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States of Matter

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

Strength of intermolecular attractions increasing

N

Gas Liquid Crystalline solid

VD
¢ ':3 o | 958
@ 0® VD
' ‘0 PP

Chlorine, Cl, Bromine, Br, Iodine, I, Intermolecular
Particles far apart; Particles are closely packed but Particles are closely packed in
possess complete randomly oriented; retain freedom an ordered array; positions FO rces
freedom of motion of motion; rapidly change neighbors are essentially fixed
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States of Matter

Because in the solid
and liquid states
particles are closer
together, we refer to
them as condensed
phases.

Intermolecular
Forces
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The States of Matter

* The state a
Gas Assumes both volume and shape of its container . .
Expands to fill its container sSu b St ance is in at a
Is compressible

Flows readily

Diffusion within a gas occurs rapidly p a rtl C u | ar

Liquid Assumes shape of portion of container it occupies

Does not expand to fill its container te m e ratu re an d
Is virtually incompressible
Flows readily

Diffusion within a liquid occurs slowly p re SS u re d e p e n d S

Solid Retains own shape and volume

Does not expand to fill its container t nt n 1 Sti C
Is virtually incompressible O n WO a ag O I

Does not flow

L] L]
o . . . . n
Diffusion within a solid occurs extremely slowly e n t I tl e S
n

— The kinetic energy of
the particles.

— The strength of the
attractions between
the particles.

Intermolecular
Forces
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Intermolecular Forces

Strong intramolecular
attraction (covalent bond)

o000 H

Weak intermolecular attraction

The attractions between molecules are not
nearly as strong as the intramolecular
attractions that hold compounds together.
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Intermolecular Forces

Strong intramolecular
attraction (covalent bond)

eoeoe H

Weak intermolecular attraction

These intermolecular attractions are,
however, strong enough to control physical

properties, such as boiling and melting points,
vapor pressures, and viscosities. Intermolecular

Forces
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Intermolecular Forces

Strong intramolecular
attraction (covalent bond)

eeoo0e0e H

\

Weak intermolecular attraction

These intermolecular forces as a group are
referred to as van der Waals forces.

Intermolecular
Forces
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van der Waals Forces

Dipole—dipole interactions
Hydrogen bonding
_ondon dispersion forces

Intermolecular
Forces
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London Dispersion Forces

Subatomic particle view Whlle the eIeCtrOnS
in the 1s orbital of

= . helium would repel
e each other (and,
N therefore, tend to
stay far away from
- - each other), it does
happen that they
Splma e occasionally vv_ind up
on the same side of
the atom.

Intermolecular
Forces
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London Dispersion Forces

Subatomic particle view

At that instant, then, )
the helium atom is o . %*
polar, with an
excess of electrons Arom A Atom B
on the left side and Polarization view
a shortage on the
right side. o

Atom A Ator;B

nnnnnnnnnnnnnnnnnnnnnnn
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London Dispersion Forces

Subatomic particle view

Polarization view

Electrostatic attraction

Atom A Atom B

(c) Induced dipole on atom A
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Another helium
atom nearby, then,
would have a dipole
Induced In it, as the
electrons on the left
side of helium atom
2 repel the electrons
In the cloud on
helium atom 1.
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London Dispersion Forces

Subatomic particle view

Polarization view

Electrostatic attraction

Atom A Atom B

(c) Induced dipole on atom A
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London dispersion
forces, or
dispersion forces,
are attractions
between an
iInstantaneous dipole
and an induced
dipole.
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London Dispersion Forces

° These forces are Subatomic particle view
present in all
molecules, whether
they are polar or
nonpolar.

* The tendency of an
electron cloud to
distort in this way is
called
polarizability.

Polarization view
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Electrostatic attraction

Atom A Atom B

Atom A Atom B

(c) Induced dipole on atom A
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Factors Affecting London Forces

AAA -« The shape of the molecule
affects the strength of dispersion
"*}\)x forces: long, skinny molecules
(like n-pentane) tend to have
e e Stronger dispersion forces than
short, fat ones (like neopentane).

E‘» * This is due to the increased

surface area in n-pentane.

N CsH; Intermolecular
ntar
pzsz 7 K( 2 Forces
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Factors Affecting London

Xe (166 K)

Forces

* The strength of
dispersion forces
tends to increase
with increased

e molecular weight.

« Larger atoms have

| 1, (458 K)

larger electron

100

200 300
Boiling point (K)

400

500

clouds that are
easier to polarize.

Intermolecular
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Dipole—Dipole Interactions

* Molecules that have permanent dipoles are
attracted to each other.

— The positive end of one is attracted to the negative
end of the other, and vice versa.

— These forces are only important when the
molecules are close to each other.

Attractive dipole-dipole force (red) Repulsive dipole—dipole force (blue)

4 f/f
% R

a) Solid CH;CN (b) Liquid CH;CN Intermolecular
Forces
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Dipole—Dipole Interactions

y
J
) \
|
'l
\_A //
S " e
S N

Propane Dimethyl ether Acetaldehyde Acetonitrile
CH,;CH,CHj, CH;0CH;, CH;CHO CH3CN
MW = 44 amu MW = 46 amu MW = 44 amu MW = 41 amu
p=01D p=13D pn=27D p=39D
bp=231K bp =248 K bp =294 K bp =355K

Increasing polarity
Increasing strength of dipole-dipole forces

The more polar the molecule, the higher
Its boiling point.

Intermolecular
Forces
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Which Have a Greater Effect?

Dipole—Dipole Interactions or Dispersion Forces

* If two molecules are of comparable size
and shape, dipole—dipole interactions
will likely be the dominating force.

* If one molecule is much larger than
another, dispersion forces will likely
determine its physical properties.

Intermolecular
Forces
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Boiling point (K)

400

350

300

N
Q1
o

200
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100
0

How Do We Explain This?

CH,

SiH,

25

50 75 100
Molecular weight (amu)

125 150
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The nonpolar series
(SnH, to CH,) follow
the expected trend.

The polar series
follow the trend until
you get to the
smallest molecules
In each group.
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Hydrogen Bonding

* The dipole—dipole
Interactions experienced
when H is bonded to N, O,
or F are unusually strong.

 We call these interactions
hydrogen bonds.

Covalent bond,
intramolecular

000000000000000000000000

Hydrogen bond,
intermolecular

Intermolecular
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Hydrogen Bonding

« Hydrogen bonding
arises in part from the
high electronegativity
of nitrogen, oxygen,

L%, 9@ and fluorine.

Aléo, when hydrogen is bonded to one of those
very electronegative elements, the hydrogen
nucleus is exposed.

Intermolecular
Forces
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lon—Dipole Interactions

* lon—dipole interactions (a fourth type of force)
are important in solutions of ions.

* The strength of these forces is what makes it
possible for ionic substances to dissolve in
polar solvents.

Positive ends of polar molecules Negative ends of polar molecules
are oriented toward negatively are oriented toward positively Intermolecular
charged anion charged cation Forces
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Summarizing Intermolecular Forces

NO Are ions YES
[ present? ]
NO Are polar Are polar NO
~——  molecules molecules  =————

present? present?

lYES YES
Are H atoms YES
bonded to
N, O, and F atoms?

v Nol v v
Dispersion Dipole-dipole Hydrogen  Ion-dipole forces Ionic bonding
forces only forces bonding Examples: Examples:

Examples: Examples: Examples: NaCl dissolved @ KBr, NH;NO;
CH4, Brz CH3F, HBr NH3, CH3OH in Hzo

van der Waals forces

Intermolecular

Increasing interaction strength Forces

© 2012 Pearson Education, Inc.
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Intermolecular Forces Affect
Many Physical Properties

Each molecule can form two
hydrogen bonds with a neighbor

The strength of the
attractions between

Acetic acid, CH;COOH

bp = 91K particles can greatly
Each molecule can form one affect the properties Of

hydrogen bond with a neighbor

a substance or solution.

1-Propanol, CH;CH,CH,OH
MW = 60 amu
bp =370K

Intermolecular
Forces
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Viscosity

* Resistance of a liquid
to flow is called
VISCOSity.

* [tis related to the ease
with which molecules

can move past each
other.

* Viscosity increases
with stronger
Intermolecular forces
and decreases with
higher temperature.

!

B

“

SAE 40

higher number

higher viscosity
slower pouring

|

a

SAE 10

lower number
lower viscosity
faster pouring

TABLE 11.4 ¢ Viscosities of a Series of Hydrocarbons at 20 °C

Substance Formula Viscosity (kg/m-s)
Hexane CH;CH,CH,CH,CH,CH, 3.26 X 1074
Heptane CH;CH,CH,CH,CH,CH,CHj 4.09 X 1074
Octane CH,CH,CH,CH,CH,CH,CH,CH; 542 X 1074
Nonane CH,CH,CH,CH,CH,CH,CH,CH,CH; 7.11 X 107*
Decane CH,CH,CH,CH,CH,CH,CH,CH,CH,CH5 1.42 X 1073

© 2012 Pearson Education, Inc.
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Surface Tension

N

Surface tension
theresis noapward Tt results from the net

cancel the downward force,
which means each surface

molecule “feels” a net i nward fO rce

downward pull

74 experienced by the

\Z molecules on the

9093205005000 surface of a liquid.

On any interior molecule, each force is
balanced by a force pulling in the opposite
direction, which means that interior

molecules “feel” no net pull in any
direction Intermolecular

© 2012 Pearson Education, Inc. FO rces
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Phase Changes

Gas
A A A
Vaporization Condensation
5
§ Sublimation Deposition
n
5 A
>
%D Melting /Fusion Freezing
c
e
) Y
Solid

— Endothermic process (energy added to substance)

Exothermic process (energy released from substance)

© 2012 Pearson Education, Inc.
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Energy Changes Associated
with Changes of State

90
:g\ 80 [] Heat of fusion
~ 70 [] Heat of vaporization
]
\quo 60 [ ] Heat of sublimation
-
g 50
o 40 81
b
a, 30 58
S 20 - m | Y
5 29 29
T 10 24 23

0 5 7 6

Butane [ Diethyl ether | Water [ Mercury

(C4Hyp) (C,H50C,Hs) (HyO) (Hg)

The heat of fusion iIs the energy required to
change a solid at its melting point to a liquid.

Intermolecular
Forces
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Energy Changes Associated
with Changes of State

90
= 80 [] Heat of fusion
§ 70 [] Heat of vaporization
i
\Qb:o 60 [ ] Heat of sublimation
& 50
o
v 40 81
s
S 30 58
S 20 e a1 (Y
S 29 29
T 10 - 23
0 ) 7 6
Butane | Diethyl ether [ Water | Mercury
(C4Hip) (CH50C,Hs) (HyO) (Hg)

®© 2012 Pearson Education, Inc.

The heat of vaporization is defined as the
energy required to change a liquid at its AN
boiling point to a gas. Forces
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Energy Changes Associated
with Changes of State

90
:g\ 80 [] Heat of fusion
~ 70 [] Heat of vaporization
i,
\quo 60 [ ] Heat of sublimation
& 50
o
o 40 81
b
a, 30 58
S 20 - m | Y
S 29 29
T 10 = 23
0 5 7 6
Butane [ Diethyl ether | Water [ Mercury
(C4Hyp) (CH50C,Hs) (H2O) (Hg)

The heat of sublimation is defined as the energy
required to change a solid directly to a gas. Intermolecular

Forces
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Temperature (°C)

Energy Changes Associated
with Changes of State

Vaporization, temperature
does not change until all
H,O(/) becomes H,0(g) .,

Liquid water

..+***Melting, temperature does
not change until all H,O(s)
becomes H,0(/)

Heat added

 The heat added to the
system at the melting
and boliling points goes
Into pulling the
molecules farther apart
from each other.

* The temperature of the

substance does not rise
during a phase change.

Intermolecular
Forces
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Vapor Pressure

« At any temperature some molecules in a liquid have
enough energy to break free.

* As the temperature rises, the fraction of molecules
that have enough energy to break free increases.

[
Lower temperature |

Higher temperature
; |
|

| Minimum kinetic
| energy needed
: to escape

Number of molecules

Kinetic energy

Blue area = number of molecules
having enough energy to evaporate
at lower temperature

Red + blue areas = number of
molecules having enough energy to Intermolecular
evaporate at higher temperature Forces
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Vapor Pressure

) ) ‘)
¥ Y

As more molecules
escape the liquid,
tl P increasing &0 ke p P = equilibrium the pressure they

Liquid

’ / ethanol

P=0 \ | Vvapor pressure
f , Syst
S L System ML/ exert increases.
/ ethanol [ _ equ111br1um
( - AW ( by # \ \¢
Evacuated flask, Molecules begin to Molecules leave and
pressure zero vaporize, pressure enter liquid at equal
increases rates, pressure reaches

steady-state value

Intermolecular
Forces

© 2012 Pearson Education, Inc.



Vapor Pressure

Liquid
ethanol
P increasing % . P = equilibrium
P =0 vapor pressure
AL \ _ System / /
Add comes to -

|

Evacuated flask,

pressure zero

ethanol { equlhbrlum (

— (X A

M\v

Molecules begin to Molecules leave and
vaporize, pressure enter liquid at equal
increases rates, pressure reaches

steady-state value

© 2012 Pearson Education, Inc.

The liquid and vapor
reach a state of
dynamic equilibrium:
liguid molecules
evaporate and vapor
molecules condense
at the same rate.

Intermolecular
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Vapor Pressure

 The boiling point of o e
a liquid is the J ] se————" S - i
temperature at which £ e o uil
Its vapor pressure B ey
equals atmospheric £ ey S IV |
pressure. g

+ The normal boiling =
point is the Ethylene
temperature at which . I hade ey
its vapor pressure is v Te‘fgpemmfg o
760 torr.

Intermolecular
Forces
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Vapor Pressure

The natural log of the
vapor pressure of a
liquid Is inversely

Slope = —AH,,,/R

5 proportional to its
temperature.
-+
3
0.0028 0.0030 0.0032 0.0034

1/T (1/K)

Intermolecular
Forces
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Vapor Pressure

This relationship is
guantified in the
Clausius—Clapeyron

Slope = —AH,,,/R

5 equation:
-+
In P = -AH,,/RT + C,
3
0.0028 0.0030 0.0032 0.0034

UT 1/K) where C Is a constant.

Intermolecular
Forces
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Phase Diagrams

Phase diagrams display the state of a
substance at various pressures and

temperatures, and the places where equilibria
exist between phases.

Pressure

Supercritical
fluid
Melting Liquid
i &
Solid Freezing
Critical point
Vaporization fHicatpom
Condensation
T
Sublimation Triple point Gas
Deposition

Temperature

© 2012 Pearson Education, Inc.
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Phase Diagrams

The liguid—vapor interface starts at the triple point
(T), at which all three states are in equilibrium, and
ends at the critical point (C), above which the liquid
and vapor are indistinguishable from each other.

Pressure

Solid

Sublimation

Supercritical
fluid
Melting Liquid
Freezing C

Critical point
Vaporization P

Condensation
T

Triple point Gas

Deposition

Temperature

© 2012 Pearson Education, Inc.
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Phase Diagrams

Each point along this line is the boiling point of the
substance at that pressure.

© 2012 Pearson Education, Inc.

Pressure

Supercritical
fluid

Melting Liquid

i &
Solid Freezing

Critical point
Vaporization P

Condensation
T

Sublimation Triple point Gas

Deposition

Temperature
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Phase Diagrams

The interface between liquid and solid marks the

melting point of a substance at each pressure.

© 2012 Pearson Education, Inc.

Pressure

Supercritical
fluid
Melting Liquid
i &
Solid Freezing
Critical point
Vaporization fHicatpom
Condensation
T
Sublimation Triple point Gas
Deposition

Temperature
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Phase Diagrams

« Below the triple point the substance cannot exist in
the liquid state.

« Along the solid—gas line those two phases are in
equilibrium; the sublimation point at each pressure
IS along this line.

P Vs Vi ¥

Supercritical
fluid

Melting Liquid

i &
Solid Freezing

Pressure

L Critical point
Vaporization

Condensation
T

Sublimation Triple point Gas

Deposition

Intermolecular

Temperature Forces
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Pressure (atm)
—_ — —
o (@) (@]
Lol L

—
(@)
|

N

Phase Diagram of Water

Liquid i“pﬁffé““l  Note the high critical
(6741°C. 2177 atm) temperature and critical
1| solid pressure.
Gas — These are due to the
strong van der Waals
/ o Tipl point forces between water
(0.0098 °C, 0.00603 atm)

molecules.

—200 0 200 400 600

Temperature (°C)

Intermolecular
Forces
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Pressure (atm)
—_ —_ —_
o (@) (@]
doh A

—
@]
|

S

Phase Diagram of Water

Liquid iupgrjirciiﬁcal e The Slope of the solid—
(7447, 2177 atm) liquid line is negative.
1| Solid — This means that as the
Gas pressure is increased at a
- temperature just below the
/ (0.0098 G, 000603 atm) melting point, water goes
from a solid to a liquid.

—200 0 200 400 600
Temperature (°C)

Intermolecular
Forces
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Phase Diagram of Carbon Dioxide

Carbon dioxide
cannot exist in the
liquid state at
pressures below
5.11 atm; CO,
sublimes at normal
pressures. B T R R T T

Temperature (°C)

—
o
w

Supercritical
fluid

—
o
~

Critical point

Solid (31.1 °C, 73.0 atm)

Pressure (atm)
—
o

Triple point
(=56.4 °C, 5.11 atm)

Gas

Pt

1071

Intermolecular
Forces
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quwd Crystals

« Some substances do
not go directly from
the solid state to the
liquid state.

* |n this intermediate

145°C < T <179 °C T>179 °C

ﬂl:lguxld crystalline phase Liquid phase St at e , I i q u I d C ry St al S
—— have some traits of

vide rigidity Benzene rings allow _
: molecules to stack easily

A

\
o,
4119 o
/ <
~ // x o
Polar groups N ~
create dipole
ok moments
© et S A | O \
U N\ ‘
'/ \ "
\\\ // fffff
© 2012 Pearson Education, Inc. V -
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solids and some of
liquids.
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Liquid Crystals

A 4

\

A

\|

4

\

E.d4

Liquid phase

Molecules
arranged
randomly

arson Education, Inc.

lf

00} ’

Nematic llquld
crystalline phase

Long axes of
molecules
aligned, but ends
are not aligned

A 4

Smectic A liquid
crystalline phase

Molecules aligned
in layers, long
axes of molecules
perpendicular to
layer planes

© 2012 Pearson Education, Inc.

\

——F

Smectic C liquid
crystalline phase

Molecules aligned
in layers, long
axes of molecules
inclined with
respect to layer
planes

Unlike liquids, molecules in ligquid crystals
have some degree of order.
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Liquid Crystals

A 4

\

A

\|

y
A

E.d4

Liquid phase

Molecules
arranged
randomly

lf

a'} '

Nematic 11qu1d
crystalline phase

Long axes of
molecules
aligned, but ends
are not aligned

A 4

Smectic A liquid
crystalline phase

Molecules aligned
in layers, long
axes of molecules
perpendicular to
layer planes
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\

——F

Smectic C liquid
crystalline phase

Molecules aligned
in layers, long
axes of molecules
inclined with
respect to layer
planes

In nematic liquid crystals, molecules are only
ordered in one dimension, along the long axis.

Intermolecular
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Liquid Crystals

VLY
\\

y
A

e dy

Liquid phase

Molecules
arranged
randomly
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@
Nematic liquid
crystalline phase

Long axes of
molecules
aligned, but ends
are not aligned

A 4

|
[

Smectic A liquid
crystalline phase

Molecules aligned
in layers, long
axes of molecules
perpendicular to
layer planes
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A T 4

\
™

Smectic C liquid
crystalline phase

Molecules aligned
in layers, long
axes of molecules
inclined with
respect to layer
planes

In smectic liquid crystals, molecules are
ordered In two dimensions, along the long
axis and in layers.
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Liquid Crystals

In cholesteryl
liquid crystals,
nematic-like crystals
are layered at
angles to each

s

In a cholesteric liquid crystal the The direction along which the
Ot h e r molecules pack into layers; the long molecules point rotates from one
- axis of each molecule is oriented layer to the next, resulting in a
parallel to its neighbors within the spiraling pattern resembling the
same layer threads of a screw

012 Pearson Education, Inc.
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(b)

Liquid Crystals

These crystals can exhibit
color changes with
changes in temperature.

Voltage off (bright)

Ordinary Liquid crystal
light

<) — ol / lll\\\\\\\\«—r/&////, / |
Wl /

Vertical Front Back Horizontal Reflector
polarizer electrode electrode polarizer

F— @ W = EE: /

Liquid crystal Intermolecular
Voltage on (dark) Forces
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