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Intermolecular Forces, Liquids
and Solids

Chap 10 The fundamental difference between states
of matter is the distance between particles.

States of Matter
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Total disorder; much

par e free
to move relative to
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freedom of motion;

particles far apart each other; particles
close together

”

e MAR Solids and liquids often referred to as “condensed phases

The States of Matter Intermolecular Forces

Covalent bond
(strong)

The state a substance is
in at a particular
temperature and H— pme———
pressure depends on
two antagonistic

Intermolecular

entities: attraction (weak)
Lgertli(é?:sﬂ.c energy of the The attractions between molecules
’ (intermolecular forces) are not nearly as
+ the strength of the strong as the intramolecular attractions that
attractions between the hold compounds together.
particles.

Intramolecular forces: ionic, covalent, metallic
Intermolecular forces are not chemical bonds!

MAR MAR
Intermolecular Forces Intermolecular Forces
Kinetic Energy (Ex) vs. Attractive (IM) Force Coalentbond
Ex = lowest intermediate highest
= B H
N o
TP U o <
<O O g W, ntermolecular
ngg : @ q‘éqo o ;tl';cunl:((\«!cnk)
oo e e Y
THTTT OO P Intermolecular forces are strong enough to
(@) Solid (5) Liquid (© Gas affect physical properties such as boiling
) and melting points, vapor pressures, and
Intermolecular (IM) Attraction: viscosities.
highest intermediate lowest See the IM Forces Guide
MAR We will assume gases have no IM force in CH 222 MAR
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= >  Attraction Between
v -—-0Z. " lons and Permanent

> Dipoles
5 water
- dipole
0., %
3/ \ ‘H °6$°0
H+d e ¢ 9
Water is highly polar (it : °

has a dipole) and can
interact with positive
ions to give
hydrated ions in

water.

s- 8"

s+

Many metal ions are
hydrated. This is the
reason metal salts
dissolve in water.

B
e

Fe(H0)6™ i)

;
=i

Octahedral
Co(H,0)¢2* Cu(H 062 [M(H20)6]"*

.. . Dipole-Dipole
- - Forces

Influence of dipole-dipole forces is seen in
the boiling points of simple molecules.

Compd Mol. Wt. Boil Point
N, 28 -196 °C
Cco 28 =192 oC
Br; 160 59 oC

ICI 162 97 oC

This is the lon-Dipole IM force

MAR

MAR

MAR

+~ s Attraction Between
;) ~H
nat---0l,  lons and Permanent
> Dipoles
water

-50\ dipole

+ \H
H+90 oLy oy N

H
Water is highly polar (it .
has a dipole) and can M 20
interact with positive H
ions to give N (g1 61,0(8) — NoCh0p)" )
hydrated ions in

water. This is the lon-Dipole IM force

.. . Dipole-Dipole
H-+—Cl H-+—Cl
Forces
Dipole-dipole forces bind molecules
having permanent dipoles to one

another.
3

5t

Hydrogen Bonding

A special form of the dipole-dipole force
which enhances dipole-dipole attractions.

H— G H—0:

d N b 5!
H H
N e o
Y—H H

X—H
H—iz H—0:
H-bonding is b
strongest when X H
andYareN, O,orF H_cls:...ufl:\»;
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Hydrogen Bonding in H,O

Ice has open lattice-like structure.
Ice density is < liquid and so solid floats on water.

1.0000 Water i(”’ L"
o >

0.9999 3

Z0.9998

~

S

5,0.9997

E

(=]

0.9180  Ice

0.9170 \

-8-6-4-20 2 4 6 810
MAR Temperature (°C)

100 ‘A H,0 - .
0 Boiling Points of
Simple Hydrocarbon
—Q i Compounds
g o
H
K
-100
0 2 3 4 5
MAR Period
FORCES INVOLVING
INDUCED DIPOLES
Formation of a dipole in two nonpolar I,
molecules.
Induced dipole-
1ad 1l induced dipole (ID-ID)
No Dipole No Dipole
' — 3 — - B +
+
J +
Two nonpolar atoms or molecules Momentary attractions and Correlation of the electron
(Time-averaged shape is spherical)  repulsions between nuclei and motions between the two
electrons in neighboring atoms or molecules (which are
molecules lead to induced dipoles. now dipolar) leads to a lower
energy and stabilizes the system.
"Induced Dipole-Induced Dipole" is also known as
MAR "London Dispersion", same thing

Hydrogen Bonding

H bonds ---> abnormally high boiling point of
water.

Boiling Points of Simple
Hydrogen-containing Compounds

100°c |-

Boiling on |
Fant 0% hoe

.
| . tSe
HpS
—100°C |-
-

2z H 4 S
Period

MAR

FORCES INVOLVING
INDUCED DIPOLES

How can non-polar molecules such as O,and I,
dissolve in water?

. The dipole of water induces
3 a dipole in 0, by distorting
the 0, electron cloud.

- | o— M

The water dipole INDUCES a dipole
in the O, electric cloud.

5 3"

- Dipole-induced
. dipole

No Dipole. 3+

0=0

MAR

FORCES INVOLVING
INDUCED DIPOLES

The induced forces between I, molecules are very
weak, so solid I, sublimes (goes from a solid to
gaseous molecules).

N
S

MAR
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Type of Relative
Force

FORCES INVOLVING
INDUCED DIPOLES

The magnitude of the induced dipole depends
on the tendency to be distorted. Hydrogen bonding

Higher molar mass ---> larger induced dipoles.

Larger atoms have larger electron clouds which
are easier to polarize

Dipole-dipole

Molecular  Boiling Molecular  Boiling
Halogen Weight (amu) Point (K) Noble Gas Weight (amu) Point (K)

Intermolecular
Forces Strength
Summary

lon-ion / metallic

';1 ,ZQ zggi E agz 33 Dl il de O e force strongest
no 28 1576 ir lm :12” - of all
iR VAR aka ID-ID ;) . J
In a liguid . .
* molecules are in LIqUIdS
Li u |dS constant mOtlon_ The two key properties we need to describe
q e there are appreciable are EVAPORATION and its opposite-
intermolecular forces CONDENSATION
P d * molecules close evaporation--->
pre . together LIQUID  Addenergy ~ VAPOR
s A | s Liquids are almost prea IV bonds fo g 00
incompressible wrrrrell FP I
° LiqUiqs do not fill the Remove energy ° e °
e container R <---condensation

Liquids Liquids

To evaporate, lower T higher T
molecules must e )
.= wn
have sufficient 2 74
energy to break IM e #
forces. s g1/l /
St
=1/ \
EILL N
sV ~
Breaking IM forces G I Molecular energy —
e ° requires energy. The . ! ded
® g0 0 @ H H minimum energy neede:
St '. *3 pl'(()jcetzS of _evaporatlon Is to break IM forces and evaporate
. endothermic.
MAR MAR
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Distribution of
molecular
energies in a
liquid.

Kinetic Energy
proportional to
Temperature

At higher T a much
larger number of
molecules has
high enough
energy to break IM
forces and move
from liquid to
vapor state.
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When molecules of liquid

are in the vapor state, Liq u ids

they exert a VAPOR
PRESSURE
EQUILIBRIUM VAPOR e

PRESSURE is the

pressure exerted by a °

vapor over a liquid in a s o

closed container when °

the rate of evaporation = ®

the rate of condensation. e s
° A e © A
© ]

MAR

Boiling Liquids

2001 Hormal b

Vapor Pressure (mm Hg)

Ha

100°C

0
p.

BT perre ) *

Liquid boils when its
vapor pressure
equals atmospheric
pressure.

MAR

Consequences of Vapor
Pressure Changes

When can cools, vp of water drops.
Pressure in the can is less than that of
atmosphere, so can is crushed.

MAR

100°

MAR

MAR

MAR

Vapor Pressure

Boiling Point at Lower
Pressure

When pressure is lowered, the vapor pressure
can equal the external pressure at a lower
temperature.

Consequences of Vapor
Pressure Changes - Whoops!

Photos/from bttp:// www.

When car cools on hot day (i.e. cleaning with cold
water), vp of fumes inside drops. Pressure in the
car is less than that of atmosphere, so car is
crushed!
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Equilibrium Vapor Pressure Liquids e T
&?'/‘QV d
1000 ethanal H
Normal b.p. Normal b.p. Normal b.p. |
80| 760mmHg 34.6°C 78.5°C 100°C
2 ' 1 i | T
F o0o| A P : o,
< S Disthyl }’J/ ool || {; ? The curves show all conditions of Pand T
% w0 sther § ; ! where LIQ and VAP are in EQUILIBRIUM.
= The VP rises with T.
200 When VP = external P, the liquid boils.
This means that BPs of liquids change with
° -20 0 20 : 40 60 8’0 10:0 120 aItItUde'
MAR Temperature (°C) MAR

Normal b.p. Normal b,
785 100°C

Liquids

If external P = 760
mm Hg, T of

boiling is the

NORMAL

BOILING POINT °

VP of a given
molecule at a

given T depends ‘

IM forces.
Ho o VP /\CZHS HSCZ/(\H H/\H ‘

Pressure (nm Hg)

ether alcohol water

Glycerol

Here the VPs are H;C; Viscosity results from several

in the order: dipole- extensive factors, including IM interactions,
dipole H-bonds H-bonds Ethanol molecular shape and size
MAR increasing strength of IM interactions o

Liquids g .

q _ Surface Tension E

Molecules at surface behave differently than F

those in the interior. ] = ’-_J

: < z =

©

(Sra
(>

S

et

nder the surface
an surrounded by other
water molecules.

Molecules at surface experience net INWARD

force of attraction.

This leads to SURFACE TENSION - the energy
MAR required to break the surface.

MAR m
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SURFACE TENSION
also leads to
spherical liquid
droplets.



Page I1I-10-7 / Chapter Ten Lecture Notes

qu u IdS IM forces also lead to CAPILLARY action

concave convex

Capillary Action

Cohesive forces:
interactions
between like

e "Concave up
particles.

is like a cup,
concave down

Adhesive forces: is like a frown"

interactions
between unlike
particles.

Movement of water up a piece of paper
depends on H-bonds between H,0 and
the OH groups of the cellulose in the

Concave (concave up) Meniscus: adhesive forces = cohesive forces (H20 on glass) paper.
MAR Convex (concave down) Meniscus: Cohesive forces > adhesive forces (Hg on glass). MAR
Heat Transfer with Phase Change Heat Transfer with Phase Change
Overall patterns:
solid — liquid — gas = endothermic reaction HEAT OF VAPORIZATION is the heat required
gas — liquid — solid = exothermic reaction (at constant P) to vaporize a liquid.
LIQ + heat ---> VAP
| Gas | S Compd. AH,,, (kJ/mol)  IM Force
T N ‘ H,0 40.7 (100°C)  H-bonds
! Vaporization Condensation 802 26.8 (_47 °C) dlpole
‘2; Sublimation| |Deposition Xe 12.6 (107 °C)  induced dipole
:;c Liquid Chapter 5: Heat HEAT OF FUSION is the heat required (at constant
E MeltingT lFreezing P"I"ransg:’ with P) to melt a solid.
| Solid N = meAn) SOL+ heat --> LIQ
MAR MAR Temperature constant during phase change
Clausius-Clapeyron Heating/Cooling Curve for Water
The Clausius—Clapeyron Equation
provides a link between vapor +200
pressure (P), temperature (in K), ;
and molar heat of vaporization +150 Heat liberated
(AHvap): s 9 Boili
AH® o +100 Heat water oiling Steam
nP=-—%4C 5 2 q=mCAT Evaporate water
R - «‘g. Heat absorbed
1P;_arr(f%r)'nta Iintegr :;egrlession (Ir!t}!? vsl. 5 £ 20 Water Note that T is
O get best values, or, with only &, . constant as liquid
: 5 Melt
two temps: - Meltl b water evaporates
P AH® 1 1 2 Ice 7
In +t=—%—-— -50
P, R \T, T . 0 200 400 600 800 1000 1200 1400 1600
Heat added (kJ)
R =8.3145 J mol- K1 B Ty
MAR YTk

MAR
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Heat & Changes of State

What quantity of heat is required to
melt 500. g of ice at 0.0 °C and heat
the water to steam at 100. °C?

Heat of fusion of ice = 333 J/g
Specific heat of water = 4.184 J/g°K
Heat of vaporization = 2260 J/g

+333 Jig J9 | +2260 Jig ¢

solid (ice)

liquid (0 — 100 °C)

MAR gas (steam)
.80
NANVAD
NN
FANENEN S
Favavs
- - Normal Normal
freezing D boiling
760 mm o Z?,“',‘ft, ]
g
£ . . .
z Solid Liquid Vapor
153
2
2
&
A
4.58 mm .
! Triple point
8 :
07 0.01 100
MAR Temperature (°C)

Phase Diagram for Water

+,00000
/10000006
60000006
0006000006
00000600006

-
0.
20
20
X4
o0
0
[T L
e

60006’

= (mm H)

Pressu

Animation of
solid phase.

MAR

Heat & Changes of State

What quantity of heat is required to melt 500. g of ice at 0.0 °C
and heat the water to steam at 100. cC?

1. To meltice
= (500. g)(333 J/g) = 1.67 x105J
2.  To raise water from 0.0 °C to 100. °C
= (500. g)(4.184 J/g-K)(100. - 0)K = 2.09 x 105 J
3.  To evaporate water at 100. °C
= (500. g)(2260 J/g) = 1.13 x 106 J
4. Total heat energy = 1.51 x 106 J = 1510 kJ

MAR

TRANSITIONS
BETWEEN
PHASES

See the phase diagram for water in text

Lines connect all conditions of T and P
where EQUILIBRIUM exists between the
phases on either side of the line.

At equilibrium particles move from liquid
to gas as fast as they move from gas to
liquid.

MAR

Phase Diagram for Water
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°

°
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ee
]

Animation of
equilibrium between
solid and liquid

MAR phases.
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Phase Diagram for Water

ure (mm Ha)

Press

ST Y
v s

Trigle point e = A

-
o oo T ) -
Temperatue (°C)

MAR

Animation of

liquid phase.

Phase Diagram for Water

Trigle point

o 001 1
Temperature (°C)

MAR

Animation of
gas phase.

Phase Diagram for Water

= (mm H)

Pressu

Trigle point

o 001 1
Temperature (°C)

Animation of
triple point.
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MAR

equilibrium.

At the TRIPLE POINT all
three phases are in

Phase Diagram for Water

Pressure (mm Hg)

458 mm

* Tite pint

o o0
Temperature (°C)

ob

®
® o
L]
20,4 o
{ —— ®

-

Animation of
equilibrium
between
liquid and
gas phases.

MAR

Phase Diagram for Water

Pressure (mm Hg)

e pont

o o0
Temperature (°C)

Animation of
equilibrium
between solid
and gas
phases.

MAR

MAR

Normal boil point
Normal freeze point
Triple point

Phases
Diagrams-
Important Points for
Water

T(C)  P(mm Hg)
100 760
0 760
0.0098  4.58

— =
Water at the Triple Pointw
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We can think of solids as falling e,
into two groups: 4 1

« crystalline: particles in highly )
ordered arrangements

= amorphous: no particular order
in arrangement of particles.

We will focus on crystalline
solids in CH 222.

Molecules, atoms or ions locked
into a CRYSTAL LATTICE

Particles are close together with
very strong IM forces. They are
highly ordered, rigid,
incompressible

MAR

Cubic Unit Cells

There are 7 basic crystal systems, but we are only
concerned with CUBIC (isometric) in CH 222.

All sides
equal length

All angles
are 90 degrees

MAR

Simple Cubic Unit Cell

@ @ SR

Simple cubic unit cell.

Note that each atom is at a corner of a unit
cell and is shared among 8 unit cells.

MAR

A UNIT CELL is the smallest

Introduction
to Solids

Crystal Lattices

repeating unit in a crystal lattice

7 Brevais lattice (unit cell) types:
* Triclinic

* Monoclinic

* Orthorhombic

* Tetragonal

* Hexagonal

* Rhombohedral

+ Cubic (Isometric)

We will use just the cubic system
in CH 222

Cubic Unit Cells
Three types of Cubic Unit

Cells:

Simple cubic

(SC)

Body-centered

cubic (BCC)

Face-centered
cubic (FCC)

See Cubic Unit Cells Guide

MAR
The Simple Cubic Unit Cell
edge = 2r
r = radius
Atom at each corner,
MAR Only 1 net atom per simple cubic cell
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Body-Centered Cubic Unit Cell

]

-I*B

edge = 4r/\3
r = radius

Atom at each cube corner plus one in center
MAR Two net atoms per bcc unit cell

Unit Cells for Metals

Li |Be B C N 0O F Ne

Na | Mg msi P S C Ar
K|Ca Sc Ti|V Cr|Mn FeﬂNi CulZn|Ga Ge As Se Br Kr

Rb|Sr Y Zr|Nb Mo|Tc Ru|Rh Pd Ag CdSn Sb Te I Xe

Bi At Rn

Simple cubic )&I Cubic close packing
(Face centered cubic)
J)’E Body centered cubic

Cs Bafla[Hf|Ta W |Re Os|Ir Pt Au

&

>
‘J‘;fﬁ Hexagonal close packing

MAR

Finding the Lattice Type

Al has density = 2.699 g/cm? and Al radius = 143 pm.
Verify that Al is FCC.

SOLUTION

2. Calc. unit cell volume
edge = 4.04 x 108 cm (previous slide)
V = (cell edge)3 = (4.04 x 10-8 cm)3
V= 6.62 x 1023 cm3

3. Now use density to find mass

mass = (6.62 x 10-23 cm3)(2.699 g/cm3)

= 1.79 x 10-22 g/unit cell

MAR

Face-Centered Cubic Unit Cell

also known as cubic close packing

edge = 4r/\2
r = radius

[\

v

Atom in each cube corner plus atom in each cube

MAR face, four net atoms per fcc unit cell

Finding the Lattice Type

To find out if a metal is SC, BCC or FCC, use the
known radius and density of an atom to calc.
no. of atoms per unit cell.

Al has density = 2.699 g/cm3 and Al
radius = 143 pm. Verify that Al is FCC.

SOLUTION
1. Calc. unit cell edge (cm)
see handout: edge = 4 * radius / V2
edge =4 * 143 pm / V2 = 404 pm
404 pm * (10 cm / pm) = 4.04 * 10 cm

MAR

Finding the Lattice Type

Al has density = 2.699 g/cm3 and Al radius = 143 pm.
Verify that Al is FCC.

SOLUTION

4. Calculate number of Al per unit cell from
mass of unit cell.

2698¢g | 1 mol
mol 6.022 x 10 atoms

1 atom =4.480 x 10-23 g, so

179x10% g | 1 atom
unit cell 4480x 107 g

MAR ...more in lab and problem set

Mass 1 Al atom =

=3.99 Al atoms/unit cell
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Type of Form of Unit
Solid Particles Forces Between Particles _ Properties Examples

T — "
D0 SOLIDS LIQUIDS/AND =

End of Chapter 10 Ebasis

(LH‘)] x|

Molecular

2

Tonic

See: N el

» Chapter Ten Study Guide EVEN "MATTEiI"
* Chapter Ten Concept

Metallic

Guide agELSOEngMTQKE
Other Types » Important Equations
(following this slide)

of
Crystalline
Solids

* End of Chapter Problems

(following this slide) \ o 7
MAR - .

MAR

Important Equations, Constants, and Handouts
from this Chapter:

End of Chapter Problems: Test Yourself
Intermolecular (IM) Forces:
know when they apply,

strength (strongest to e -
States of Matter: solids, liquids, 1. What type of intermolecular force must be overcome in converting each of

weakest): . ;

. metall)iclion-ion gases, phase diagrams, triple the following from a liquid to a gas? liquid Oz, Hz0, CHal, CH:CH20H
. . point, “normal” boiling and 2. Ethanol, CH3CH20H, has a vapor pressure of 59 mm Hg at 25 °C. What

* ion-dipole quantity of heat energy is required to evaporate 125 mL of the alcohol at

 dipole-dipole (with
Hydrogen bonding for O, F
and N to H)

« dipole-induced dipole

freezing points, the slope of the
solid-liquid line in a phase
diagram, g = mCAT and q =
“mass*heat”, vapor pressure

25 °C? The enthalpy of vaporization of the alcohol at 25 °C is 42.32 kJ/
mol. The density of the liquid is 0.7849 g/mL.

. Liquid ammonia, NHs(1), was once used in home refrigerators as the heat

transfer fluid. The specific heat of the liquid is 4.7 J/g « K and that of the
vapor is 2.2 J/g + K. The enthalpy of vaporization is 23.33 kJ/mol at the

boiling point. If you heat 12 kg of liquid ammonia from -50.0 °C to its
boiling point of -33.3 °C, allow it to evaporate, and then continue warming
to 0.0 °C, how much heat energy must you supply?

sc: 1 atom, do = 2r 4. Aluminum has a face centered cubic crystal lattice and a density of 2.699

- ’ = arl\ g/cm3. What is the radius of an aluminum atom?

bce: 2 atoms, do = 4r/\3 5. Iron has a body centered cubic unit cell and a radius of 126 pm. Find the

fcc: 4 atoms, do = 4r/\2 density of iron.

mole = 6.022 x 1023

* induced dipole-induced
dipole (ID-ID)

Solids: unit cell type:

* simple cubic (SC)

* body centered cubic (BCC)
« face centered cubic (FCC)

MAR r < dy < Volume < density > mass < molar mass > mols < avogadro's number > atoms/molecules MAR

End of Chapter Problems: Answers

1. liquid O2: ID-ID, H20: Hydrogen bonding, CHsl: Dipole-dipole,
CH3CH20OH: Hydrogen bonding

2. 90.1kJ

3. The total heat required is the sum of the heat required to (1) heat the
liquid from —50.0 °C to its boiling point, (2) vaporize the gas, and (3) heat
the vapor to 0.0 °C. Answer (1) = 940 kJ, Answer (2) = 16000 kJ, Answer
(3) = 880 kJ, and total energy = 18000 kJ

4. 143.2pm

5. 7.8740 g/cm3

MAR
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