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PHASES OF MATTER

• Don’t forget KMT

• A phase is a mechanically separate, homogeneous 

part of a heterogeneous system. (dictionary.com)
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INTER VS INTRAMOLECULAR FORCES

• Intermolecular forces are attractive forces between 

molecules.

• Intramolecular forces hold atoms together in a 

molecule. (ie- bonds)

• Generally, intermolecular forces are much weaker 

than intramolecular forces.

• 41 kJ to vaporize 1 mole of water (inter)

• 930 kJ to break all O-H bonds in 1 mole of water (intra)

• Measures of intermolecular forces

• boiling point (DHvap)

• melting point (DHfus)

• also DHsub



TYPES OF INTERMOLECULAR FORCES

• In order of decreasing strength:

• Ion-dipole (chapter 11)

• Dipole-dipole

• Hydrogen bonding

• London/Dispersion

• van der Waals forces are a group of intermolecular 

forces

• Sadly, the group varies from text to text



ION-DIPOLE FORCES (CHAPTER 11.2)

• Attractive forces between an ion and a polar 

molecule



WATER-ION INTERACTIONS - SOLVATION

er

er



DIPOLE-DIPOLE FORCES

• Attractive forces between polar molecules

Orientation of polar molecules in a solid



• This image shows two arrangements of polar 

molecules, such as HCl, that allow an attraction 

between the partial negative end of one molecule and 

the partial positive end of another.

• Compare HCl (MW= 36.46g/mol; BP=188K) to F2

(MW=38g/mol; BP=85K)

DIPOLE-DIPOLE (CONT’D) FIG 10.9



HYDROGEN BONDING

• The hydrogen “bond” is a special dipole-dipole 

interaction between the hydrogen atom in a polar N-

H, O-H, or F-H bond and the lone pair of electrons 

on a small, electronegative (O, N, or F) atom.

• May be intra- or intermolecular.



max density = 40C

WATER

• Unique in that its solid is less dense than its liquid.







DNA - FIGURE 10.13

• Two separate DNA molecules 

form a double-stranded helix in 

which each base pair is held 

together by hydrogen bonding.

• A and T share two hydrogen 

bonds, C and G share three. 

(credit: modification of work by 

Jerome Walker, Dennis Myts)



H-BONDING EFFECT ON BP (~FIG 10.12)

• Typically, BP increases with molecular weight due to 

increased dispersion forces....except...

Decreasing molar mass

Decreasing boiling point



QUESTION 11.2

• Which of the following can form hydrogen 

bonds with water? With itself? 

• CH3OCH3

• CH4

• F2

• HCOOH

• Na+



ANSWER 11.2

• Strategy A species can form hydrogen bonds with water if it 

contains one of the three small, electronegative elements (F, 

O, or N) and/or it has a H atom bonded to one of these three 

elements.

• Solution There are no electronegative elements (F, O, or N) 

in either CH4 or Na+.  Therefore, only CH3OCH3, F2, and 

HCOOH can form hydrogen bonds with water. Formic acid 

can do it 2 ways.



(LONDON) DISPERSION FORCES

• Attractive forces that arise as a result of temporary 

dipoles (induced or instantaneous) in atoms or 

molecules

ion-induced dipole interaction

dipole-induced dipole interaction



DISPERSION FORCES (CONT’D)

• Larger and heavier atoms and molecules are more 

polarizable and exhibit stronger dispersion forces 

than do smaller and lighter atoms and molecules.



DISPERSION FORCES (CONT’D)

• Polarizability is the ease with which the electron 

distribution in the atom or molecule can be distorted.

• Polarizability increases with:

• greater number of electrons

• more diffuse electron cloud



QUESTION

• Which has the higher BP, N2 or CO?



QUESTION

What type(s) of intermolecular forces exist between 

the following pairs of molecules?

(a)HBr and H2O

(b)Cl2 and CBr4

(c) I2 and           

(d)NH3 and C6H6



ANSWER

• Strategy Classify the species into three categories:  ionic, polar 

(possessing a dipole moment), and nonpolar.  Keep in mind that 

dispersion forces exist between all species.

• Solution 

(a)Both HBr and H2O are polar molecules. Therefore, the intermolecular 

forces present are dipole-dipole forces, as well as dispersion forces.

(b)Both Cl2 and CBr4 are nonpolar, so there are only dispersion forces 

between these molecules.

(c) I2 is a homonuclear diatomic molecule and therefore nonpolar, so the 

forces between it and the ion are ion-induced dipole forces and dispersion 

forces.

• (d) NH3 is polar, and C6H6 is nonpolar.  The forces are dipole-induced 

dipole forces and dispersion forces.
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VISCOSITY

• Viscosity is a measure of a fluid’s resistance to flow.

• Strong intermolecular forces = high viscosity

• Lower T = higher viscosity



ADHESION AND COHESION

• Cohesion is the intermolecular attraction between 

like molecules

• Responsible for round water droplets

• Adhesion is an attraction between unlike molecules

• Responsible for capillary action

Adhesion>cohesion

Cohesion>adhesion
Attractive forces result in a spherical 
water drop that minimizes surface 
area; cohesive forces hold the 
sphere together; adhesive forces 
keep the drop attached to the web. 
(credit photo: modification of work 
by “OliBac”/Flickr)

~Fig. 10.18



SURFACE TENSION

• Surface tension is the amount of energy required to 

stretch or increase the surface of a liquid by a unit 

area.

• Strong intermolecular forces = High surface tension



• Depending upon the relative strengths of adhesive and cohesive forces, a liquid may rise 
(such as water) or fall (such as mercury) in a glass capillary tube. The extent of the rise (or 
fall) is directly proportional to the surface tension of the liquid and inversely proportional to 
the density of the liquid and the radius of the tube.

• We will not do the math on page 535

CAPILLARY ACTION (FIGURE 10.20)
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Most 

ordered

Least

ordered

PHASE CHANGES



• Remember, hotter is faster

EFFECT OF T ON KE

• Temperature affects the distribution of kinetic energies for the molecules in a liquid. 

At the higher temperature, more molecules have the necessary kinetic energy, KE, to 

escape from the liquid into the gas phase.



• The equilibrium vapor pressure is the vapor pressure measured when a 

dynamic equilibrium exists between condensation and evaporation

H2O (l)          H2O (g)

Rate of

condensation

Rate of

evaporation=

Dynamic equilibrium

DYNAMIC EQUILIBRIUM & VAPOR PRESSURE



• In a closed container, dynamic equilibrium is reached when the rate of molecules 

escaping from the liquid to become the gas eventually equals the rate of gas molecules 

entering the liquid. When this equilibrium is reached, the vapor pressure of the gas is 

constant, although the vaporization and condensation processes continue.

MEASURING VP (~FIG 10.22 (NOT GOOD))



BOILING POINT

• The boiling point is the temperature at which the (equilibrium) vapor 

pressure of a liquid is equal to the external pressure.

• The normal boiling point is the temperature at which a liquid boils when the 

external pressure is 1 atm.

• The boiling points of liquids are the temperatures at which their equilibrium vapor 
pressures equal the pressure of the surrounding atmosphere. Normal boiling points 
are those corresponding to a pressure of 1 atm (101.3 kPa.)



QUESTION



SOLID-LIQUID EQUILIBRIA

• The melting point of a solid or 

the freezing point of a liquid is 

the temperature at which the 

solid and liquid phases 

coexist in equilibrium.

H2O (s) H2O (l)



ENTHALPY OF PHASE CHANGES

• Just as it takes (or releases) energy to heat (or cool) 

a liquid, it takes/releases energy to change a phase.

• Yes, we skipped the thermo chapter…

= 44.01 kJ/mol for H2O

= 6.01 kJ/mol for H2O

DHsub = DHfus + DHvap

(Hess’ law)



• Molar heat of vaporization (DHvap) is the energy required to vaporize 1 

mole of a liquid at its boiling point.

ln P = -
DHvap

RT
+ ln A

Clausius-Clapeyron equation
P = (equilibrium) vapor pressure

T = temperature (K)

R = gas constant (8.314 J/K•mol)

RELATING VP AND DH

VP vs T



or

CLAUSIUS-CLAPEYRON EQUATION

• At two temperatures:



QUESTION

• Diethyl ether is a volatile, highly flammable 

organic liquid that is used mainly as a solvent.  

• The vapor pressure of diethyl ether is 401 

mmHg at 18°C.  Calculate its vapor pressure 

at 32°C.



ANSWER

• Strategy We are given the vapor pressure of diethyl ether at one 

temperature and asked to find the pressure at another temperature.  

Therefore, we need Equation (11.5).

• Solution Table 11.6 tells us that DHvap = 26.0 kJ/mol.  The data are

• From Equation (11.5) we have



ANSWER (CONT’D)

• Taking the antilog of both sides (see Appendix 4), we obtain

• Hence

• P2 = 656 mmHg

• Check  We expect the vapor pressure to be greater at the higher 

temperature.  Therefore, the answer is reasonable.



HEATING CURVE

• A typical heating curve for a substance depicts changes in temperature that result as 

the substance absorbs increasing amounts of heat. Plateaus in the curve (regions of 

constant temperature) are exhibited when the substance undergoes phase 

transitions.

q = mcDT

q = mcDT

q = mcDTDHvap

DHfus



QUESTION

• Calculate the amount of energy (in kilojoules) 

needed to heat 346 g of liquid water from 0°C 

to 182°C.  

• Assume that the specific heat of water is 4.184 

J/g°C over the entire liquid range and that the 

specific heat of steam is 1.99 J/g°C.



ANSWER

• Strategy The heat change (q) at each stage is given by 

q = mcDt (see p. 546), where m is the mass of water, c is 

the specific heat, and Dt is the temperature change. 

• If there is a phase change, such as vaporization, then q 

is given by nDHvap, where n is the number of moles of 

water.

• Solution

• Step 1: Heating water from 0°C to 100°C



ANSWER (CONT’D)

• Step 2: Evaporating 346 g of water at 100°C (a phase change)

On p. 541 we see DHvap = 40.79 kJ/mol for water, so

• Step 3: Heating steam from 100°C to 182°C



ANSWER (CONT’D)

• The overall energy required is given by

• Check All the qs have a positive sign, which is consistent with the fact 

that heat is absorbed to raise the temperature from 0°C to 182°C.  Also, as 

expected, much more heat is absorbed during the phase transition.
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• A phase diagram summarizes the conditions at which a substance exists 

as a solid, liquid, or gas.

11.9 PHASE DIAGRAM



• Freeze-dried foods, like this ice cream, are dehydrated by sublimation at pressures 

below the triple point for water. (credit: “lwao”/Flickr)

FIGURE 10.32



REGELATION OF ICE/WATER



This OpenStax ancillary resource is © Rice University under a CC-BY 4.0 International license; it may be reproduced or modified but must be attributed to OpenStax, 

Rice University and any changes must be noted. Any images credited to other sources are similarly available for reproduction, but must be attributed to their sources.

• The immense pressures beneath glaciers result in partial melting to produce a layer 

of water that provides lubrication to assist glacial movement. This satellite 

photograph shows the advancing edge of the Perito Moreno glacier in Argentina. 

(credit: NASA)

FIGURE 10.33



PHASE DIAGRAM OF CO
2

• At 1 atm CO2 (s)  CO2 (g)



P VS BP AND MP



CRITICAL T AND P

• The critical temperature (Tc) is the temperature above which the gas 

cannot be made to liquefy, no matter how great the applied pressure.

• The critical pressure (Pc) is the minimum pressure that must be applied to 

bring about liquefaction at the critical temperature.



This OpenStax ancillary resource is © Rice University under a CC-BY 4.0 International license; it may be reproduced or modified but must be attributed to OpenStax, 

Rice University and any changes must be noted. Any images credited to other sources are similarly available for reproduction, but must be attributed to their sources.

(a) Caffeine molecules have both polar and nonpolar regions, making it soluble in 
solvents of varying polarities.

(b) The schematic shows a typical decaffeination process involving supercritical carbon 
dioxide.

FIGURE 10.36



• (a) A sealed container of liquid carbon dioxide slightly below its critical point is heated, resulting in 
(b) the formation of the supercritical fluid phase. Cooling the supercritical fluid lowers its 
temperature and pressure below the critical point, resulting in the reestablishment of separate 
liquid and gaseous phases (c and d). Colored floats illustrate differences in density between the 
liquid, gaseous, and supercritical fluid states. (credit: modification of work by 
“mrmrobin”/YouTube)

FIGURE 10.35



T < Tc T > Tc T ~ Tc T < Tc

CRITICAL PHENOMENON OF SF
6
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SOLIDS

• A CRYSTALLINE SOLID possesses rigid and long-range 

order.  In a crystalline solid, atoms, molecules or ions occupy 

specific (predictable) positions.

• An AMORPHOUS SOLID does not possess a well-defined 

arrangement and long-range molecular order.

• A UNIT CELL is the basic repeating structural unit of a 

crystalline solid.

lattice

point

Unit Cell Unit cells in 3 dimensions

At lattice points:

• Atoms

• Molecules

• Ions



SEVEN BASIC TYPES OF UNIT CELLS



http://www.compoundchem.com/2014/12/10/snowflakes/



THREE SUB-TYPES OF CUBIC UNIT CELLS



SIMPLE CUBIC UNIT CELLS



65

BODY-CENTERED CUBIC (BCC) UNIT CELLS



Shared by 8

unit cells

Shared by 4

unit cells

Shared by 2

unit cells

ATOMIC POSITIONS IN CELLS

• Corner, edge-centered and face-centered atoms



1 atom/unit cell

(8 x 1/8 = 1)

2 atoms/unit cell

(8 x 1/8 + 1 = 2)

4 atoms/unit cell

(8 x 1/8 + 6 x 1/2 = 4)

NUMBER OF ATOMS PER UNIT CELL



EDGE LENGTH VS. ATOMIC RADIUS



hexagonal cubic

HEXAGONAL AND CUBIC CLOSE PACKING  



HCP AND CCC (CONT’D)

A

B

A

A

B

C

A
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X-RAY DIFFRACTION



Extra distance = BC + CD =2d sinq = nl (Bragg Equation)

Reflection of X-rays from two layers of atoms

X-RAY DIFFRACTION (CONT’D)



TYPES OF CRYSTALS – IONIC

• Lattice points occupied by cations and anions

• Held together by electrostatic attraction

• Hard, brittle, high melting point

• Poor conductor of heat and electricity

CsCl ZnS CaF2



QUESTION

• How many Na+ and Cl− ions are in each NaCl 

unit cell?



ANSWER

• Solution NaCl has a structure based on a face-centered cubic lattice.  

One whole Na+ ion is at the center of the unit cell, and there are twelve 

Na+ ions at the edges.  Because each edge Na+ ion is shared by four unit 

cells, the total number of Na+ ions is 1 + (12 × ¼) = 4.  

• Similarly, there are six Cl− ions at the face centers and eight Cl− ions at the 

corners.  Each face-centered ion is shared by two unit cells, and each 

corner ion is shared by eight unit cells, so the total number of Cl− ions is (6 

× ½) + (8 × 1/8) = 4.  Thus, there are four Na+ ions and four Cl− ions in 

each NaCl unit cell. 

• Check This result agrees with sodium chloride’s empirical formula.



MgB2

SUPERCONDUCTORS



COVALENT CRYSTALS

• Lattice points occupied by atoms

• Held together by covalent bonds

• Hard, high melting point

• Poor conductors of heat and electricity

diamond graphite

carbon

atoms



MOLECULAR CRYSTALS

• Lattice points occupied by molecules

• Held together by intermolecular forces

• Soft, low melting point

• Poor conductors of heat and electricity

water benzene



nucleus &

inner shell e-

mobile “sea”

of e-

METALLIC CRYSTALS

• Lattice points occupied by metal atoms

• Held together by metallic bonds

• Soft to hard, low to high melting point

• Good conductors of heat and electricity



CRYSTAL STRUCTURES OF METALS



CRYSTALS – A SUMMARY



Crystalline quartz (SiO2) Non-crystalline quartz glass

AMORPHOUS SOLIDS AND GLASSES

• An amorphous solid does not possess a well-defined arrangement and 

long-range molecular order.

• A glass is an optically transparent fusion product of inorganic materials 

that has cooled to a rigid state without crystallizing
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