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Gases vs. Liquids and Solids

A In gases, the particles in the sample are widely
separated, because the attractive forces between th
particles are very weak.

A In liquids, there are strong intermolecular forces
between the particles, which hold them in close
contact, while still letting them slip and slide over
one another.

A In solids, the intermolecular forces are so strong tha
the particles are held rigidly in place.

Figure 8.1 Gas Liquid Solid
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Solids, Liquids,
and Gases
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The Physical States of Matter

A Solids
I have strong intermolecular forces.
I have high densities in comparison to gases.

i arerigid (have a definite shape) and
incompressibléhave a definite volume).

i may becrystalline(ordered) [e.g. table salt] or
amorphougdisordered) [e.g., plastics].

‘ Regular ordered structure | No long-range order
\ \
e ®

Crystalline solid Amorphous solid
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The Physical States of Matter

A Liquids
T have moderate intermolecular forces.
I have high densities in comparison to gases.

i arefluid (they flow, and have an indefinite shape)
andincompressibléhave a definite volume); they
conform to the shape of their containers (they
form surface$.

The Physical States of Matter

A Gases
I have weak intermolecular forces.

T have low densities

i arefluid andcompressiblgthey have no definite
shape or volume, and conform to the container
shape, but fill the entire volume (i.e., they do not
form surfaces).

Molecules closely spaced
— not easily compressible
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The Phases of Water

Densuty Molar Molecular
Phase Temperature (°C) (g/cm at 1 atm) Volume View
3
Gas (steam) 100 590 X 104 30.5L 2
&

Jng‘ggl
?;“8.99@2‘

Solid (ice) 0 0.917 19.6 mL é 5

Liquid (water) 20 0.998 18.0 mL

Phase Changes

A A solid can be converted into a liquid by heating,
and to a gas by heating or reducing the pressure:

Heat or
reduce pressure
|

| I
Cool or u

increase pressure —

CiHg (
Solid Liquid Gas

Propane (GHg) is stored in tanks at
pressures above 2.7 atm, which turns it into
a liquid. When the valve is opened, some of
the propane evaporates into the gas phase.
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Intermolecular
Forces
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Intramolecular and Intermolecular Forces

A Intramolecular forcesoperatewithin each molecule,
influencing thechemicalproperties of the substance
(i.e., covalent bonds).

I These are the forces that hold the atoms in a molecule
together. They are very strong forces which result from
large charges (on protons and electrons) interacting over
very short distances.

A Intermolecular forces(van der Waals force$
operatebetweerseparate molecules, influencing the
physicalproperties of the substance.

i These are the forces that hold liquids and solids together,
and influence their melting and boiling points. They are
weaker forces, because they result from smaller charges,
partial charges, interacting over much larger distances.

E = i %% CoulombsLaw
4 U d 10
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Intramolecular and Intermolecular Forces

A To break an ® H bond in water, the water must be
heated to thousands of degrees C; to completely

overcome the intermolecular forces, all you have to
do is boilitd 10C°C.

Intramolecular
Force

Intermolecular
96 pm Force
300 pm

A Intermolecular forces includdispersion forces
dipole-dipole forcesandhydrogen bondson-
dipole forceperate between ions and molecules.

11

Liquid
Nitrogen

(b)
The N, molecules are held together by very strong covalent bonds
both the liquid phase (a) and the gas phase (b). At low temperatu
(a), the intermolecular forces betweepnmblecules hold the particles
together in the liquid phase; at warmer temperatures (b), the
molecules separate into the gas phase.

12
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London Dispersion Forces

A All atoms and molecules experierioendon
dispersion forces which are attractive forces arising
from fluctuations in the electron distribution within
atoms or molecules. (Fritz W. London, 1930)

A At any one instant, the random motion of electrons
within an atom or molecule may cause the electrons
to be clustered more at one end of the particle,
giving that end aerysmall partial negative charge,
and creating amstantaneous dipole:

o Lo’ o
- 5+
13
Frame 1 Frame 2 Frame 3
London Dispersion Forces
A This positive end of this instantaneous dipole can
inducea dipole in a neighboring atom or molecule
by attracting its electrons:
& &* & 8" & &t
4 B - a4 - @3 @
e ”I\\'n puluri/ulinn./\lm“ ’ ll:tl:;‘l.'ll;;;l:c?\l\ ;lipnlgt <||;‘\;:l;1;:|l:ll:: fom® fom®
5 5t 5 5t B 5t
@ & & o
Molecule A Molecule B Molecule A Molecule B
Figure 8.5

A Dispersion forces exist betweath molecules, but
they are thenly forces that exist between nonpolar

molecules. .
14
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London Dispersion Forces

A London forces are generally small, with energies in
the range of 410 kJ/mol (most covalent bonds are
well over 100 kJ/mol)

A The exact magnitude of London forces in a
molecules depends on thelarizability of the
mol ecul e, the ease with
cloud can be distorted by a nearby electric field.

i Polarizability increases with the size of the atom or the
molar mass of the molecule, leading to larger London
forces and higher boiling points.

i Molecules with the same molecular weight that are more
Aspread outo have more sur
London forces between them.

I Within a family of similar compounds (such as the
hydrocarbons), London forces (and therefore boiling

point) increase with increasing molar mass.
15

London Dispersion Forces

Noble Gases @

-268.8 @“"“”” @ e

Ne | -248.5 -245.9 » . . Lf][’-_,(llv.
Ar |-189.6 |-185.8 o il i,
Kr |-157.4 -151.7 w7215 gmr 17215 g

BP 36.1°C BP9.5°C

Xe [-111.5 |-106.6
Rn |-71.0 -61.7

Hydrocarbons

Methane CH,
Ethane C,Hg -88.6
Halogens Propane | C;Hg -42.1
Butane C,Hyo -0.5
F, |-219.7 -188.2 Pentane CcHy» 36.1
Cl, |-101.0 -34.6 Hexane CeHyg 68.9
Br2 -7.3 58.8 Octane C8H18 125.5
I, |1146 |1844 Decane  [CiHp, |[174.1
Eicosane |C,H,, |343 16
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Dipole-Dipole Forces

A Dipole-Dipole forcesare the attractions between the
opposite partial charges in thermanent dipolesof
polar molecules. The partial charges in one
molecule with a permanent dipole are attracted to th
opposite partial charges in another polar molecule:

6+ 8_ ....... 8+ 6_

A Dipole-dipole forces exist betweedl polar
molecules (in addition to London forces).

Dipole-Dipole Forces

.. i ~ & Alngeneral, for molecules of
the same molecular weight, a
@ polar molecule (dipolelipole
+ London) will have a higher
A boiling point than a nonpolar

Gy molecule (London only):
L+ o e
TR v W 'l
¥Ry ¢ ® . ® _6
& -\ (# Q ot Q, Q
", » o . C ¢
' HHHH 0®
- Yo no Lo om
\/C‘/ \/C‘/ H \1C‘/ \IC‘/
Attraction -=-----=---- H HH H H HH H
Repulsion ----------- Butane (C4H,) Acetone (C3H40)
(b) Mol mass = 58 amu Mol mass = 58 amu
bp = —0.5°C bp = 56.2°C

Figure 8.2 18


MOV SCD Dipole-Dipole Forces.mov

Chapter8 Liquids and Solids

Dipole-Dipole Forces

A Dipole-dipole forces are usually weak,-4kJ/mol,
and are significant only when molecules are in close
contact.

A The more polar the molecule, the stronger the
dipole-dipole forces and the higher the boiling point.

5 ( 0
.
) 22
450
: L Acetonit
400 p A L—\-f CH,CN
< ‘ﬂ 41.05 g/mol
5 n” Wby Acetaldehyd;
,a"!" Ethylene oxide  CH,CHi
- : (CH,),0 44,05 g/mol
300 Dimethyl ether 4405 g/mol
Propane CH;0CH;
CHyCH,CH, 46.07 g/mol
Z 250+ 44.09 g/mol
2 200
Ed
2 150 |
100
50
& 5
h' Ll I 0 T T T
0.08 1.30 1.89 2.69 392 19
Dipole moment (D)

Dipole-Dipole Forces

A Polarity also determines whether one liquid mixes
with another liquid. The general solubility rule is
that dli ke dissolves |

I Ethanol and water mix because they are both
polar. (They arenisciblewith each other.)

i Oil and gasoline mix with each other because
they are both nonpolar.

T Oi | and water donot mi

&i’: Lo e 20


PPT Polar Bear.ppt
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Hydrogen Bonding

A Hydrogen bondingis an especially strong version
of the dipoledipoles force that occurs in molecules
which have ld N, Hd O, or Hb F bonds:

R
H—FjlllllH—EZ
R
| o gt
R_X—Hnnll)l( H—OjnnlllH—bI
I I
Hydrogen bonds\\|§I H H
X=N,O,orF E H
H—X—R l5- &
R—NvmimmmiH—N—R
| I
H H 21

Hydrogen Bonding

A The electronegativity difference between O, N, and
F vs. H is so large that these bonds are especially
polar, and the attractions between the opposite
partial charges are especially strong.

A H-bonds can have energies up to 40 kJ/mol.

22
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Hydrogen Bonding

A Any molecule that contains ardCH bond, such as
ethanol, CHCH,OH, is capable of forming
hydrogen bonds:

H
6~ H w
H—C—C—0—H H—C—0—C—H
5+ ] | |
: H H H H
Ethyl Alcohol Dimethyl Ether
46.07 g/mol 46.07 g/mol
mp-117°C mp-139°C
bp 78.5°C bp-25°C
density 0.789 g/mol (2€) density 0.00195 g/mol (2C)
intoxicant refrigerant

23

Hydrogen Bonding and Boiling Point

A Hydrogen bonding causes water to boil at a much

hi gher temperature than
such a small molecule:

100

Boiling point (°C)

-100

200

Period

. Group 4A Group 6A 24
Flgure 8.4 Group 5A - Group 7A
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Hydrogen Bonding and Water

A Hydrogen bonding also causes solid water to adopt .
more open crystalline structure, which is less dense
than the liquid structure (hence, ice floats on water).

-» - A
: ~go P & \Q

25

Hydrogen Bonds and the DNA Double Heli

A Deoxyribonucleic acid(DNA), the molecule which
encodes genetic information in living cells, consists (
a strand of sugar molecules (deoxyribose) connecte
by phosphate groups; each sugar has one of four be
(A, T, G, C) attached to it. Hydrogen bonds betweer
the bases in the separate strands of DNA cause the
to cling together in the famou®uble helix structure:

Hydrogen b\i
‘ 7‘ /sq /‘ 7‘“»«1 \
59 / Saa{ Sg ‘ ¥
«+« Phosphate Phosphate Phosphate
Nucleotide

Thymine Ader

\
u( >u\ N —H:--Q,

>n\
i ‘
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lon-Dipole Forces

A lon-Dipole forcesare the result of electrical
interactions between an ion and the partial charges
on a polar molecule.

A These forces are responsible for the ability of polar
solvents like water to dissolve ionic compounds.

@m'@ 7 e
&S o

lon- and Dipolelnduced Dipole Forces

A lon - induced dipole forcesare the attractive forces
that exist between ions and nonpolar molecules.
Being next to an i1 on fi
nonpolar molecule, attracting it towards the ion.

I These forces are responsible for the attraction
between F& and Q molecules in the
bloodstream, and contributes to the solvation of
ions in water.

A Dipole - induced dipole forcesare the attractive
forces that exist between polar molecules and
nonpolar molecules. Being next to a polar molecule

~

Ai nduceso a dipole in a

I These forces are responsible for the solvation of
gases (nonpolar) in water (polar).

28
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Strength

Summary: ' Intermolecular Forces

Intermolecular
Forces

lon-dipole

Formed by the
attraction

an ion and a polar
molecule

b Examples n
Na" and HO

Hydrogen bond

molecules which have
Hon N, O, or F atoms

H,O and HO; H,0O
and CHCH,OH

: . CH;Br and ICl;
Dipole - Dipole two polar molecules CHiBr and HO
. lanion and a nonpolar| - o,
lon - Induced dipole o \oc e Fetand Q
Dipole- Induced |a polar molecule and Aol and C}

dipole

nonpolar molecule

London (dispersion
forces

Jtwo nonpolar
molecules

CH,and CH; F
and B; CH, and B

29

1. ldentify all of the kinds of intermolecular forces in
the following substances.

Examples:

a. CH,
b. CH.CI
c. CHJCI,
d. CHCl,
e. CCl,
f. HCI
g. HF

Intermolecular Forces

30
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Examples: Intermolecular Forces

2.What is thestrongeskind of intermolecular force in
the following substances.

a. CH;CH,
b. CH;NH,
Cc. Kr

d. CH,O
e. CO,

f. HO,

g. CH;OH

31

Examples: Intermolecular Forces

3. Consider the kinds of intermolecular forces present
between the following substances.
a. CsCl in CHBr
b. CH;OH in HO
d. O, and Fé*
e. CHBr in HO

f. CH,CH,CH, in CHCI

32
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Examples: Intermolecular Forces

4. Consider the kinds of intermolecular forces present
in the following compounds, and rank the substance
in likely order of increasing boiling point.

H,S (34 amu)
C,Hg (30 amu, @ C bond length 154 pm)
CH;0OH (32 amu)

Ar (40 amu, radius 71 pm)

33

Intermolecular Forces in Everyday Life

A Intermolecular forces such are also responsible for
the ability of geckos to climb walls and Pdshotes
to stick to surfaces:

34
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The Liquid State
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Intermolecular Forces in Liquids and Solids

A Liquids and solids exist because of the relatively
strong intermolecular forces that exist between some
compounds.

A Intermolecular forces play a large role in
determining the physical properties of liquids.

A Solids have relatively stronger intermolecular forces
than liquids do.

36
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Surface Tension

A Surface Tensiond molecules at the surface of a
liquid feel a stronger net attraction from the
molecules below than do the ones in the interior of
the liquid. This causes the surface to act like a skin
covering the liquid, and tends to shape the liquid to
have the smallest possible surface area (a sphere).

Surface
099000 00
99 O @904
99 ¥o0 —
009 0 g0
Q9 O .

Figure 8.6

Surface Tension
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Surface Tension

A Surfactants (soaps, detergents, etc.) disrupt the
hydrogen bonding at the surface of water, increasing
the ability of the wate

A Surface tension decreases as the intermolecular
forces weaken.

39

Viscosity

AViscosityi s t he measure of a
flowing. Viscosity is related to the ease with which
individual molecules move around in the liquid and
thus to the intermolecular forces present.

I Viscosity is measured in units pbisg P, defined
as 1 g cnt st (water has a viscosity ofdP)

I Substances composed of small, nonpolar
molecules (such as gasoline and benzene) have
) low viscosities.
|

n——o-u T Polar molecules (such as glycerol), and molecules

"o composed of long chains of atoms (such as oil
| and grease) have higher viscosities.

H
glycerol -

I The viscosity of a liquid decreases at higher
temperatures.

40
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Capillary Action

A Capillarity (capillary action) & the rise of a liquid
inside a thin glass tube, which results from the
competition between the attractive forces between
the liquid molecules (cohesive forces) and the forces
between the liquid molecules and the walls of the
glass (adhesive forces).

~ T,

m— T M M S A A 41

Capillary Action

A For water, the adhesive forces are greater than the
cohesive forces, and water rises in the tube, and is
raised slightly around the edges, producing an
concave meniscus.

A For mercury, the cohesive forces between Hg atoms
are greater than the adhesive forces between the Hc
atoms and the 81O bonds in the glass, causing
mercury to have a convex meniscus.

i
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\ !
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The Uniqueness of Water
A Water has a low molecular mass (18.02 g/mol), but
Is a liquid at room temperature.

I The highlypolar nature of the @ H bond, combined
wi t h wentsleape)sakes water have a significant
dipole moment.

i One water molecule can hydrogen bond with up to four
others, resulting in an unusually high boiling point
(100 C) for such a small molecule (Fig. 11.40).

! 150
71‘[ bOIldS 8
o N
n
150 - (3“‘\
-200 - - - .
: “ Yessas ® i P 43

C

Boiling point (

L

The Unigueness of Water
A The polarity and hydrogen bonding ability of water
makes it agreat solventfor many substances.

I Water dissolves many organic substances to some extent
(except hydrocarbons).

i Water dissolves many ionic compounds.

A Water has &igh heat capacity and can absorb a lot
of heat without much of a temperature change.

i Water can therefore be used to regulate temperatures (e.(
in radiators).

i Water regulates much of the temperature of the Earth.

A Water has &igh surface tension andhigh
capillarity

i Plants draw water from soil by capillary action.

44



Chapter8 Liquids and Solids

The Uniqueness of Water

Awaterds hydrogen bonds
open, hexagonal structure, whichass densé¢han
liquid waterd hence, ice floats on water.

I When a lake freezes, the layer of ice that forms at the top
of the lake insulates the water below it, often preventing it
from freezing solid.

i Cells are damaged by ice crystals when they are frozen,
and often do not survive when they are warmed up again.

i Flashfreezingcan be used to get around this problem, by
freezing the water so quic
chance to organize into their preferred crystal structure.

% . l‘,&f%’

45
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The Solid State
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Solids

A Most substances are solids, not liquids or gases.

A Solids can be divided into two broad categories
based on the orderliness of their particles:

i Crystalline solidshave a weldefined shape and
a highly ordered arrangement of particles (e.g.,
diamond, ice, quartz).

I Amorphous solidshave poorly defined shapes,
with randomly arranged particles and no ordered
long-range structure (e.g., charcoal, plastics,
rubber, glass).

48



Chapter8 Liquids and Solids

Crystals

A The particles in a crystal are located in a well
defined array called erystal lattice.

A The smallest portion of the crystal that is repeated in
all three directions is thenit cell. Several types of
unit cells are illustrated on the next few slides.

(a) (b)

NaCl crystal structure 49

Crystals: Simple Cubic

A Thesimple cubicunit cell consists of a
cube with one atom at each corner. T
is one atom in each unit cell{" of 8
atoms). Each atom is in contact with ¢
other atomsdoordination number 6),
and thepacking efficiencys 52%.

Coordination number = 6 S'mple Cubic Unit Cell Atoms per unit cell=
1x8 =1
8

L atom at each
8
of 8 corners


3D Models/NaCl3Dmodel/aabtepp0.html
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Crystals: BodyCentered Cubic

A Thebody-centered cubicunit cell
consists of a cube with one atom at ec
corner and another atom in the center
the cube. There are two atoms in eac
unit cell. The coordination numbex 8,
and the packing efficiency is 68%.

Coordination number = 8 BQdy—Centered Cubic Unit Cell Atoms per unit cell=
(l x8)+1=2
3

% atom at each
of 8 corners

1 atom
at center

51

Crystals: FaceCentered Cubic

A Theface-centered cubicunit cell consists of a cube
with one atom at each corner and another atom in
the center of each cube face. There are four atoms
in each unit cell. The coordination numied 2,
and the packing efficiency is 74%.

::tc:r;;;“set::gt:r:bm FaceCentered Cubic Unit Cell Face-centered cubic: unit cell

e Atoms/unit = (l x 8) + (‘— X 6) =4
Coordination number = 12 8 2

1 1
3 atom 2 atom
at 8 corners at 6 faces

52
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Crystals: Hexagonal Closest Packing

A Hexagonal closest packingccurs when layers of
atoms stack on top of each other in such a way that
the upper and lower layers (Layer A) are offset from
Layer B by half a sphere, giving a hexagonal unit
cell with a coordination number of 12 and a packing
efficiency of 74%.

53

Crystals: Cubic Closest Packing

A Cubic closest packingoccurs when layers of atoms
stack on top of each other in such a way that the
upper and lower layers (Layer A and C) are offset
from Layer B and from each other by half a sphere,
giving a hexagonal unit cell with a coordination
number of 12 and a packing efficiency of 74%.

54
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