor pressure, temperature and enthalpy of a liquid. _ i
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Where Ty and T are temperatuares in Kelvins, AHyy, is the enthalpy of vaporization of a liquid, and Pry,
“vap a0d Po_vap are vapor pressures of the liquid temperatures Ty and T,.

Example 10.84 Clausius-Clapeyron Equation

o The vapor pressure of 1-propanol at 14.7 °C is 10.0 mm Hg. The heat of vaporization is 47.2 kJ/mol.
Calculate the vapor pressure of 1-propanol at 52.8 °C.

Solution

Let’s list what we are given. _ |

AHyop = 47.2 kJ/mole R =8.314 J/mol K = 0.008314 kJ/mol K ‘I

T1=14.7°C=287.7K T,=528°C=3258K !

Pr1 vap=10.0 mm Hg Pravap="? ‘
Substituting, - 7 ‘ i
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Taking the antilog of both sides, , : |
X/10=10.02 , , |
X = Pravep=100.2= 1002 mm Hg : |
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Heating Curves

Look at Figure 10.42 below (a clearer version is in your textbook). This illustrates the heatmg
enrve for water. Note two important gbservations.

¢ The temperature of a substance remains constant during a phase change.

. The temperature nses when heat 18 mput Whlle a substance isin one phase
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You can find the amount of energy required to convert water from ice at T; to steam at T, by using the
following information.

e Specific heat capacrty of ice (2.1 J/g°C)
¢  AHgen of water (6.0 kJ/motl)
» Specific heat capacity of liquid water (4.18 J/g"C)
¢ AH,,;of water (43.9 kJ/mol)
¢  Specific heat capacity of steam (1.8 J/g°C)
How much of the information will be nsed will depend on the problem you have to solve.

Example 10.8B Heating Curve
How much energy does it take to convert 130 g of ice at -40 °C to steam at 160 “C?

Strategy
There are 5 steps involved in the conversion from ice to steam.
1. Heating ice from -40 °C to the melting point.
2. Melting ice to form liquid water.
3. Heating liquid water to its boiling point.
4. Boiling liquid water to form steam.
5. Heating to 160 °C.

The total energy required is the sum of the energy required in each of the 5 steps, The appropriate
constanis for each step are given in the discussion preceding this problem. The units of heat capacity
contain °C because the temperature is rising in each of these steps. The units “enthalpy of fusion and
vaponzatxo > do not because the temperature is constant durmg a phase cha.nge

Solutlon
Energy used = sum of energies from individual steps. There are 7.22 mol of water in 130 g.
Step 1 =40°C x 130 g x 2.1 J/g°C = 10.92kJ
Step 2 =7.22 mol x 6.0 kJ/mol = 43.3kJ
Step3=100°Cx 130 gx 4.18 J/g°C= 546kF
Step 4 = 7.22 mol x 43.9 kJ/mol = 317.0%J
Step 5=60°C x 130 gx 1.8 J/g°C = 14.04 kJ

Total Energy = 440. kJ




11. Consider the following relationship between vapor pressure and the -

standard heat of vaporization for any pure liquid:
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The following data are for the vapor pressure of toluene, a common solvent.

t (°C) 32.0 40.0 47.0 52.0
T (K) 25 B\ 32 S
e > I .
1/T (K1) k) :3%?\(} 3 &[0 Q=10 ‘39"6*10}
Py (torr) 40.0 60.0 80.0 100.
nP 3. 4O Y% 4.6l
Plot In P vs. 1/T and use your graph to estimate the heat of vaporization for
toluene. ,
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~_-21. Using the following vapor pressure data for CCly, make a graph and determine the normal
' boiling point of the iquid. ,
Temp (°C) 20.0 -40.0 60.0 760 30.0 20.0 - 100.0
V.P. (torr) 91.0 213.0 444.3 617.4 £36.0 1110 1459
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22. The vapor pressure of water at 25 deg C is 23.8 torr. Confirm the value of 43.9 k¥/mol for the
heat of vaporization of water. (Use data for the normal boiling point as well as the vapor |
pressure given.) ’fg: lecvC P-Pz:"ﬂoo-{-mr SR
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23. On top of one of the peaks in Rocky Mountain National Park the pressur:?;éhe atmosphere is
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24, Octane, CgHjg, is a principal component of gasoline. It has a vapor pressure of 145 mm Hg at

-, 75 0°C and 20,0 mm Hg at 32 0°C.
Y8 Heat OF vaporization bf o

[/I\Jse the Clausius-Clapeyron equation to estimate the:
e.

b. Vapor pressure of octane on a warm day (85°F) 9 =)
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25, Isopropanol, C3H3O, is also known as i'ubbing alcohol. The heat of vaporization is 42.1 kJ/mol.
How much heat is needed to evaporate 25 g of isopropano}?
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26. How much isopropanel must evaporate to cool 1 kg from 25 °C to 20°C? (the sp. Heat of
isopropanol is 2.59 J/g°C)
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27. What quantity of heat is required to melt 1.0 kg of ice at its melting point?
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28. What quantity of heat is required to vaporize 1.0 kg of ice? o e |
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29. What is the final temperature when 10 g of water at 0 °C is added to 100 g of water at'75 °C?
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30. If 10 g of ice at 0°C comes into contact with 10 g of water at 50 °C, calculate the final
temperature reached by the system at equilibrium,
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31. What is the final temperature of 10 g of ice at 0°C is added to 100 g of water at 75 °C? (AH;=
o 6.0 kJ/mol, heat capacity of water is 4.2 1/g°C)
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32.If 10 g of ice at 0°C comes in contact with 50 g of water at 10°C, calculate the final & |
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10.9 Phase Diagrams 12
The beauty of this section is that it helps explain a large number of real world phé nomena. (See

the Chemical Impact on diamonds near the end of this chapter in your book.)

You should be abie to define the following terms: phase diagram, critical temperature, critical
pressure, critical point and triple point. You should be able to answer the following general
questions regarding material presented in this section.

A. Why does the solid/liquid line in the phase diagram of water have a negative slope? Why is it
positive for carbon dioxide? '
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B. Why does it take longer to cook an egg in the Rocky Mountains than at sea level? W b verney
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C. How does the phase diagram for water help explam why your blades glide on a lquld layer
when you ice skate?
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D. How does the phase diagram for carbon dioxide help explain how a CO, fire extinguisher works?
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Example 10.9 Phase Diagrams % does nat hose equBbrium w] selds and e &mﬂm s

What phase changes does water undergo (see diagram b_elow or a cleaner version in Fig 10.47 in book)
as the pressure changes while the temperature is held constant at -12°C?

arious heating ex
periments ‘on’ samples o
a closed system:

Solution
At very low pressures, water exits as a gas at -12°C. As the pressure in increased, it turns inte a salid.
At very high pressures the water will liquefy. :
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33, The critical point of CO is -139°C, 35 atm. Liquid CO has a vapor pressure of 6 atm at 7P W of
°C. Which of the following statements must be true?
a. COisagasat-171°Cand I atm. T '
b. A tank of CO at 20°C can have a pressure of 35 atm. X
¢. CO gas cooled to -145°C and 40 atm pressure will condense. T
d. The normal boiling point of CO lies above -171°C.
34. How is the change in density for a solid-to-liquid phase change related to the slope of the
liquid-solid line of a phase diagram?
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35. Iodine has a triple pomt at 114°C, 90 mm Hg. Its critical temperature is 535°C. The density of
the solid is 4.93 g/cm®, while that of the liquid is 4.00 g/cm®. Sketch a phase diagram for
iodine and use it to fill in the blanks below, either as “liquid” or “solid.”
a. Iodine vapor at 80 mm Hg condenses to the ¥ phase when cooled
sufficiently.
b. Iodine vapor at 125°C condenses to the \g W-v phase when enough pressure is
applied. '
¢. Iodine vapor at 700 mm Hg condenses to the L\‘_C( Y A phase when cooled above the
triple point tempearature.
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36. A pure substance A has a liquid vapor pressure of 320 mm Hg at 125°C, 800 mm Hg at 150°C,
and 60 mm Hg at the triple point, 85°C. The meltmg point of A decreases slightly as pressure

increases.
- a. Sketch a phase diagram for A, Mﬁ?\M Sb‘x
b. From the phase diagram, estimate the normal boiling point. M \4o'~ ere,h.\ £760 m@
c. What changes occur when, at a constant pressure of 320 mm Hg, the temperature drops
from 150 to 100°C? s}
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Phase Diagrams

Below are two pressure-temperature graphs, called phase diagrams, for water and carbon dioxide. The
triple point T is the point at which the liquid, vapor, and solid phases of a material are in equilibrium.
The critical point C is the point above which you cannot liquefy a gas. Study the graphs and answer the
questions below. Each line represents equilibrium between the phases that it separates.

Pressure versus Temperature, H,0

Pressure versus Temperature, CO,
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Answer the following questions uging the above phase diagrams. g
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1. At what pressure will water bml at 75"C‘QC
T3 PO / loL3yg:

2. What is the critical temperature of water"‘

o °C

GISHL

3. If you hold the temperature constant just below the triple point and increase

-57 OC 590”) (s %'l pressure, what is the order of the phase change?

4. What is the triple point for carbon dioxide?

L L%S 5. If you hold the CO, temperature constant just above the triple point

NO

and increase the pressure, what is the order of the phase change?
6. At normal atmospheric pressure, can carbon dioxide exist as a liquid?
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. What is the minimum pressure at which carbon dioxide will liquefy?
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Critical Temperature and Pressure

There is a temperature, called the critical temperature,- abové which the ﬁqgid
phase of a pure substance cannot exist. The pPressure whic:h must be applied
to bring about condensation at that temperature is called the critical pressore.
Alternatively, one can regard the critical pressure as the vapor pressure of the
liquid at .its critical temperature. e : | -

Table 11.2 lists the critical temperatures of severdl common substances.
The species in the column at the left, all of which have critical temperatures
below 25°C, are often referréd to as ‘‘permanent gases.” .Applying pressure at
room temperature will not condense a permanent gas; it must be cooled as
well. The permanent gases are stored and sold under high pressures, often 150
atm ot greater; when the valve on the cylinder is opened, the pressure drops as
gas escapes, as would be expected from the Ideal Gas Law. '

" TABLE 11.2 * CRITICAL TEMPERATURES
“PERMANENT GASES’-? “CONDENSABLE GASES” “LiQuins”
Helium = —268°C  Carbon dioxide. ~ 31°C  Ether 194°C
. Hydrogen . —240 ' Ethane 32 Ethyl alcohol 243
' Nitrogen - -147 Propane’ 97 Benzene 289
" Argon -122 'Ammonia © 132" Bromine 302
Oxygen -119 Chlorine - 146 Water 374
Methzne -82 Sulfur dioxide 158 Mercury 1460

\

The gases listed in the center column of Table 11.2 have critical tempera-
tures above 25°C; they are available commercially as liquids in high”pressure

cylinders. When we.open the valve on a cylinder of propane, the gas that.
escapes is replaced by vaporization of liquid, and the pressure returns to its

original value. Only when the liquid has completely vaporized and the tank is
almost empty does the gauge pressure drop.
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Phase Diagrams _
15. Referring to Figure 10.5, state what phase(s) is (are)
present at D o

a. —3°C, 5 mm Hgfscbb. 95°C, 1 atm!\’"\q'dé

c. 'ZO"C, 20 mm Hg -\'a{;&(‘
1. Line AB is a portion of the vapor pressure—temperature curve of liquid
water. At any temperature and pressure along this line, liquid water is in
equilibrium with water vapor. From the curve we see that at point A, these
two phases are in equilibrium at 0°C and about 5 mm Hg (more exactly,
0.01°C and 4.56 mm Hg). At B, corresponding to 100°C, the pressure
exerted by the vapor in equilibrium with liquid water is 1 atm. The exten-
sion of line AB beyond point B gives the equilibrium vapor pressure of
the liquid above the normal boiling point. The line ends at 374°C, the
critical temperature of water, where the pressure is 218 atm.

9. Line AC represents the vapor pressure curve of ice. At any point along
this line such as point A (0°C, 5 mm Hg) or point.C, which might represent
—38°C and 3 mm Hg, ice and vapor are in equilibrium with each other.
3. Line AD gives the temperatures and pfessures at which liquid water is
in equilibrium with ice. '

Point A on the phase diagram is the only one at which all three phases,
liquid, solid, and vapor, are in equilibrium with each other. It is called the

triple point. For water, the triple point temperature is 0.01°C. At this

temperature liquid water and ice have the same vapor pressure, 4.56 mm
Hg.

218 atm

1 atm

Pressure

Temperature (°C)
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