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Chapter Objectives:  

ÅLearn the differences between the solid, liquid, and 
gas state, and how the polarity of molecules 
influences those states.  

ÅLearn the different types of intermolecular forces 
between different molecules.  

ÅLearn about the energy changes that accompany phase 
changes, and how to read phase diagrams.  

Liquids and Solids 
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Gases vs. Liquids and Solids 

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

ÅIn 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. 

ÅIn solids, the intermolecular forces are so strong that 
the particles are held rigidly in place. 

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

ÅSolids 

ïhave strong intermolecular forces. 

ïhave high densities in comparison to gases. 

ïare rigid (have a definite shape) and 
incompressible (have a definite volume). 

ïmay be crystalline (ordered) [e.g. table salt] or 
amorphous (disordered) [e.g., plastics]. 
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The Physical States of Matter 

ÅLiquids  

ïhave moderate intermolecular forces. 

ïhave high densities in comparison to gases. 

ïare fluid (they flow, and have an indefinite shape) 
and incompressible (have a definite volume); they 
conform to the shape of their containers (they 
form surfaces). 
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The Physical States of Matter 

ÅGases 

ïhave weak intermolecular forces. 

ïhave low densities 

ïare fluid and compressible; they have no definite 
shape or volume, and conform to the container 
shape, but fill the entire volume (i.e., they do not 
form surfaces). 
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The Phases of Water 
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Phase Changes 

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

Propane (C3H8) 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 

ÅIntramolecular forces operate within each molecule, 
influencing the chemical properties of the substance 
(i.e., covalent bonds). 

ïThese 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. 

ÅIntermolecular forces (van der Waals forces) 
operate between separate molecules, influencing the 
physical properties of the substance.   

ïThese 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, or 
partial charges, interacting over much larger distances. 
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Intramolecular and Intermolecular Forces 

ÅTo break an OðH 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 it ð 100ºC. 

 

 

 

 

 

 
ÅIntermolecular forces include dispersion forces, 

dipole-dipole forces, and hydrogen bonds; ion-
dipole forces operate between ions and molecules. 
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Intramolecular and Intermolecular Forces 

Liquid  
Nitrogen 

The N2 molecules are held together by very strong covalent bonds, in 
both the liquid phase (a) and the gas phase (b).  At low temperatures 
(a), the intermolecular forces between N2 molecules hold the particles 
together in the liquid phase; at warmer temperatures (b), the 
molecules separate into the gas phase. 
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London Dispersion Forces 

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

ÅAt 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 a very small partial negative charge, 
and creating an instantaneous dipole: 
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London Dispersion Forces 

ÅThis positive end of this instantaneous dipole can 
induce a dipole in a neighboring atom or molecule 
by attracting its electrons: 

 

 

 

 

 

 
 

ÅDispersion forces exist between all molecules, but 
they are the only forces that exist between nonpolar 
molecules. 

Figure 8.5 

MOV SCD London Forces.mov
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London Dispersion Forces 

ÅLondon forces are generally small, with energies in 
the range of 1-10 kJ/mol (most covalent bonds are 
well over 100 kJ/mol) 

ÅThe exact magnitude of London forces in a 
molecules depends on the polarizability of the 
molecule, the ease with which a moleculeôs electron 
cloud can be distorted by a nearby electric field. 

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

ïMolecules with the same molecular weight that are more 
ñspread outò have more surface area, and therefore more 
London forces between them. 

ïWithin a family of similar compounds (such as the 
hydrocarbons), London forces (and therefore boiling 
point) increase with increasing molar mass. 
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London Dispersion Forces 

Halogens 

MP ( C) BP ( C) 

F2 -219.7 -188.2 

Cl2 -101.0 -34.6 

Br 2 -7.3 58.8 

I2 114.6 184.4 

Noble Gases 

MP ( C) BP ( C) 

He ðð -268.8 

Ne -248.5 -245.9 

Ar  -189.6 -185.8 

Kr  -157.4 -151.7 

Xe -111.5 -106.6 

Rn -71.0 -61.7 
Hydrocarbons 

Compound Formula BP ( C) 

Methane CH4 -164.0 

Ethane C2H6 -88.6 

Propane C3H8 -42.1 

Butane C4H10 -0.5 

Pentane C5H12 36.1 

Hexane C6H14 68.9 

Octane C8H18 125.5 

Decane C10H22 174.1 

Eicosane C20H42 343 
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Dipole-Dipole Forces 

ÅDipole-Dipole forces are the attractions between the 
opposite partial charges in the permanent dipoles of 
polar molecules.  The partial charges in one 
molecule with a permanent dipole are attracted to the 
opposite partial charges in another polar molecule: 

 

 

 

 
 

 

ÅDipole-dipole forces exist between all polar 
molecules (in addition to London forces). 

Dipole-Dipole Forces 
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Figure 8.2 

ÅIn general, for molecules of 
the same molecular weight, a 
polar molecule (dipole-dipole 
+ London) will have a higher 
boiling point than a nonpolar 
molecule (London only): 

 

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

ÅDipole-dipole forces are usually weak, ~3-4 kJ/mol, 
and are significant only when molecules are in close 
contact. 

ÅThe more polar the molecule, the stronger the 
dipole-dipole forces and the higher the boiling point. 
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Dipole-Dipole Forces 

ÅPolarity also determines whether one liquid mixes 
with another liquid.  The general solubility rule is 
that ñlike dissolves likeò: 

ïEthanol and water mix because they are both 
polar.  (They are miscible with each other.) 

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

ïOil and water donôt mix with each other. 

PPT Polar Bear.ppt
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Hydrogen Bonding 

ÅHydrogen bonding is an especially strong version 
of the dipole-dipoles force that occurs in molecules 
which have HðN, HðO, or HðF bonds: 
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Hydrogen Bonding 

ÅThe 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.   

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

 
HF: 

H2O: 
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Hydrogen Bonding 

ÅAny molecule that contains an OðH bond, such as 
ethanol, CH3CH2OH, is capable of forming 
hydrogen bonds: 

CH

H

H
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H

H

O H

Ethyl Alcohol 
46.07 g/mol 
mp -117 °C 
bp 78.5 °C 

density 0.789 g/mol (20°C) 
intoxicant 

Dimethyl Ether 
46.07 g/mol 
mp -139 °C 
bp -25 °C 

density 0.00195 g/mol (20°C) 
refrigerant 

OC C H

H

H

H

H
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Hydrogen Bonding and Boiling Point 

ÅHydrogen bonding causes water to boil at a much 
higher temperature than would be ñexpectedò for 
such a small molecule: 

Figure 8.4 
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Hydrogen Bonding and Water 

ÅHydrogen bonding also causes solid water to adopt a 
more open crystalline structure, which is less dense 
than the liquid structure (hence, ice floats on water). 
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Hydrogen Bonds and the DNA Double Helix 

ÅDeoxyribonucleic acid (DNA), the molecule which 
encodes genetic information in living cells, consists of 
a strand of sugar molecules (deoxyribose) connected 
by phosphate groups; each sugar has one of four bases 
(A, T, G, C) attached to it.  Hydrogen bonds between 
the bases in the separate strands of DNA cause them 
to cling together in the famous double helix structure: 

MOV SCD DNA.mov
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Ion-Dipole Forces 

ÅIon-Dipole forces are the result of electrical 
interactions between an ion and the partial charges 
on a polar molecule.   

ÅThese forces are responsible for the ability of polar 
solvents like water to dissolve ionic compounds. 
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Ion- and Dipole-Induced Dipole Forces 

ÅIon - induced dipole forces are the attractive forces 
that exist between ions and nonpolar molecules.  
Being next to an ion ñinducesò a dipole in a 
nonpolar molecule, attracting it towards the ion. 

ïThese forces are responsible for the attraction 
between Fe2+ and O2 molecules in the 
bloodstream, and contributes to the solvation of 
ions in water. 

ÅDipole - induced dipole forces are the attractive 
forces that exist between polar molecules and 
nonpolar molecules.  Being next to a polar molecule 
ñinducesò a dipole in a nonpolar molecule. 

ïThese forces are responsible for the solvation of 
gases (nonpolar) in water (polar). 
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Summary:  Intermolecular Forces 

Intermolecular 
Forces 

Formed by the 
attraction between é Examples 

Ion-dipole 
an ion and a polar 
molecule 

Na+ and H2O 

Hydrogen bond 
molecules which have 
H on N, O, or F atoms 

H2O and H2O; H2O 
and CH3CH2OH 

Dipole - Dipole two polar molecules 
CH3Br and ICl; 
CH3Br and H2O 

Ion - Induced dipole 
an ion and a nonpolar 
molecule 

Fe2+ and O2 

Dipole - Induced 
dipole 

a polar molecule and a 
nonpolar molecule 

HCl and Cl2 

London (dispersion) 
forces 

two nonpolar 
molecules 

CH4 and CH4; F2 
and F2; CH4 and F2 
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Examples:  Intermolecular Forces 

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

 a. CH4 

 b. CH3Cl 

 c. CH2Cl2 

 d. CHCl3 

 e. CCl4 

 f. HCl 

 g. HF 
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Examples:  Intermolecular Forces 

2. What is the strongest kind of intermolecular force in 
the following substances. 

 a. CH3CH3 

 b. CH3NH2 

 c. Kr 

 d. CH2O 

 e. CO2 

 f. H2O2 

 g. CH3OH 
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Examples:  Intermolecular Forces 

3. Consider the kinds of intermolecular forces present 
between the following substances. 

 a. CsCl  in  CH3Br 

 b. CH3OH   in   H2O 

 c. CH3CH2CH3  in  CCl4 

 d. O2  and  Fe2+ 

 e. CH3Br   in   H2O 

 f.  CH3CH2CH3  in  CH3Cl 
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Examples:  Intermolecular Forces 

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

  H2S (34 amu) 

  C2H6 (30 amu, CðC bond length 154 pm) 

  CH3OH (32 amu) 

  Ar (40 amu, radius 71 pm) 
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Intermolecular Forces in Everyday Life 

ÅIntermolecular forces such are also responsible for 
the ability of geckos to climb walls and Post-It notes 
to stick to surfaces: 
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The Liquid State  
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Intermolecular Forces in Liquids and Solids 

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

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

ÅSolids have relatively stronger intermolecular forces 
than liquids do. 
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Surface Tension 

ÅSurface Tension ð 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). 

Figure 8.6 

38 Water Strider 

Tea in space 
(ISS, April 7, 2003 ) 

Surface Tension 

MOV ISS Tea in Space.mov
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Surface Tension 

ÅSurfactants (soaps, detergents, etc.) disrupt the 
hydrogen bonding at the surface of water, increasing 
the ability of the water to ñwetò other substances. 

ÅSurface tension decreases as the intermolecular 
forces weaken. 

Hg H2O 
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Viscosity 

ÅViscosity is the measure of a liquidôs resistance to 
flowing.  Viscosity is related to the ease with which 
individual molecules move around in the liquid and 
thus to the intermolecular forces present. 

ïViscosity is measured in units of poise, P, defined 
as 1 g cm-1 s-1 (water has a viscosity of 1 cP). 

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

ïPolar molecules (such as glycerol), and molecules 
composed of long chains of atoms (such as oil 
and grease) have higher viscosities. 

ïThe viscosity of a liquid decreases at higher 
temperatures. 

glycerol 
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Capillary Action 

ÅCapillarity  (capillary action) ð 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). 
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Capillary Action 

ÅFor 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. 

ÅFor mercury, the cohesive forces between Hg atoms 
are greater than the adhesive forces between the Hg 
atoms and the SiðO bonds in the glass, causing 
mercury to have a convex meniscus. 
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The Uniqueness of Water 

ÅWater has a low molecular mass (18.02 g/mol), but 
is a liquid at room temperature. 

ïThe highly polar nature of the OðH bond, combined 
with waterôs bent shape, makes water have a significant 
dipole moment. 

ïOne 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). 
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The Uniqueness of Water 

ÅThe polarity and hydrogen bonding ability of water 
makes it a great solvent for many substances. 

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

ïWater dissolves many ionic compounds. 

ÅWater has a high heat capacity, and can absorb a lot 
of heat without much of a temperature change. 

ïWater can therefore be used to regulate temperatures (e.g., 
in radiators). 

ïWater regulates much of the temperature of the Earth. 

ÅWater has a high surface tension, and high 
capillarity  

ïPlants draw water from soil by capillary action. 
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The Uniqueness of Water 

ÅWaterôs hydrogen bonds fix solid water into an 
open, hexagonal structure, which is less dense than 
liquid water ð hence, ice floats on water. 

ïWhen 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. 

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

ïFlash-freezing can be used to get around this problem, by 
freezing the water so quickly that ice crystals donôt have a 
chance to organize into their preferred crystal structure. 

46 
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The Solid State  
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Solids 

ÅMost substances are solids, not liquids or gases.   

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

ïCrystalline solids have a well-defined shape and 
a highly ordered arrangement of particles (e.g., 
diamond, ice, quartz). 

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

 
Pyrite 

Amethyst 
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Crystals 

ÅThe particles in a crystal are located in a well-
defined array called a crystal lattice. 

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

 

NaCl crystal structure 
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Crystals:  Simple Cubic 

ÅThe simple cubic unit cell consists of a 
cube with one atom at each corner.  There 
is one atom in each unit cell (1/8

th of 8 
atoms).  Each atom is in contact with six 
other atoms (coordination number = 6), 
and the packing efficiency is 52%. 

Simple Cubic Unit Cell 

3D Models/NaCl3Dmodel/aabtepp0.html
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Crystals:  Body-Centered Cubic 

ÅThe body-centered cubic unit cell 
consists of a cube with one atom at each 
corner and another atom in the center of 
the cube.  There are two atoms in each 
unit cell.  The coordination number is 8, 
and the packing efficiency is 68%. 

Body-Centered Cubic Unit Cell 
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Crystals:  Face-Centered Cubic 

ÅThe face-centered cubic unit 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 number is 12, 
and the packing efficiency is 74%. 

Face-Centered Cubic Unit Cell 
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Crystals:  Hexagonal Closest Packing 

ÅHexagonal closest packing occurs 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%.  
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Crystals:  Cubic Closest Packing 

ÅCubic closest packing occurs 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%.  



PPT Crystal Structure.ppt




3D Models/ice3Dmodel/aabteqw0.html






3D Models/Graphite3Dmodel/aabteqv0.html
3D Models/Diamond3Dmodel/aabtequ0.html


3D Models/Fullerene3Dmodel/aabtenw0.html






























MOV ChangesofStatemovie.mov




MOV MythBusters Instant Frozen Beer.flv
MOV MythBusters Superheating Water.flv






PPT Supercritical Fluids.ppt



