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Chapter 9
Liquids and Solids

Edward J. Neth ¢ University of Connecticut

Recall Gases Liquids and Solids Differ from Gases

» At ordinary temperatures and pressures, all gases 1. Molecules are much closer together in liquids and

follow the ideal gas law solids than in gases

« There is no equivalent equation of state that can be « In gases, molecules are separated by ten or more
written to correlate the properties of liquids and molecular diameters
solids « In liquids and solids, the molecules are in contact

with each other

2. Intermolecular forces play a major role in the
behavior of liquids and solids, whereas they are
negligible in gases

Behavior of Liquids and Solids

» Phase equilibria
+ Gas-liquid
 Vapor pressure
+ Boiling point
» Critical properties
 Relationships
« Particle structure
« Interparticle forces
* Physical properties
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Liquid-Vapor Equilibrium

» Vaporization
« Liquid is converted into a gas
+ In an open container, evaporation continues until
all the liquid is converted into vapor
« In a closed container, the process of vaporization
is countered by the process of condensation:
* Liquid = Vapor
» The double arrow indicates a dynamic equilibrium

Equilibrium

* When the rate at which the liquid vaporizes is equal
to the rate at which the vapor condenses, a dynamic
equilibrium is established

* The liquid level in the container does not change

* Molecules are entering the vapor phase from the
liquid and condensing from the vapor phase to the
liquid at the same rate

Equilibrium in Bromine

Vapor Pressure

» Once equilibrium between a liquid and its vapor is
reached, the number of molecules per unit volume
does not change with time

» The pressure exerted by the vapor over the liquid
remains constant

» The vapor pressure is temperature dependent

Pressure and Volume

» As long as both liquid and vapor are present, the
vapor pressure is independent of the volume of the
container

Example 9.1

G

A conl-mist” vaporizer with capacity 2.00 L is used to add moisture to dry air in a room
at 25°C, ‘Lhe room has dimensions 12 fi by 12 by 8 fi, 'Lhe vapor pressure of water at
25°C0 18 24 mim Hy. Take the density of water at 23°C to be 1.00 g/ml..

(a) 1f the vaporizer runs until it is empty, what is the vapor pressure of water in the
room?

(b) How much water is required Lo complelely salurale the air al 265°C3

(c) A relative humidity of 33% is desirable in heated space on wintry days. What
volume of waler is lell in the vaporizer when the room’s relative hamidily
reaches that level? (Relative humidity — 100 3 PYPY where Pis the actual pres-

sure of water vapor and P*is the vapor pressure at saturation. )




Example 9.1, (Cont'd)

SOLUTION

{a) Assurne that all the water is vaporized and use the ideal gas law to calelate vapor
pressure. Lo wse the ideal gas law, you will need:

3L
V={12x 12 %8R = 'II"I: =33 X NPT
and
T, Libg Tl
Ay = 2001 % —— M X - = 111 mal
11 Tml IRDZy

Mo suhatitute it the sdeal gas lav:

ART _ (101 mol 0821 T - aondmol - K) [ 295K)
v 13 % WL

= = 0.0R2 atm = 62 mm Hg
Ttis impeessible o have 2 vagor pressurs larger than 24 mm Hy at 25°C. Thus, the
awsumplion that 20l the wale
24 mm Hg.

(b} Lhe vapor pressure of water vapor in air that is saturated with water vapor iz
24 i Hy, We now need to find, with the help of the ideal gas Taw, the mass of

vapurieed is wrong, The pressure in the room i

water required

s (2447601 ) atm 0 3.3 % 100 T

T 021 1 atmimal - K 298K

A = — 43 mal

masse g, = 43 mol * 1802 gmel = 7.7 % 100 g

Example 9.1, (Cont'd)

(el relatve humidily of 33%% means that the actoal pressure B ol waler vapor must be

relative humidity
- L po

a 100 T

33
% 24 mm Hg = 7.9 mm Hg

n, use the ideal gas Jaw Lo ind the mass of water that must be vaporized to
(7.9 mm Hgl. Subt;
aporizer, and use density to caleulate the volume of

culated pressure

act the mass of vaporized wate

a5 of water in

‘The volume of water vaporized is thus

2

14 mal =

1802 g
N =25XMPg=0351L
T

mul
“The valume of water left in the vaporizer is therefore
200L—035L=1751L

Reality Check ‘I he calculations in (b1 show that about 770 grams are required for

sat o would expect ta
need ahout a third of that ameunt, which is what the caleulations in (ol do give.

ation [ 100% relative humidity ] To get 33% relarive hamid

Vapor Pressure and Temperature

» The vapor pressure of a liquid increases as the

temperature rises

« Increase in P is not linear with temperature

» Water
* VPis 24 mmHgat25° C
* VPis 92 mmHg at50° C

» To make a linear plot, the natural logarithm is

required

Figure 9.2 — Exponential and Logarithmic Plots

]

Vapor Pressure Equation

AH,,
INnP =——""+b
RT

The Clausius-Clapeyron Equation

» For many purposes, a two-point equation is useful
» Two pressures
» Two temperatures

| P, AHvap 1 1
n—=|= -

P, R [T, T,
* Notes:

» Temperatures must be in Kelvin
*+ R=8.31J/molK
* AH,,, must be in J for use with this value for R




Example 9.2 =

Example 9.2 [5:VSNy s vapor pressure of 183 mm Hg at 40°C, Taking its heal

of vaporization to be 308 kT/mol, caleulate its vapor pressure at 25°C.

Strategy 1l is convenient to use the subscript 2 for the higher temperature and pres
sure, Substitule inlo the Clausius-Clapeyron equation, solving for Py, Remember o
express temperature in K and take B = 831 J/mol - K.

SOLUTION

y 13mmHg 308 = 10d ]f’mo]{ 1 |
1

- 208K 313K

= .39
P #.31 Jimol - K ’

1583 mm Hg

Taking inverse logs: P

=181, = 101 mm Hg

Reality Check  'Lhis valuc s reasonable in the sense thal lowering Lhe temperalure
should reduce the vapor pressure.

Boiling Point =

* When heat is applied to a liquid in an open container,
bubbles eventually form at the bottom
» At a certain temperature, large bubbles form
throughout the liquid; i.e., the liquid boils
» The temperature at which a liquid boils depends
on the pressure above it
« Ifthe pressure is 1 atm, the temperature at which
the liquid boils is called the normal boiling point
* When the term boiling point is used, the normal
boiling point is implied
» The boiling point is the temperature at which
the vapor pressure equals the prevailing
pressure

Boiling Point and Prevailing Pressure =

 Variation on atmospheric pressure will change the
boiling point
« At high elevation, atmospheric pressure is lower,
so the boiling point is lower
 To elevate the boiling point and allow food to cook
more quickly, a pressure cooker can be used

Figure 9.3 - Boiling =
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Carbon Dioxide =

» Consider carbon dioxide

» CO, as a liquid is sealed into an evacuated glass
tube

+ As the tube is heated, some liquid is converted to
vapor, and the pressure rises to 44 atm at 10 ° C

« At31° C,the pressure is 73 atm

+ Suddenly, the meniscus between liquid and vapor
disappears and only vapor is present

Figure 9.4




Critical Temperature and Pressure

» For every liquid, there is a temperature above which

only vapor can exist
« This is the critical temperature

+ At this temperature, the pressure is called the
critical pressure

» Together, the critical temperature and pressure
are called the critical point

Table 9.1 — Critical Temperatures

WELIEERE  Critical Temperatures (°C)

Permanent Gases Condensable Gases Liguids

Halium — 268 o digxid
H n 240 thane 32

INitrog: —147 Propane a7
Argon 122 Ammaonia 132 Bramine 3N
Oxygen -118 Chloring 144 \Water i
Methane Az Sulfur dioxide 158

: BraoasCan. Gonguge Lemng

Permanent Gases

» Permanent gases are substances with critical
temperatures below 25 ° C.

+ Usually stored in cylinders at 150 atm or greater
» Only vapor is present in the tank
» Pressure in the tank drops as the gas is released

Condensable Gases

» Condensable gases have critical temperatures
above 25° C.

» Carbon dioxide

» Hydrocarbon gases
* Ammonia
 Chlorine

« Sulfur dioxide

» For these substances, the liquid-vapor equilibrium
accounts for the pressure in the tank

 Pressure will not change until all the liquid is gone

Phase Diagrams

+ Phase diagrams are graphical representations of the

pressure and temperature dependence of a pure
substance

» Pressure on the y-axis
» Temperature on the x-axis
» Three places to consider
+ In a region, one phase exists
» On a line, two phases exist in equilibrium
« At a point, three phases exist in equilibrium

Figure 9.5 — A Phase Diagram
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Phase Diagram of Water

« Curve AB is the vapor pressure-temperature curve
» Curve AC is the vapor pressure curve of ice

+ Line A-D gives the temperature-pressure
dependence for ice in equilibrium with water

+ Point A is the triple point
« All three phases are in equilibrium
» There is only one triple point for a pure substance
« For water, the triple pointis at 0.01° C

Example 9.3

EELEEER Conceptual

Consider a sample of H,O at poinl A in Figure 9.5,

(a) Whal phaseis) is {are} present?

(k) Tfthe temperature of the sample were reduced at constant pressure, what would
happen?

(c) How would vou converl the sample to vapor without changing the temperature?

Strategy  Lse the phase diagram i Figure 9.5, Note that & mereases moving up ver-

cally; T increases moving to the righl.

SOLUTION

(a) Ais the triple point; ice, liguid water, and water vapor are present.

(1) Move to the left to reduce 1% Lhis penetrates the solid area, which implies that
the sample freezes completely.

(c) Reduce the pressure to below the triple point value, perhaps to 4 mm Hg.

Sublimation Figure 9.6
» Sublimation is the process by which a solid passes
directly into the vapor phase without first being
converted to a liquid
+ Sublimation can happen only at a temperature
below the triple point
» Water can sublime if the pressure is reduced
» Freeze drying
» Cold winter days
« lodine sublimes readily because its triple point
pressure is much higher than that of water
Melting Point Figure 9.7
» For a pure substance, the melting point and freezing : _— o
point are identical : g Liquid
Solid i Solid

 The effect of pressure on the freezing point is very
small

» Anincrease in pressure favors the more dense
phase
* This is usually the solid phase
« Water is denser than ice, so water is anomalous

» The slope of the solid-liquid line depicts the behavior of
the freezing point as pressure is increased or
decreased

« Positive slope: solid is denser than liquid
» Negative slope: liquid is denser than solid

Vapor Vapor

T— T—

(a) (b}




Molecular Substances; Intermolecular Forces

+ Many gases, most liquids and many solids are
molecular

» Molecules are the structural units of such matter
+ Properties of molecular substances include

» They are nonconductors of electricity when pure

» They are insoluble in water but soluble in nonpolar
solvents such as CCl, or benzene

» They have low melting points
» These properties depend on the intermolecular
forces between the molecules of the substance

Dispersion Forces

 All substances have dispersion forces
+ Also called London or van der Waals forces
» Stem from induced dipoles in molecules

» Motion of electrons in the molecule causes
transient dipoles to form

« Increase with the number of electrons in the
molecule

« As molar mass increases, dispersion forces
become stronger

Figure 9.8 and Table 9.2

1A 2A

(+)
LEILCOERE  Effect of Molar Mass on Boiling Points
of Molecular Substances
MNoble Gases® Halogens Hydrocarbons
ha bp MM by MM bp
(afmal) (%) (gfmel) () lafmal] €]

Ha 4 — 269 [ ) -18 CHy 16 -161
He m — 246 cl M -3 CHe k] —BB

160 5 LH & a2
18

o, Howave, ke reoiseulis,

Dipole Forces

» Molecules with permanent dipoles display dipole
forces

+ Dispersion forces are also present but are much
weaker

+ Adjacent molecules line up so that the negative
pole of one molecule is as close as possible to the
positive pole of another molecule

* Result is an electrostatic attractive force that
causes molecules to associate with each other

Figure 9.9

Dipole

Table 9.3

1Ll Boiling Points of Nonpolar Versus Polar Substances

Nonpolar Polar
MM bp MM bp
Formula (g/mal) (°C) Formula (g/mol) °c)
N; 28 —196 co 28 —-192
SiH, 32 12 PH, M4 -B8
GeH, Fe 90 AsH, 78 62

Br 160 59 ICI 162 9

B DsckaTols, Casgags Laaming




Conceptual

Txplain, in terms of intermolecular forces, why

{a) the boiling point of O (= 183°C) is higher than that of N; (= 1967C),
{b) the boiling point of MO (- 1517C) is higher than that of either O or N,

Strategy Determine whether the molecule is polar or nonpolar and identily the inter-
molecular forces present. Remember, dispersion forces are always present and increase
wilh molar mass.

SOLUTION

() Only dispersion forces are involved with these nonpolar molecules. 'The molar mass
of O 1 greater (32.0 g/maol versus 28.0 g/mol for Nob, so its dispersion forces are
stronger, making its boiling point higher.

(b} Dispersion forces in NO (30 g/maol} are comparable in strength to those in O, and
N5 The polar NO molecule shows an additional type of intermolecular foree not
present in N, or Oy the dipole force. As a result, ils boiling point is the highest of
the three substances,

 Unusually strong type of dipole force
» HattachedtoaN, O, or F
» The H from one molecule can bond to the
negative end of the dipole of another

+ Dipole arises from the difference in the electronegativity
between H and (N, O, or F)

» Small size of H allows the unshared pair from the
negative end of the dipole to approach the H closely
» HF, H,0 and NH: unusually high boiling points
as a result of hydrogen bonding

Effect of Hydrogen Bonding on Boiling Point

bp (°C) bp (°C) bp (°0)
NH; =33 H;0 100 HF 19
PH, —B8 H;S —B0 HCI -85
AsH; —63 H.Se —-42 HBr —67
ShH; -18 H;Te =2 HI =35

Mote: Molecules in blue show hydrogen bonding,

B BmckaTola Casgags Luaming

DEPIEERN  Would vou expect to find hydrogen bonds in

(a) aceticacid?

]|I
H—{—C—0—H

(b} diethyl ether?

() hydrazine, N.Hz?

Strategy  For hydrogen bonding Lo occur, hydrogen must be bonded 1o F O, or N In
(¢}, draw Lhe Lewis struclure [irst.

SOLUTION

{a) ‘lhere should be hydrogen bonds in acelic acid becanse an H atom is bonded
to oxyzen,

{b) All the hydrogen atoms are bonded to carbon in diethyl ether, so there should be
no hydrogen bonds.

{c) ‘lhe Lewis structure of hydrazine is

Because hydrogen is bonded to nitrogen, hydrogen bonding can occur between neigh-
boring N.H, molecules, The boiling point of hydrazine (114°C) is much higher than that
of molecular O (—183°C), which has the same molar mass,

Reality Check [n acetic acid, the H atom bonded to oxygen in one molecule forms a
hydrogen bond with an oxygen in an adjacent molecule. ‘The same situation applies in
hydrazine il you subslitule nitrogen for oxygen.




Water

» Hydrogen bonding in water accounts for
« High specific heat
« High boiling point
« Higher density of the liquid phase relative to the
solid

Figure 9.10

Example 9.6

SELEEN  Conceptual

What types of intermolecular forces are present in nitrogen, NoF Chloreform, C1IC]2
Carbon diexide, €O, Ammonia, NH;?

Strategy  Determine whether the maolecules are polar or nonpaolar; only polar mole-
cules show dipole lorees, Check (e Lewis struclures lor H aloms bunded 1o E N, or O,
All molecules have dispersion forces.

SOLUTION  The N, and CO; moelecules are nonpolar (Chapler 7), so only dispersion
forces are present. Both CHCL, and NH, are polar molecules. Chleroform containg
dipole forces as well as dispersion forces. Ammonia cantains ydrogen bonds as well as
dispersion lorces.

Covalent Bonds vs. Intermolecular Forces

» Three types of intermolecular force
« Dispersion
* Dipole
» Hydrogen bond

« All three intermolecular forces are weak relative to
the strength of a covalent bond

« Attractive energy in ice is 50 kJ/mol
» Covalent bond in water is 928 kJ/mol

Solids: Network Covalent, lonic and Metallic

» Network covalent solids
« Continuous network of covalent bonds
« Crystal is one large molecule

« lonic solids

» Oppositely-charged ions held together by strong
electrical forces

» Metallic solids

 Structural unit are +1, +2 and +3 metals with
associated electrons

Figure 9.11
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(a) (b} (c) (d)
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 Characteristics
- High melting points, often above 1000 °C
+ Covalent bonds must be broken to melt the
substance
« Examples
+ Graphite and diamond: allotropes
» Diamond is three-dimensional and tetrahedral
» Graphite is two-dimensional and planar

e Quartz

* SiO,
» Major component of sand
» Glass

« Layered structures
» Talc

« Silicate lattices
* Chains in 1, 2 and 3 dimensions
» Zeolites

($i037), (Sis010+7,

© BasksCaie. Cengage Lasming
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lonic Solids

» Characteristics
« Nonvolatile; high melting points (600-2000 °C)
» Nonconductors of electricity in the solid state
» Conduct when melted or dissolved in water

« Many are soluble in water but not in nonpolar
solvents

Strengths of lonic Bonds

« Coulomb’s Law

E- k=xQ,xQ,
d
d = Featon + anion

» Strength of ionic bond depends on
» Charges of the ions (higher charges produce stronger
bonds)

« Sizes of the ions (smaller internuclear distances result in
stronger bonds)

Metals

» Characteristics of metals
« High electrical conductivity
» Highly mobile electrons in structure
+ High thermal conductivity

» Heat is carried through the structure by collision
between electrons

+ Ductility and malleability
+ Can be drawn into wire or hammered into sheets
* Luster
+ Polished metal surfaces reflect light
+ Insolubility in water and other common solvents

Solids with Different Structures

Table 9.5

"RENEERN  Structures and Properties of Types of Substances

Structural Forces Within ~ Forces Between
Type Particles Farticles Particles Praperties Examples

ZECERE  Conceptual

Molecistat

lonc lons

Example 9.7

For each species in column A, choose the descriplion in column B thal best applies,

A B
() €Oy te) ionic, high melling
(b CuSoy, {f} liquid metal, good conductor
() 510, g} pelar meleculs, soluble in water
(d) Hg {h} tonic, insoluble in water

11 nelwork covalent, high-melling
() nonpelar molecule, gas at 25"C

Strategy  Refer to 'Table 9.5 and the preceding discussion.
SOLUTION

(b} malches (¢)
() malches (£}

() malches (i)
(c} malches (i}

11



Simple cubic Body-centered cubic

« Solids crystallize into definite geometric forms

« Many times, the naked eye can see the crystal
structure

« NaCl forms cubic crystals

Face-centered cubic

& B ton, Cargage Laareg

« Crystals have definite geometric forms because the
atoms or ions are arranged in definite, three-
dimensional patterns

» Metals crystallize into one of three unit cells
1. Simple cubic (SC): eight atoms at the corners
2. Face centered cubic (FCC): simple cubic plus
one atom in the center of each face
3. Body-centered cubic (BCC): simple cubic plus
one atom in the center of the cube

» Three other ways to look at the crystalline unit cells:
1. Number of atoms per unit cell

«+SC: 1 FCC: 4 BCC: 2
2. Relation between side of cell (s) and radius of atom or
ion (r)

. SC: 2r =s FCC: 4r=sy2 BcC: 4r =s+3
3. Percentage of empty space

+ SC: 475 FCC: 32.0 BCC: 26.0

LSRR Properties of Cubic Unit Cells

Simple BCC FCC
Number of atems per unit cell 1 Z . 4
Relation between side of call, 5 and atomic radius, r r=s 4r=s\3 4r=s\2
% of empty space 478 320 260

8 BeckuToia Cargage Lewming

Simple Face-centered

Body-centered
cubic cubic cubic
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Example 9.8

Graded

Silver 15 a metal commonly used in jewelry and photography. Te crystallizes with a face-
centerad cubic (FCC) unit cell 0.407 nm on an edge.
#{a) Whal is the atomic radivs of silver n em? (1 nm = 1077 cm)
s (] What is the volume of a single silver atom? { The volurme of a spherical ball of
radius ris V = 3l
###{c) Whal is Lhe densily ol a single silver alom?
SOLUTION

{a) The equation for the relation hetween the radius and the length of a side of an TCC
cell is

Ir =42
Substituting s = 0407 nm and solving lor r, we oblain

D407 am K Y2 0 e

r = (h144 un = " 144 % 1075 ¢m
nm

Example 9.8, (Cont'd)

(b] Because an atom is spherical, the formula in parentheses applies. Using the value of
v found in (), that formula gives

V= dm(144 210 Fem) = 125 % 10 P em?®

() You will need the mass ol'a silver atom. To get il, use Avogadro’s number and the
molar mass of silver, 107.9 gimal.

1079y v 1 mol
Lmel 0 &022 2 10" atoms

Flay wnan =

= 1.792 ¢ 1 glatom

1.792 3 10 # giatom

densilyay oo = - Y
s A 12530 10~ em’

= 143 gfam’ - atom

Reality Check 1n FCC unit cells, the [raction of empty space is 026, When this is fac-
tored into the above, the caleulated density of silver becomes 14.3 — (1.26)(14.3) =

10,6 gfem’, which is almost the same as its experimentally determined value: 105 gfem®

lonic Crystals

» Geometry of ionic crystals is more difficult to
describe than that of metals
« LiCl
« Larger CI- ions form a face-centered cube with Li* ions
in the “holes” between the anions

» NaCl

 Larger Na* ions are slightly too large to fit into the holes
between the anions, so the Cl- ions are pushed apart
slightly

Figure 9.18

LiC1 NaCl [acTni}

© BuostsTole Canpags Lowming

Example 9.9

Example 9.9 GONERN Figure 9.18. 'The length of an edge of a cubic cell, 5, is the

distance between the center ol an atom or ion al Lthe "lop” of Lhe cell and the cenler of
the atom or jon at the “bottom.” Taking the ionic radii of Li™, Na*, and C17 to he
U060 nm, (L095 nm, and (.151 rim, respectively, delermine s for

{a) NaCl (b} LiCl

Strategy Use Figure 9.18 to determine along what line ions touch.
SOLUTION
() €17 and Na™ lons louch along an edge of the cell.
5= 0181 nm + 2{0.095 nm} — (L18]1 nm = 0.552 nm
() €l 1ons touch along a lace diagonal, which has a lenglh ol s > 212,
220 2V =018 nm F 20000810 nm) + 018D nm

= 0.724 nm/2"" = 0,512 nm

Key Concepts
1.

Use the ideal gas law to determine whether a liquid
will completely vaporize in a sealed container

Use the Clausius-Clapeyron equation to relate
vapor pressure to temperature

Use a phase diagram to determine the phases
present given the pressure and temperature

Identify the type of intermolecular forces in different
substances

Classify substances as molecular, network covalent,
or metallic

Relate unit cell dimensions to atomic or ionic radii
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