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States of Matter

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

« The state a substance is

Cool or . . I
compress PP in at a particular
Heat or OO0 temperature and
reduce
pressure pressure depends on
Crystalline solid two antagonistic entities
— The kinetic energy of
the particles
Assumes both the volume and shape of its container — The stren gth of the
Is compressible ,
Flows readily attractions between
Diffusion within a gas occurs rapidly the particles

Assumes the shape of the portion of the container it occupies
Does not expand to fill container

Is virtually incompressible

Flows readily

Diffusion within a liquid occurs slowly

Retains its own shape and volume

Is virtually incompressible

Does not flow

Diffusion within a solid occurs extremely slowly




Intermolecular Forces

Covalent bond
(strong)

Intermolecular
attraction (weak)

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



Intermolecular Forces

Covalent bond
(strong)
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Intermolecular
attraction (weak)

They are, however, strong enough to control
physical properties such as boiling and
melting points, vapor pressures, viscosities,
surface tension, and related properties.



Intermolecular Forces

Covalent bond
=< H’

(strong)
Intermolecular
attraction (weak)
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These intermolecular forces as a group are
referred to as van der Waals forces.



Intermolecular Forces

London dispersion forces
Dipole-induced dipole interactions
Dipole-dipole interactions
Hydrogen bonding

lon-induced dipole interactions
lon-dipole interactions



London Dispersion Forces

2

Helium atom 2

While the electrons in the 1s orbital of helium
would repel each other (and, although they
are paired, tend to stay away from each
other), it does happen that they occasionally
wind up on the same side of the atom.



London Dispersion Forces
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At that instant, then, the helium atom is polar,
with an excess of electrons on the left side
and a shortage on the right side.

This is called an instantaneous dipole



London Dispersion Forces

Electrostatic
- attractlon

Hehum atom 1 Hehum atom 2

Another helium 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.

The second helium atom has an induced dipole



London Dispersion Forces

Electrostatic
attraction

Helium atom 1 Helium atom 2 & 5+t o 5+

London dispersion forces, or dispersion
forces, are attractions between an
Instantaneous dipole and an induced dipole.



London Dispersion Forces

Electrostatic
_attraction
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* These forces are present in all molecules,
whether they are polar or nonpolar.

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



Factors Affecting London Forces

* The shape of the molecule
affects the strength of dispersion

ST forces: long, skinny molecules
o (like n-pentane tend to have

stronger dispersion forces than

short, fat ones (like neopentane,

. 2,2-dimethylpropane).

fE{ * This is due to the increased

Nl surface area in n-pentane.




Factors Affecting London Forces

Halogen Molecular Boiling Noble Molecular Boiling
Weight (amu) Point (K) Gas Weight (amu)  Point (K)
F, 38.0 85.1 He 4.0 4.6
Cl, 71.0 238.6 Ne 20.2 273
Br; 159.8 332.0 Ar 39.9 87.5
I, 253.8 457.6 Kr 83.8 120.9
Xe 131.8 166.1

* The strength of dispersion forces tends to
iIncrease with increased molecular weight.

« Larger atoms have larger electron clouds,

which are easier to polarize.



Intermolecular forces in |,

1. lodine vapor

2. lodine-hexane:
Nonpolar
interactions
(London forces)




Dipole-Induced Dipole Interactions
Intermolecular forces using I,

Molecules that have permanent dipoles can
Induce a dipole on a non-polar atom or molecule

Demonstration: iodine in water




Dipole-Dipole Interactions

 Molecules that have
permanent dipoles are
attracted to each other.

— The positive end of one is

[ 2| theimersctionbenweenany  attracted to the negative

attractive (solid red lines). ~ €Nd Of the other and vice-
versa.

The interaction between any

two like charges is repulsive o These forces are Only

(dashed blue lines). important When the
molecules are close to
each other.



lon-Induced Dipole Interactions

Intermolecular forces using |,

lons can induce a dipole on a non-polar

atom or molecule
Demonstration: Add potassium iodide to iodine in water




lon-Dipole Interactions

 lon-dipole interactions are an important force
In solutions of ions.

* The strength of these forces are what make it
possible for ionic substances to dissolve in
polar solvents.
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Cation-dipole attraction Anion-dipole attraction




Dipole-Dipole Interactions

Molecular Dipole Moment  Boiling Point
Substance Weight (amu) p (D) (K)
Propane, CH3;CH,CH3 A4 0.1 231
Dimethyl ether, CH3;0CHj; 46 1.3 248
Methyl chloride, CH3Cl 50 1.9 249
Acetaldehyde, CH;CHO 44 27 294
Acetonitrile, CH3CN 41 3.9 355

The more polar the molecule, the higher
IS its boiling point.

NOTE: To better see the polarity of these molecules,
draw their structures.



Which Have a Greater Effect:

Dipole-Dipole Interactions or Dispersion Forces?

* |f two substances have molecules that are of
comparable size and shape

— Dispersion forces are approximately equal in the two
substances

— If there is any polarity in the molecules, then dipole-dipole
interactions will be the dominating force.
* |f two substances differ where one molecule is much
larger than another

— If they are non-polar, substances, dispersion forces in the
substance consisting of larger molecules will be stronger.
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How Do We Explain This?

H,0

CH,

H,S

ste

GEH4

SiH,

HzTe

SnH,

50 100
Molecular weight

150

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

 The polar series
follows the trend
from H,Te through
H,S, but water is
quite an anomaly.



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.



Hydrogen Bonding

Hydrogen bonding
arises from the small
size and high
electronegativity of
nitrogen, oxygen, and
fluorine.

Also, when hydrogen is bonded to one of those small,
electronegative elements, the hydrogen nucleus is
essentially exposed.



Hydrogen Bondlng
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The hexagonal shape of a snowflake is a result of the hexagonal, non-
planar rings formed by water molecules in ice.

When water is cooled below 4° C, the molecules slow down
sufficiently so repulsions between the water molecules cause the
molecules to move apart causing the density of the cold water or ice to
decrease.



Water expands on freezing Ice is less dense than liquid
water



Hot and Cold

Separate water by density

COLD HOT




Intermolecular forces
Drops of water on a coin

How many drops of water can you put on
a coin? Why?




Intermolecular forces
Drops of water on a coin

How many drops of water can you put on
a coin? Why?
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Repeat: Add a drop of dishwashing detergent to the water.
Use ethanol in place of water.



Hydrogen Bonding

Decrease in Volume

ethanol water



Intermolecular forces:
Decrease in Volume

ethanol and water




Hydrogen Bonding

Increase in Volume

HCI + NaOH — NaCl + H,O

#1000 mL:s ¥

The volume increase is 18.5 mL/mol
Reference: Sam Katz, and Jane E. Miller, J. Phys. Chem., 1971, 75 (8), pp 1120-1125



Hydrogen Bonding

Increase in Volume

Hydrated H;0O*
O-O distance 2.59 A

| Hydrated OH-
- O-O distance 2.50 A

H,O
O-O distance 2.82 A http://www1.Isbu.ac.uk/water/
index.html

Source: Martin Chaplin,



Intermolecular Forces:
Which Will Evaporate First?

What factors affect evaporation?

Spread these compounds on black slate chalkboards
(Available from craft stores or some teacher supply stores.)

water methanol ethanol 2-propanol

Effect of molecular weight:
H,O=18 CH;OH=32 C,H.OH=46 C;H;OH =60

Effect of polarity



Intermolecular forces:
Salting Effects

Mixture of 2-propanol and
water (15 mL of each)

Add food color

Add 7 g ammonium sulfate and
shake

Test layers for conductivity

Reference: J. Chem. Educ, 87, 1332
(December 2010)




Summarizing Intermolecular Forces

NO

van der Waals forces



Intermolecular forces Intermolecular
forces using |,

Even though there are

these different forces

of attraction between e Hexane
particles, there are still ®® javer
preferences. bl

When given the proper

conditions, iodine Water
prefers a non-polar layer
solvent: .

Like dissolves like
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(a) Copper(II) chloride, the solute, (b) Interactions between water molecules

is added to water, the solvent. and Cu?" and CL™ ions allow the solid to
dissolve. The ions are now sheathed with
water molecules.

A solution is a
HOMOGENEOUS mixture
of 2 or more substances in
a single phase.

One constituent is usually
regarded as the SOLVENT
(usually water) and the others
as SOLUTES.



Intermolecular Forces
Why does a substance dissolve?

The intermolecular
forces between solute
and solvent particles
must be strong enough
to compete with those
between solute
particles and those
between solvent
particles.




Intermolecular

e stronger
Forces: 4 @
Why does a @D @
substance dissolve?
The intermolecular g
forces between solute T Ho
and solvent particles Eoge Methanol‘.“e

must be strong (CH,OH)
enough to compete

with those between Dgle.pels
solute particles and ﬁ‘
those between solvent CH,OH

particles. e NS

(continued on next slide)

weaker



Intermolecular

Forces:
Why does a

substance dissolve?

(continued)

lon-induced dipole
(3—15)

CI-

Dipole-induced dipole

(2-10) ,
+%* e

H,0

Dispersion .
(0.05-40)

stronger

weaker



How Does a Solution Form?

In this example, we have an ionic solid, NaCl, and
a polar solvent, H,0.

The solution forms because the solvent pulls
solute particles apart and surrounds, or solvates,
them. In water this is called hydration.

Solute (NaCl) in The solute is Hydrated ions in
water dissolving solution



How Does a Solution Form

3@

If an ionic salt is soluble in
water, it is because the ion-
9 9 dipole interactions are
strong enough to overcome
the lattice energy of the salt
Water surroundmg
a cation crystal.

0 % The ions are hydrated — that
prevents the ions from
reforming the crystal lattice
‘) 3 under normal conditions.

Water surrounding
an anion

©® Brooks/Cole, Cengage Learning




Water as a Solvent

« How water dissolves molecular
compounds:

— When the nonpolar part of an organic
molecule is considerably larger than the
polar part, the molecule no longer
dissolves in water.

For example ethanol, CH,CH,OH is soluble in
water but butanol CH,CH,CH,CH,OH is not



Factors Affecting Solubility

e Chemists use the axiom “like dissolves like”:

— Polar and ionic substances tend to dissolve in polar
solvents.

— Nonpolar substances tend to dissolve in nonpolar solvents.

TABLE 13.3 Solubilities of Some Alcohols in Water and in Hexane*

Solubility Solubility

Alcohol in Hzo in C6H14
CH30OH (methanol) 00 0.12
CH;CH,OH (ethanol) co co
CH;CH,CH,OH (propanol) 00 00
CH;CH,CH>CH,OH (butanol) 0.11 00
CH3CH,CH,CH,CH,0OH (pentanol) 0.030 00
CH3CH2CH2CH2CH2CH20H (hEXﬁl‘lOl) 0.0058 e
CH;CH,CH,CH,CH,CH,CH,;OH (heptanol) 0.0008 00

*Expressed in mol alcohol/100 g solvent at 20°C. The infinity symbol indicates that the alcohol is completely
miscible with the solvent.



Factors Affecting Solubility

Solubility in water
decreases as the
nonpolar end of
the alcohol
molecules
Increases

Methanol

Butanol

Heptanol




Factors Affecting Solubility

The more similar the intermolecular
attractions, the more likely one substance is
to be soluble in another.
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Factors Affecting Solubility

The more similar the intermolecular
attractions, the more likely one substance is
to be soluble in another.

Methanol A solution of water
and methanol



Factors Affecting Solubility

Glucose (which
has hydrogen
bonding) is very
soluble In
water, while

Cyclohexane
(which only has
dispersion
forces) is not.

HYDROGEN BONDING AND AQUEOUS SOLUBILITY

The presence of OH groups capable of hydrogen bonding with water enhances
the aqueous solubility of organic molecules.
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Cyclohexane, C4Hy,, has
no polar OH groups

Cyclohexane is essentially
insoluble in water.

HO -Q

HO OH
I OH

H H / H
Hydrogen-bonding

sites ’
k. g

Glucose, C¢H150g, has
five OH groups

Glucose is highly soluble
in water.




Factors Affecting Solubility

* Vitamin A is soluble in nonpolar compounds
(like fats).

 Vitamin C is soluble in water.

H;C\ /CH.'J.II.I |]11 H C|:H_1_ [ll 5 H 1&1 H
A A A A A A H F > \—C—H [
H-C C C s el il = o H]
o5 L 1 1= \_ /N, H
H-C C==(C
2 ch RCH1 H—O ~0—H
H- '

Vitamin A Vitamin C

(a) (b)



Intermolecular Forces
Why does a substance dissolve?

CH,OH

H (I:— H HOCH- H
VN AN
Hé\(?ll:/ —0— \%{_Hz:)/ JZHZOH

|
H OH HO H

Glucose unit Sucrose Fructose unit




