Chapter8 Liquids and Solids

CHEM 1411 G i Chemistry: An irst Apy Zumdahi

o 4 Chapl’e%ectlves

P ﬁdiéarn‘ﬁn/e differences between the-salid; liquid, and

gas state, and howithe polarity of molecules
influences those states.

- A.e‘arn the different types of intermolecular forces
en different molecules
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Solids, Liquids,
and Gases

The Physical States of Matter
A Liquids
i have moderate intermolecular forces.
1 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 surfaces.

Gases vs. Liguids 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.
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Figure 8.1 Gas Liquid Solid

The Physical States of Matter

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

| 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 s(nmuch No long-range nrdtrJ

Crystalline solid Amorphous solid

The Physical States of Matter

A Gases
i have weak intermolecular forces.
1 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).

Molecu!
— notes
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The Phases of Water

Density Molar Molecular
Phase Temperature (°C) (g/cm3. at 1 atm) Volume View
2
Gas (steam) 100 590107 3051 2
L

Liquid (water) 20 0.998 18.0mL

19.6 ml 04 s
POAP I
B

Solid (ice) 0 0917

Intermolecular
Forces

@ )

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 boil itd 100°C.

Intramolecular
Force

| Intermolecular
le% pm Force
f 300 pm

A Intermolecular forces includdispersion forces
dipole-dipole forcesandhydrogen bondson-

dipole forceoperate between ions and molecules. "

(@ )

Phase Changes

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

F——ﬁ Heat or
[ reduce pressure
|
‘ ) @
|
w Cool or
— increase pressure
Solid - Liquid Gas
s 4%
§ .
in_ss

: Propane (GHjg) is stored in tanks at
| o s, . pressures above 2.7 atm, which turns it into
;"rw;,;»;,; a liquid. When the valve is opened, some of
i 14 e the propane evaporates into the gas phase.

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$
OEeratd)etweerseparate 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.

-1 a%

CoulombsLaw
4 P d 10

Liquid
Nitrogen

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 betweepnrhblecules 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 aimstantaneous dipole:

13
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London /Dispersion Forces

A London forces are generally small, with energies in
the range of 4.0 kJ/mol (most covalent bonds are
well over 100 kJ/mol)

A The exact magnitude of London forces in a
molecules depends on tpelarizability 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
fispread 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.

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:

8+ 6_ ....... 5+ 8_

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

. B

London Dispersion Forces

A This positive end of this instantaneous dipole can
inducea dipole in a neighboring atom or molecule
by attracting its electrons:

& 0§ E §

Figure,8.5 . ’ .
A Dispersion forces exist betweali molecules, but
they are thenly forces that exist between nonpolar

molecules.
- ’

London Dispersion Forces

Noble Gases ~— @
®wm ot e

He |8 & -268.8
Ne |-248.5 |-245.9 . )
Ar |-189.6 |-185.8 i :

Kr |-157.4 |-151.7 m_’:‘;]';?".;m .':.‘_7’::‘;";";',
Xe |-111.5 |-106.6
Hydrocarbons
Rn -710 -617
Methane | CH, -164.0
Ethane C,Hg -88.6
EIEBETS Propane | CjHg -42.1

Butane C,Hyp -0.5
Pentane CsHyo 36.1
Hexane CsHis 68.9
Octane CgHyg 1255
Decane CiHy, [1741
Eicosane |CyH,;, |343 16

F, |-219.7 |-188.2
Cl, |-101.0 | -34.6
Br, |-7.3 58.8
T, |1146 |1844

Dipole-Dipole Forces

C _ & Alngeneral, for molecules of
the same molecular weight, a
@ polar molecule (dipolelipole
+ London) will have a higher
£ boiling point than a nonpolar
molecule (London only):

" +
; S S R / € fo
S Y 8 ®
@ C
+ + ] ©
e (N2
pras ; HHHH ob
- * 3 A WAl W) I
H\(/k\c/“\” H\C/('\C/”
L ™ Y RV B
Attraction ---------- H HH H H HH H
Repulsion --------- Butane (CjH,) Acetone (CyH,0)

Mol mass = 58 amu
(b) bp = 05

05°C

Figure 8.2 8


MOV SCD London Forces.mov
MOV SCD Dipole-Dipole Forces.mov
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Dipole-Dipole Forces

A Dipole-dipole forces are usually weak,-43J/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.

19
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Hydrogen'Bonding

A H}ydrogen bondingis an especially strong version
he dipoledipoles force that occurs in molecules
which have i N, H6 O, or H5 F bonds:

&
H—EilllllH—E:
R
| & o
R_X_H""")l( H—OZ|||||H—b:
I I
Hydrogen bonds\\t| H H
X=N,O,orF = H
H—X—R Is- 8t
R—[ijiulllllH—'r—R
H H 2n

Hydrogen'Bonding

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

5= HMP
H H H H H
H—C—C—O—H H—C—0O0—C—H
S5+:
: H H H H
: Ethyl Alcohol Dimethyl Ether
: 46.07 g/mol 46.07 g/mol
o—: mp -117°C mp- 139 C
H bp 78.5°C bp-25
density 0.789 g/mol (2€) density 0.00195 g/mol (2C)
intoxicant refrigerant
H
o+ »

Dipole-Dipole Forces

A Polarity also determines whether one liquid mixes
with another liquid. The general solubility rule is
that #fAlike 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.

T0Oi | and water donot mi

20

Hydrogen'Bonding

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

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

HF: 8+ T 'ﬁf 8+ r ’h‘f o+ 3 ’57

5+

22

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

. ——Group4A  ——— Group 6A 24
Figure 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).

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.

229 &
@ “QB o

Qe
@@
8 o)

Summary:/Intermolecular Forces

Intermolecular
A Forces

lon-dipole

Formed by the
attracti on bExamplese n

an ion and a polar "
molecule Na* and HO

molecules which have H,O and HO; H,O
Hon N, O, or F atoms and CHCH,OH

Dipole - Dipole two polar molecules 8H3E£ gﬂg :—?O
3

Hydrogen bond

Strength

an ion and a nonpolar| Fe*and Q

lon - Induced dipole rElREE

Dipole-Induced  |a polar molecule and &~ 1nq cl

dipole nonpolar molecule
London (dispersion)two nonpolar H,and CH; F,
forces molecules anc‘f B; CH,and B
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Hydrogen Bonds and the DNA Double Heli

A Deoxyribonucleic acid(DNA), the molecule which
encodes genetic information in living cells, consists t
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 thel
to cllng together in the famoumuble helix structure:

Sugar )  Sugar y
T s i, S

Waceotide

lon- and Dipolelnduced Dipole Forces

A'lon - induced dipole forcesare the attractive forces
that exist between ions and nonpolar molecules.
Being next to an ion #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
fiinducesd a dipole in a

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

28

Examples: Intermolecular Forces

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

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

30


MOV SCD DNA.mov

Chapter8 Liquids and Solids

Examples: Intermolecular Forces Examples: Intermolecular Forces

2.What is thestrongeskind of intermolecular force in 3. Consider the kinds of intermolecular forces present
the following substances. between the following substances.
a. CH,CH, a. CsCl in CHBr
b. CH3;NH, b. CH;OH in HO
c. Kr .
c. CH;CH,CH; in CC|,
d. CH,O
d. O, and Fé&
e. CO, 2
f. H,0, e. CHzBr in HO
g. CH;OH f. CHZCH,CH; in CHLCI

31 32

Examples: Intermolecular Forces Intermolecular’Forces in Everyday Life

4. Consider the kinds of intermolecular forces present A Intermolecular forces such are also responsible for
in the following compounds, and rank the substance the ability of geckos to climb walls and Pdshotes

in likely order of increasing boiling point. to stick to surfaces:

H,S (34 amu)
C,Hs (30 amu, @ C bond length 154 pm)

CH.OH (32 amu) : ‘ : ‘ i) %

Ar (40 amu, radius 71 pm)

33 - 34

Intermolecular’Forces in Liquids and Solids

-

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

The Liquid State

35 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
299000 0
%0 %00,
JJJJ"\"JJJ
Q0¥ 000

Q9 9 .

Figure 8.6

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

Capillary Action

A Capillarity (capillary action) 8 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).

41

Surface Tension

Viscosity

AViscosityi s the 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.

H
w0 | Polar molecules (such as glycerol), and molecules
"o composed of long chains of atoms (such as oil

I and grease) have higher viscosities.

n
** i The viscosity of a liquid decreases at higher
temperatures.

40

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 He
atoms and the 8iO bonds in the glass, causing
mercury to have a convex meniscus.
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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 wentslkapefnsakes water have a significant
dipole moment.

i One water molecule can hydrogen bond with up to four
others, resultln% in an unusually high boiling point
(100 C) for such a smaII molecule (Fig. 11. 40)

Hbonds & N
. :||,\‘ i,
i T : 3 3

9

The Unigueness of Water

Awaterds hydrogen bonds
open, hexagonal structure, whichass dens¢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 Flash-freezingcan be used to get around this problem, by
freezing the water so quic
chance to organize into their preferred crystal structure.

Ve
&, &Y
% .

(@ )

The Solid State

47

The Uniqueness of Water
A The polarity and h?/dro en bonding ability of water
makes it great 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).

T 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
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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 solids have a weldefined shape and
a highly ordered arrangement of particles (e.qg.,
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
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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 ir
all three directions is thenit cell. Several types of
unit cells are illustrated on the next few slides.

(b) 49
NaCl crystal structure

Crystals: BodyCentered Cubic

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

Coordination number = 8

Body-Centered Cubic Unit Cell (A:oms ;m unit cell =
Fx8+1=2

ateach
of 8 corers

51

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%.

Layer A

® -
@

Crystals: Simple Cubic

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

Simple Cubic Unit Cell

Coordination number = 6 Atoms per unit cell =

0o
Tx8 =1

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 numiied 2,
and the packing efficiency is 74%.

facecentered b FaceCentered Cubic Unit Cell

Coordination number = 12

Face-centered cubic: unit cell
> W
Atomstunit = (3 % 8] + (1 x 6] = 4

' '
+ atom T atom
atBcorners  at 6 faces
/

52

Crystals: Cubic Closest Packing

A Cubic closest packingceurs 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%.

a  Unitcel

wlayﬂ B
”il.aycr A



3D Models/NaCl3Dmodel/aabtepp0.html

Chapter8 Liquids and Solids

X-Ray Crystallography

Aln order to fAvisualizebd
has a shorter wavelength than the atoms themselve:

A In X-ray diffraction (Max von Laue, 1912; William
H. Bragg, William L. Bragg, 1913; Nobel Prizes,
1914 and 1915)X rays are passed through a single
crystal of a solid substance; by observing the angles
with which the X rays are diffracted and scattered by
the crystal, the positions of the atoms can be
determined, as well as the lengths of the covalent
bonds and the bond angles within the substance.

Incident rayx Reflected rays
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Figure 8.11
Types of Crystalline Solids
Crystalline solids
+ Atomic solids
[ Molecular m“»j [ lonic solids _‘J :m:;’::tn:um
TRl | o
(cations and anions) ( u
Low "::"l High melting Nonbonding i Metallic Network Covalent
@ EEIEE &
— :

s

5 7 =
. Low melting. Variable melting
X points points.
,//
i I
Ice
Table salt tal\nil
Gold

Quartz

Solid xenon ( 3
(silicon dioxide)

Types of Crystalline Solids: Molecular 'Solic

A There are three basic types of crystalline solids:
moleculay ionic, andatomicsolids.

A Molecular solidsare composed of molecules held in
a crystal lattice by intermolecular forces. They are
fairly soft, and have relatively low melting points.
They are poor conductors of heat and electricity.

(E.g, HO).

. X-ray detector

) X-Ray Crystallography
X-ray tube

P

Lead Crystalline
screen solid

Diffracted X-rays
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Types of Crystalline Solids

London forces, -
Molecular ~ dipoledipole  SOft:lowmelting .o g, co,
solids forces, hydrogen nonconducting s

bonds

Brittle, hard,
lonic solids  lon-ion forces  high melting I\NIIZ?JII RS
2

points
Nonbondin Very low melting
atomic soligs -endon forces points Ar, Kr, Xe
Metallic Variable hardness

Metallic bonds and meltin Na, Zn, Cu, Fe

atomic solids point, conducting

Covalent . C (diamond,
network Covalent bonds :%rlghhlggints raphite), SiQ
solids 9P quartz, etc.)
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Types of Crystalline Solids: lonic Solids

A lonic solidsare composed of ions held in a crystal
lattice by the strong attractions between opposite
charges on cations and anions.

A The crystal structure formed by an ionic compound
is a balance between the sizes of the cations and
anions, the coordination number of the ions, and the
need to maintain charge neutrality.

A These substances are hard and brittle, with high
aCl, ZnS, GpF

NacCl 0
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Types of Crystalline Solids: ' Atomic /'Solids

A Atomic solids are composed of individual atoms.

A Nonbonding atomic solidsare held together by
London forces. They have very low melting points
that increase with increasin% atomic mass. These
include the noble gases in t
-189 C; Xe, mp-112 C).

eir solid form (Ar, mp

Q C, Diamond
2
*g 99
oo
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Bonding in Metals

T The melting points of metals vary from very low
(Hg, -38.8C) to very high (Fe, mp 1808).

T They are extremely good conductors of heat and
electricity (e.g., Cu, Fe, Al).

AR
63

Nickel (Ni)

Types of Crystalline Solids: ' Atomic 'Solids

A Covalent network solidsare comJ)o_sed of atoms
linked together by covalent bonds in a giant three
dimensional array. They are very hard, and have
extremely high melting points and boiling points.

i Diamonds consist of an array of carbon atoms linked to four other
carbon atoms in a tetrahedral geometry. The melting point of
diamond (380€C) is a direct reflection of the strength of the carbon
carbon covalent bond. In graphite, the carbons atoms are arranged ir
sheets, which can slide past each other.

i The silicates comprise almost 9
the form of silica (Si@). Quartz consists of tetrahedral arrangements
of SiO, groups.

R S, R—
PRy A g e
7 w5
.

& ., 9

BN

Bonding in Metals

A Metallic atomic solidsconsist of large arrays of
metal atoms, held together relatively loosely by a

iseaodo of val ecledren semiodel.t r

i Metals conduct electricity
because the electrons in the
electron sea are free to move
around.

Metals conduct heat because
the electrons help to disperse
thermal energy throughout the
metal

Metals are malleable and
ductile because there are no
localized bonds between the
metal atoms, allowing the
metal to be deformed easily.

62

e sea.

Metal Alloys

A Because of the nature of bonding in metals, other
elements can be introduced into a metallic crystal to
produce mixtures callealloys.

A In substitutional alloys, some of the host metals atoms
are replaced by other metals atoms of similar size.

i In brass Y/, of the atoms of Cu are replaced with Zn.
i Sterling silver (93% Ag, 7% Cu), pewter (85% Sn, 7% Cu,
6% Bi, 2% Sb) , pl umber 6s s
A Ininterstitial alloys, some of the holes in the closest
packed metal structure are occupied by small atoms.

i Steelcontains C atoms in the holes of an Fe crystal; the
presence of directional-Ee bonds makes the resulting alloy
harder, stronger, and less ductile than pure Fe. Varying the
percentage of carbon produces steels with different
properties, and the presence of other metals also influence:
the properties. o

Covalent Network Solids

Graphite

Diamond

66
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Covalent Network Solids
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Liguid Crystals

A At some temperatures, some substances exist in a
phase which is neither fully liquid nor fully solid.
Thesdiquid crystals can move around, as in
viscous liquids, but have a restricted range of
motion, as in solids.

A The molecules of most liquid crystals have a long,
rigid, rodlike shape; when packed together, their
molecules tend to orient parallel to each other. The
molecules can slide past each other and rotate, but
they cand6t rotate end o

A Two of the most common phases arertamatic
phase in which the ends of the molecules are
randomly arranged, and teBeectic phasegin which
the molecules are arranged in layers.

69

Liquid Crystal Displays

A The orientation of liquietrystal molecules is
extremely sensitive to small electric fields.

A By applying a small voltage to a small amount of
liquid crystal molecules sandwiched between two
sheets of polarized glass; the amount of light which
is allowed through can be varied, producing a series
of pixels which can be used to construct and image.

71

Amorphous Solids

A Amorphous solidsd often consist of Ionﬂ, chain
like molecules that are entangled in each other.

i These substances are not typically good
conductors of heat or electricity.

iMpb6s are often low; th
become more rigid when cooled, and soften wher
heated.

i Ex.: charcoal, plastics, rubber, glass.

68

Liquid Crystals

EAARAES

4”'

Nematic Smectic 70

Liquid Crystal Displays

Polarized light

—Liquid —_

Polarizer
Flectrode Glass plate

Liquid crystal

72
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Conductors, Semiconductors, and Insulato

A Band theory models the behavior of electrons in
crystalline substances. The molecular orbitals on
individual atoms combine to form a collection of
orbitals delocalized over the entire crystal.

i The bonding orbitals combine, decreasing the energy

spacings between them until they form a continuous band
of energy levels referred to as tvedence band

i The antibonding orbitals combine to form a continuous
band at a higher energy called twnduction band

§ . Condiiction band Conduction band
Conduction band 3

— — Noenergygap — —_  Small energy gap

Valence band

Large energy gap

Energy

vl il _[ Valence band

Conductor Semiconductor Insulator

(@ )

Phase Changes
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Vaporization

A The rate of vaporization increases with increasing
temperature.

A The rate of vaporization also increases if the surface
area increases.

A Molecules with stronger intermolecular forces
evaporate with greater difficulty, and are said to be
nonvolatile.

A Molecules with weaker intermolecular forces
evaporate easily, and are said tovbitile.

T Acetone (nail polish remover) and gasoline are
more volatile than water. Water is more volatile
than motor oil. Motor oil is virtually nonvolatile
at room temperature.

7

Conductors, Semiconductors, and Insulato

A In metals, thdband gapbetween the valence and
conduction bands is so small that electrons are easil
promoted to the conduction band. Metals thus act a
conductorsof electricity and heat.

A In nonmetals, the band gap is too large for electrons
to be promoted to the conduction band. Nonmetals
thus act amsulators.

A Semiconductorshave a small band gap, so electrons
can be promoted to the conduction band under som:
circumstances, resulting in a limited ability to
conduct electricity.

i This ability can be enhanced by the addition dbpant which elther
adds fiextra electronso to he ¢
conductlon band (antype semlconducmror which subtract
electrons f the conduction b
can easily move through the crystab(xype semiconductpr
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Vaporization

A Vaporization 8 in a container of water, thermal
energy keeps the water molecules constantly moving
around. Some molecules have more energy than
others, and are able to break free at the surface, anc
go into the vapor phase. The higher the temperature
the greater the average energy of the molecules.

A Condensationd gas molecules that slow down can
be captured by the liquid.

H0(g)

76

The Energetics of Vaporization

A Vaporization is arendothermiprocess, while
condensation is agxothermigrocess.

i Sweating causes the body to feel cooler, because as wate
evaporates from the skin, it absorbs energy from the skin.

I Steam burns are caused when steam condenses to liquid
water on the skin, releasing heat.
A The amount of heat required to vaporize one mole o
a liquid to the gas phase is called fieat of
vaporization, AH®, .

Boiling | AH,, (kd/mol) | AH,, (k3/mol)
Liquid Formula | Point (°C) atBP at 25°C
Water H,O 100 40.7 44.0
Isopropyl alcohol | C;HgO 82.3 39.9 45.4
Acetone CHO 56.1 29.1 31.0
Diethyl ether C,Hy0 34.6 265 27.1 78
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Vapor Pressure and Dynamic Equilibrium

A When a liquid evaporates in a closed vessel, some
liquid molecules acquire enough energy during
collisions to evaporate; some of the gas molecules
eventually lose energy and return to the liquid.

A When the rate of evaporation equals the rate of
condensation, there isdgnamic equilibrium
between the two phases:

Liquid h Gas
m - ' _

| F 1 Rute of

evaparation

Rates are equal
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Vapor Pressure and Dynamic Equilibrium

A If a system in dynamic equilibrium is disturbed, the
system responds so as to minimize the disturbance
and return to a state of equilibriumne(C h ©t e | i «
Principle).

Dynamic
equilibrium

( (b] (
@) ) <) 81

Boiling Points

A The boﬂmgI point of a substance is the temperature
at which the vapor pressure equals the external

(atmospheric) pressure. (Thermal boiling point
is the boiling point at 1 atm of pressure.)
i At the boiling point, molecules in the interior of the liquid

also have enough energy to escape the liquid phase, not
just those at the surface

The boiling point changes if
the applied pressure is
changed: water boils at
= _ 100°C at sea level, but at
436" @501 94°C in Denver (elevation
o9 2% 5280 ft) and 78C at the top
of Mt. Everest (29,035 ft).

i Pressure cookers use pressure
to make water to boil at a
higher temperature, allowing
food to be cooked faster.
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Vapor Pressure and Dynamic Equilibrium

A Thevapor pressureis the pressure exerted by the
vapor at equilibrium with its liquid at that
temperature.

i As the temperature of a liquid increases, the vapc
pressure increases.

i Molecules with weak intermolecular forces have
high vapor pressures
(i.e., they evaporate
easny) and molecules’
with strong inter E .l bollngpat
molecular forces have ™| i
low vapor pressures.: ..

Ethyl alcohol
ethanol)

Temperature (°C)

The ClausiusClapeyronequation

A The relationship between vapor pressure and
temperature is given by ti@ausius-Clapeyron
equation:

AH AH
INRap = - R (lj+c In i) =- w|l 1
R AT P, R AT, T,

linear form two-point form

whereP is the vaporpressureR is the gasconstant
in thermodynamiaunits (8.31 J K-t mof?), T is the
Kelvin temperatureandC is a constant

i The twepoint form of the equation can be used to predict
the vapor pressure of a liquid at any temperatuseif,,
and the normal boiling point (or the vapor pressure at some
other temperature) are known, or the enthalpy of
vaporization if the vapor pressures at two different
temperatures are known.

82

Boiling Points

A Once the boiling point is reached, additional heating
causes boiling to occur more rapidly, but the
temperature of the substance does not increase, as
shown on théeating curvebelow. The
temperature only increases when all of the liquid
substances has been converted into vapor.

140

120 4

100 + T
Boiling
80

60 -

‘Temperature (°C)

40+

20 T T T T T T T

84
Heat added -y
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Examples: Intermolecular Forces

1. Calculate the mass of water (in g) that can be
vaporized at its boiling point with 155 kJ of heat.
(AH,,p0f H,O at 100°C is 40.7 kJ/mol)

Answer: 68.6 g HO 85

Examples: Vapor Pressure and Boiling Poi

3.Which member of each pair has thigher boiling
point?

a. LiCl or HCI
b. CHs or CHg
¢c. CH,CH,CH,OH or CHOH

d. (CHy;N or (CH),NH
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Examples: ClausiusClapeyron Equation

5.The vapor pressure of ethanol at 3€7s 100.0
mmHg, and the heat of vaporization of ethanol is
38.6 kJ/mol. What is the vapor pressure of ethanol
in mmHg at 65.0C?

Answer: 388 mmHg o

Examples: Vapor:Pressure and Boiling Poi

2.Which member in each pair of liquids has tgher
vapor pressureat a given temperature?

a. CH,;OCH, or CH,CH,OH
b. CHs or CHg
c. CCl, or CBy

d. CHCH,CH,OH or CHOH
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Examples: ClausiusClapeyron Equation

4.Ether has a vapor pressure of 400. mmHg at €7.9
and a normal boiling point of 346. What is the
heat of vaporizatiomAH,,,, for ether in kJ/mol?

Answer: 28.5 kJ/mol o

Sublimation and Deposition

From the sublime to the ridiculous there is but one step.
& Napoleon Bonaparte
A The atoms and molecules of a sample in the solid
phase are still moving, vibrating around a fixed
point.

A Molecules which are vibrating fast enough can
escape from the solid asdblime from the solid
phase directly into the gas phase. The reverse
process is calledeposition

i Sublimation occurs on ice in freezers, ™
and from frozen foods, leading to v
freezer burn
i Solid carbon dioxidedfy ice) sublimes
from the solid phase to the gas phase hlb‘

without melting. lodine (pictured on rig
‘ 920

does this under heating.
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Melting (Fusion)

A As heat is added to a solid, the atoms and molecule:

vibrate faster and faster. At theelting point, the
molecules let go of each other enough for the sampl
to become a liquid. This processnelting or

fusion. The opposite processfigezing.

A Once the melting point is reached, the temperature
of the sample remains constant until all of the
sample has melted.

40

30 4

Melting

= o
s & & &
| I | L

Temperature (°C)

Bt U s S S B s e
Heat added

Figure 11.34 USUSURL o

Heats of Fusion vs. Heats of Vaporization

A AH is usually less thanH vap SiNCE transforming
a liquid into a gas requires overcoming all
intermolecular forces, while they are only partially
overcome in going from the solid to the liquid phase.

ABYy Hes sts,, & aHvy, + AH

45

Water Rubbing = Acetone  Diethyl 03
alcohol ether

Phase Changes and Energy Changes

Vaporization Condensation

AH>0 AH <0
AS>0 AS<0
Sublimation Deposition
AS>0 AS<0

Fusion
(melting)

AH>0 AH<0
AS>0 AS<0
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The Energetics of Melting and Freezing

A Melting is anendothermigrocess, while freezing is
anexothermigrocess.

A The amount of heat required to melt one mole of a

solid to the liquid phase is called theat of fusion
)

fus*

Melting AHg,s
Liquid Formula | Point (°C) | (kJ/mol)
Water H,O 0 40.7
Isopropyl alcohol | C;HgO -89.5 5.39
Acetone C3HO -94.8 5.69
Diethyl ether CH; 0 -116.3 7.27
Hydrogen chloride | HCI -114 1.99
Carbon tetrachlorid¢ CCI4 -23 251
Sodium chloride NaCl 801 30.2
Sodium fluoride NaF 992 29.3 92

Phase Changes and Energy Changes

Examples: Phase Changes

6. ldentify the following process, and predict the
change in enthalpy, given the following data for the
phase changes of water:

AH s = 6.01 kd/mol at @C
AH ,p = 40.67 kJ/mol at 10T

a. HyO(l) » H,0(s)
b. H,O(l) » H,0(9)
c. H,0(g)— H,0(l)
d. H,0(g)— H,0(s)
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HeatingCooling Curves

A A heating-cooling curveshows the changes that
occur when heat is added or removed at constant ra
from a sample.

A During a phase change, a change in heat occurs at :
constant temperatur@ =n AH .ce chande BOth
physical states are present during a phase change
(there is arequilibrium between the two phases).

A Within a phase, a change in heat is accompanied by
a change in temperaturg % CynaseMAT).

- n.7/-!

MOV:
Changes of
State movie

Figure 8.44 o7

Heating Curve for Water

A Segment 1:Solid ice warms from25 C to 0 C.
4= CiceM AT
A segment 2:Solid ice melts into liquid water at Q.
g=n AH fus
A Segment 3:Liquid water warms from @ to 100C.
q= Cliquid mAT
A segment 4.Liquid water boils into steam at 10D.
g=nAH
A segment 5:Steam warms from 10C to 125C.
q = Csteamm AT
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Supercooling.and Superheating

A Changes of state do not always occur smoothly and
predictably. In the right circumstances, water can be
supercooledbelow 0°C, yet remain liquid, if the
water has not reached the level of organization
needed to form ice.

A At some point, the correct ordering occurs and the
ice rapidly forms, releasing energy in the exothermic
process and bringing the temperature back up to the
melting point, and the remainder freezes.

— 1

Figure
8.48

Heatlng Curve for Water

I-’Q.”Qd
%é"ﬁ“v‘ d

cemetingrooid | () U water

Ice warming
0.941 kiimol S0z imol 752 kimol

Vapor

0 50 60 M g8

Examples: Heating Curves

7.How much energy (in kJ) is needed to heat 100.0 g
of I|qU|d water from 70.8C to steam at 120°G?
p Of water is 40.67 kJ/mol, the specific heat of
Ilquwf water is 4.184 J-§°C?, and the specific heat
of steam is 1.865 JCL.)

Answer: 242.0 kJ
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Supercooling.and Superheating

A Aliquid can also bsuperheatedto a temperature
above its boiling point, without immediately boiling.
This can occur if the liquid is heated rapidly. Once &
bubble forms, because its vapor pressure Is greater
than atmospheric pressure, it can burst before rising
to the surface, resulti
the hot liquid around.
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MOV ChangesofStatemovie.mov
MOV MythBusters Instant Frozen Beer.flv
MOV MythBusters Superheating Water.flv
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Phase Diagrams
Just Anoz)t her Phpas
Through

Phase Diagram for 5O

sim. to Figure 8.51

Parts of a Phase Diagram

A At thecritical point the liquidgas line ends; the
critical temperatureT,, is the temperature beyond
which a gas cannot be liquefied, no matter how
much pressure is applied. (For water, this occurs at
374.4C and 217.7 atm.)

T At and above the critical point, the gas and liquid phases
become indistin uishable; the substance is said to be a
supercritical flui

i Supercritical flwds often make good solvents; coffee can
be decaffeinated using supercritical carbon dioxide.
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Phase Diagrams

A A phase diagramis a chart used to illustrate the
stable phases and phase changes of a substance a:
function of temperature (on theaxis) and pressure
(on they-axis).

i Eachregion of the phase diagram corresponds to
a set of conditions where that particular phase is
stable.

i Thelinesseparating the regions represent the
transitions between the different phases, where
those two phases are at equilibrium at a particula
temperature and pressure.
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Parts of a Phase Diagram

A Thetriple point is where all three phase boundaries
meet; at this temperature and pressure all three
phases are in equilibrium. (Fon®|, this occurs at
0.0098C and 0.0060 atm.)

A The solidliquid boundary in water has a slight
negative slope because the melting point of ice
decreasess the pressuiiacreases

i Because ice iessdense than liquid water;
increasing the pressure favors the liquid phase.

i Most substances become less dense when meltes
and the solidiquid boundary line has a positive
slope, indicating that the melting point increases
with pressure.
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Navigating Within a Phase Diagram

A Changes in pressure are represented by vertical
lines; changes in temperature are represented by
horizontal lines.
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