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Liquid-vapor equilibrium

Phase diagrams

Comparing Solids, Liquids and Gases
Molecular substances; intermolecular forces
Network covalent, ionic and metallic solids
Crystal structures
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« At ordinary temperatures and pressures, all gases
follow the ideal gas law

» There is no equivalent equation of state that can be
written to correlate the properties of liquids and
solids

1. Molecules are much closer together in liquids and
solids than in gases
* In gases, molecules are separated by ten or more
molecular diameters

« 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

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

TABLE 2.1 Comparison of the Three Phases of Water

Phase Molecular Spacing Density Volume of One Mole
Steam (H:0(g)) at100°C, 1atm at10C C, Tatm 31L
0.00059 g/mL
Water (HO(1)) at 100°C, 1atm 19mL
©.95 g/mL
Ice (H2O(g) at 90°C,1atm 20 mL

092 g/mL




» 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

« 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

———

+ 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

+ As long as both liquid and vapor are present, the
vapor pressure is independent of the volume of the
container
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The rnom has dimensinns
sity of water at 25°C o be 10D g/mL.

“coal-mist” vaporizer with capacity 200 [ is used to add moisture to dry
12 [t by 12 [t by & £ The vapor pressure of water 4t

€ If the vaporizer run: wntil it is empty, what is the vapor pressure of wztér in the room?

@ 1Tow much water is required to completely saturate the air

5°C?

@ A relative humidity of 33% is desirable in heated space on winiry days, What volume of warer s l2f in the vaporizer
when the room’s relative humidity reaches that level? (Relative humidity = 100 3 F/P?, where P is the actual pressure of

water vapor and P is the vapor pressure at saturaton.)
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Chock assamton azor pecssuee o watr 3 25C = 20 men Hg: P = 62 nm Hg:
P> 2 i H hesisamotion b wioa
The vaper presutreaf wait s the mors 1324 Hg.

SOLUTION
PV (24/760 stm}(3.3 % 10°L) p—
o M =——= P o 3|
"7 RT 7 (0.0821 L- atm/mol - K)(298K)
Massy o (43 mol)18.02 g/mol) =77 X 1¥ g

Information given: From part (al:
2%

ANALYSIS

Praper (24 mm Hg)

33X 1P L)

molar mass of H,0
Rvalue

Asked for: volume of water requirad to saturate the roam aontivnied

STRATEGY

bstitute into the ideal gas law 10 find ngen.

2. Moles of vapor = moles of water. Convert o mass of water.

ANELYSIS
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densityof water (L0 )
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» The vapor pressure of a liquid increases as the
temperature rises
* Increase in P is not linear with temperature
* Water
*« VPis24mmHgat25° C
*«VPis92mmHgat50° C

+ To make a linear plot, the natural logarithm is
required
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» For many purposes, a two-point equation is useful
» Two pressures
» Two temperatures

(PZJ AHvap{l 1}
In| =2 |= — -
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.,

pressurs of 133 mm Hgat 40°C Taking i heat of veperimtion to be 308 k] imol, caleclate its vapor

ANALYSIS

Information given: wapor pressure at 'CIIE3 mm He)
temperature (25°C
A, (308 H/mol)

i Hg Ty = 817
Tink
SOLUTION
L8 kil i
SubtiteteintoEquaien .1 | In183 ~ I, = s kmal ! L
31 %10 Kimel-K | Z5K 313 E)
In183 = 5209
seskymol [ 1 T
TSI e FrT T
B30 10 kil K | 95K 36K
P 5208 - I Py = 0595 In 7| = 4.603;P| = 10l mm Hy
ENC FONT

Thisvalue s resscaable. Lovering the semperature °C to 25°C) should dacrease the presaire. The answe: shows that i
dnes (158 mm Hg to 100 mm Hy)!

« 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
« If the 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 pointis implied
» The boiling point is the temperature at which
the vapor pressure equals the 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
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« 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 risesto 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

» 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

TAELE 9.2 Critical Temperatures (°C)

Permanent Gases Condensable Gases
Helium —268 Carban dioxide 31
Hydrogen 240 Ethane 32
Nitrogen —147 Propane o7
Argon -122 Ammonia 32
Cxygen -19 Chorine 144

Methane 82 Sulfur dioxide 58

Ligquids
Ethyl ether
Ethyl alcohol
Berzene
Bromine

Water

+ 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 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 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 aregion, one phase exists
» On a line, two phases exist in equilibrium
» At a point, three phases exist in equilibrium
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« Curve b (green) is the vapor pressure-temperature
curve of liquid water

» Curve c (red) is the vapor pressure curve of ice

* Line a (blue) gives the temperature-pressure
dependence for ice in equilibrium with water

« Point X 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 and 4.56
mmHg

EXAMPLE 9 3 CONCEPTUAL

Consider 2 sample of HyU at peirt X in Figure 9.5,
(a) What phase(s

(are] present?
(b} [fthe temperature of the sample were reduced at corstant pressurs, what would happen?

(€) How would you conver: the samiple o vapor without changing the temperature?
STRATEGY

1. Use the phase diagram in Figure 9.6.

2. Nate that Fincreases moving up vertically; T inereases moving ta the right
SCLUTICN

(@) Xis the triple point. Ice, liquid water, and water vapor are present

(b} Move to the left to reduce T. This penetrates the solid arca, which implies that the sample freezes completely

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

» 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




» For a pure substance, the melting point and freezing
point are identical

» 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

* Many gases, most liquids and many solids are
molecular

» Molecules are the structural units of such matter

When the salid is the more If the liquid is the more dense
dense phase, znincrease in phase, an increase in pressure
pressure converts liquid to solid; converts sclid to liquid and the
the melting peint increases melting point decreases.
i i
: Liquid © Liquid
'
Solid Solic '
& £y
Vapor Vapor
T— T—

 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

« 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

1A 2A

(=) ()

TABLE 2.3 Effect of Molar Mass on Boiling Points of Molecular Substances

Noble Gases* Halogens Hydrocarbons
MM bp Miv bp MM bp
(g/mol) {°C) (g/mol) (°C) (g/mol) (°C)
He 1 -269 Fa 38 -188 CH4 16 =15’
Ne 20 246 Clz 7 34 CiHs cle) 28
Ar 40 -126 | Br 160 50 | CHs 44 —42
Kr 24 152 I 254 184 n-CaHyy 58 [¢]

*Strictly speaking, the neble gases are "atomic” rather than molecular, However, like molezules, the noble-gas

atoms are attrzcted o ane znather by dispersion 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 s g

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

(5} the boilng print of MO | 15C) ix higher thas thatof cither € or Ny

STRATEGY
TABLE 9.4 Boiling Points of Nonpolar Versus Polar Substances

1 Draw the Lewwis simucture of the molecube.

Nonpolar Polar
m—p bp = bp &, e 4PEAINATS presery and ncresse With FolE mass
Formula {g/mol) (°c) Formula (g/mol) (°C) SoEimoN
N 28 =196 co 28 =192 I} o
| Boharemenpoler
SiH, 32 -n2 PH, 34 -88 i ESTe RN
| Mo, = 32 el MMy < 28
- | s dan frnces of O are larger.
GeH, 77 -90 AsHs 78 -62 o | - S
. - . _ § 1 Levia stractures ] N e pant (3) for ), amd N,
Brz 150 59 = 162 97 2 Dolariy  NO s pola, € and N are noapular.
3 Tntermolzcular fores | 0 dlspension s diole farees;
{ D,and M, anlp haw dicporsian farcse

4, Strngeh of forzes ! o = 31 gimel MMy = 28 g/mol; Mo, = 30 g/mel
{ Allhave sinilir dispersicn forse strength.

| Oy NO has dipole fercesin adeltion to the dispersion foeces.

 Unusually strong type of dipole force
» H attached to a(n) N, O, or F

« The H from one molecule can associate itself with
the negative end of the dipole of another

TABLE 9.5 Effect of Hydrogen Banding on Boiling Point

bp (°C) bp (°C) bp (°C)
« Dipole arises from the difference in the electronegativity s 150 °
between H and (N, O, or F)
. . PH, s HS 60 HCl a5
» Small size of H allows the unshared pair from the
negative end of the dipole to approach the H closely il -6 i 2 He! o7
ShH; -18 H.Te -2 HI -35

* HF, H,O and NH;: unusually high boiling points
asa I’esu|t Of hydrogen bond|ng Note: Melecules in blue show hydrogen bonding,




EXAMPLE 9.5

Wauld you expect to find hydrogen bonds in

(=) acetic acid?

(b) diethyl ether?

H H T "(
e
| [
H H H H
() hydrazine, NoH?
STRATEGY

1. Lewis structures for (2) and (b} are given; draw the Lewis structure for hydrazine.

2 For H-bonding 1o oceur, one of the following bonds las (0 be present in the molecules H—F, H—0, or H—N

continited

SOLUTION
(a) { M
f | 2

1 Lewisstructure: Given: H—C x“, O—H

H 01
2. H=F, H=0_or H—=N? Yes: hydrogen bonding is present.
®) N OH H H

| |
1 Lewisstnscture: Glven: H=C=C=0=—C—C=H

|
H H H H

2. H—F,H—0, or H—N? No. The presence of O and H atoms in the melecule does not mean that H-bending car
ocour.
{e)
1 Lewis structure: <*'}*’f* 1
H/\H

2 H—F,H—0,0or H—N? § Yes H-bonding can cceur.

END POINT

I acetic acid, the H atom bonded to oxyge

e molecule forms o hydrogen bond with an uxygen in an adjacent aole-

cule. The same situation applies in hydrazin ou substitute nitrogen for oxygen.

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

(3} nitroger, N7 (o) carbon dieride, G041} ammenis, NH

STRATEGY.
1. Waitethe Lovis stractare o cach skl

2 Drcxrnine polurity Pelac i e

3. Check forthe presence of 0, d Hi—F bonds. The passence of these bons indicates bydrogen bondicg.

4. Allmslecule hyve dispesion ferce.

couuTion
@, % Lewis snucture: N=5

Foluity: nanpolas o dipole Fosces present

2 BN, H—0, ard H—F? Na. Hiskogen boaing oot posible

Interemdevulr forcrs lisperian feeces.

U1 L Liews srwcture: Clmd—

o Hidrogrn bording ot posible
ton ard diule ioces.

) G

N, 1 Lewis smtire: H-S—F
h
2 Folarity: pila—dipikeforces prasst
1 BN H(0 rd B2 Yeu Hybhogen

Imtermtocuir forces: dkspersdon, EdgR

» Three types of intermolecular forces
« 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




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

Network
Molecular
covalent

lonic
M* X~ M* X

x—x x—x | |—x—k—x—k— e e
X—X X—X —\:.—‘:\—.:\—:\— Moo MY e MY e
X—X X—X —X—X—X—X— M™ T Mt X Mt e Mt
XK—X X—X 7\:7%7\:7:\7 X~ MT N~ Mt e Mt e
(2] Lb) <] (4]

e
M*
e

M*

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

* Quartz

» SIiO,
» Major component of sand
* Glass

 Layered structures
» Talc

« Silicate lattices
« Chainsin 1, 2 and 3 dimensions
» Zeolites

10
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(5103, 1Sia010),

+ 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

» Coulomb’s Law

kxQ,xQ,

d
d=r

cation + anion

E=

+ 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)

» 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

Potassium dichromate,
K,Cr,C,, an ionic salid

Diamend, a network
covalent solid

Manganese,
& metallic sol d

11



TABLE 05 P of Types of
Structural Farees Within
Type Particles Particles Froperties EXamples
Molecular

Ce

(< N
(b) pela Covaentbond  Dispersion, dipolz, ilzr to nonpolar but generally HCl
Hbond higher mp and bp, mere likely to be HH
waler-solube
Network covalent Atoms Covalant bond Hard solids with very high me ting c
points; nonconducto’s; inscluble in 5i0),
common salvents
onie lons — lenic bond igh mp; conductorsinmolten state  HaZl
o water saltion; often soluble in mgo
water, insoluble nic solvents cazo,
Metalliz Cations, Metalicbond Variable mp; gaod ronductorsir solid;  Ma
ma il Insoluble In commen scivents Fe

algctrons

EXAMPLE 9.7 CONCEPTUAL

For each species in column A, choase the description in courin Bthat best applies.

A B
@ (€) 1001z, high-melting
() Cuso, () liquid metal, goed concuctor
(<) 5i0; (5) polar molecule, soluble inwater
(@ Hg (h) ionic, insalube in weter

., high.melting
(i) monpolar molecule, gasat 2°C
STRATEGY

1. Characteriee each species with respect t type, forces within and between particles, and if necessary, physical propertes.
2. Find the appropriate matches,

SOLUTION

() co; molecule, nonpolor

Omly match is ) even if rou did not know tha €0, is a gas at 157

(b} CuSO.

(@) 5i0;

(@ Hg metal, liqud at rosm terperature
Omly march s ().

+ Solids crystallize into definite geometric forms

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

» NaCl forms cubic crystals

SIMPLE CUBIC BODY-CENTERED CUBIC

« 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=sv2 Bcc: 4r =s+/3
3. Percentage of empty space
+ SC: 475  FCC: 32.0 BCC: 26.0

12



TAELE 9.7 Properties of Cubic Unit Cells

Simple BCC FC
Number of atoms per unit cell 1 2 4
Relation between side of cell, s and atomic radius, r 2r=s dr = V3 ar=sV2
% of empty space 476 320 260

Silver is 2 metal commanly used in jewdry and p - It crystalli af tered cubic (FCC) unit ezl

D407 £m on an edge

© wha

5 Uhe A10I:1C radeas of siver I ¢ (1am = 10~ cm)

n
]
3

5 the volume of a single silver atom¢ {The volume of a spherical ball of radius r 15 ¥

vha is the density of a single stlver aiom?

ANALYSIS

Information given: trpe of cubic cell (face-centered)
length of side. (0407 n)
nm to cm sonversion (1 nm = 13 107" <m)

sice annd atomnic £ aticnship in o fic

alomic rdivs of siver in cm
STRATEGY

1. Relate the atomic radius, r, to the side of the cube, 5, in a face-certered cubiccell (FCC). See Table v.7.
nZ

2. Substruw M the equitior 47

3. Convert nm e ar.
SOLUTION

ar=svi =01dnm X ———— = 144 % 10 *cm

r7n~1u7nnr\/zl 131077 cm
£ 4 Lnm

ANALYSIS

Information given: from past (a; atoric radius, r (L44 X 1078 em)
'

mula for the volume of a sphere (V mr)
Asked for: i volume of a single Ag atom coutinud
STRATEGY

Agsume that the atom ic a parfact sphare and substitute into the formula for the volume of a tphiere.
SOLUTION

v i V=t = dn(141 % 1078 em)* = 128 % 10-Dem?

Asked for:

ANAIYSIS
Information giver: | from part (b): alomic wlume, V(125 % 10~ cur’)
formula for the velume of 2 sphere (V
Information implied: { molar mass of Ag
Avogadra's nu

ingle Ag atom

STRATEGY
1 Reval dhat density = mass/rolune

nd the mass of a single Agatom. Recall that there are 6.022 % 107 atoms of silver in one molar mass of silver
7.9 g/Mol). Use 1A 35  CORVEFsiOn factor.

SOLUTION

1 Agaio 14 S =1 K
mass of 1 Agaion ‘ galom = &

1792 X 10F
censiy | density — ﬁ = m - 143 gan’
END PQINTE
1 Inface-centered cubic cells, the fraction of empty space is datr,

2 The cakulaied density in part (c) assumes no amory space: 1 empry space is factored in, [(0.25)(14.3) = 37, then
1.7 glem®has 1o be subtracted from the density odtained in part (¢). The caleulated density is therefore [14.3 — 17] =
105 g/emy’. The experimentally obtsired vilue is 105 glem?®

« 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 CI- ions are pushed apart
slightly

[ —]

5
SIMPLE FACE-CENTERED BODY-CENTERED
CUBIC CUBIC CUBIC

13



EXAMPLE 8.9

Consider Figure 9.1, The length of an edge of a cubic cell. s, is the distance between the center of an atom or ion at the
“top” of the cell and the center of the atom or jon at the *bottom.” Taking the ionic radii of Li*, Na*,and CI= tobe
0.060 nm, 0.095 nne. and 0181 nm. respectively. determine s far

fa) NaCl (b) LiCl

STRATEGY

Use Figure 9.19 to determine along which lines the ions touch.

SOLUTION

@) NaCl The atoms touch along = side.

i s=1rof I 4 2 rofNa* + 1rof O

i = G181 nm + 2(0.095 am) + 0,181 nm = 0,552 nm
(b) LiCl The chloride atoms touch along a face diagonal.

i c=1rof CIF 4 2 raf CI- + 1rai €l = draf CI=

= 4(0.i#1 nm) = 0.724 nm
length of face disgoral = s V2 = (0.724 nm) (V2] = 0.512nm

. 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 ionic, molecular, network

covalent, or metallic

. Relate unit cell dimensions to atomic or ionic radii

14



