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4 States of Matter 

The study of the particles in solids, liquids and gases and the interactions between 

them is important in understanding the physical properties of substances. 

4.1 The gaseous state: ideal and real gases and pV = nRT  

4.2 The liquid state 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4 States of matter

The study of the particles in solids, liquids and gases and the interactions between them is important in 
understanding the physical properties of substances.  

Learning outcomes 
Candidates should be able to: 

4.1  The gaseous state: 
ideal and real gases 
and pV = nRT

a) state the basic assumptions of the kinetic theory as applied to an ideal 
gas

b) explain qualitatively in terms of intermolecular forces and molecular size:
(i)  the conditions necessary for a gas to approach ideal behaviour
(ii)  the limitations of ideality at very high pressures and very low 

temperatures
c) state and use the general gas equation pV = nRT in calculations, 

including the determination of Mr 

4.2  The liquid state a) describe, using a kinetic-molecular model, the liquid state, melting, 
vaporisation, vapour pressure 

4.3  The solid state: 
lattice structures

a) describe, in simple terms, the lattice structure of a crystalline solid 
which is:
(i) ionic, as in sodium chloride, magnesium oxide
(ii)  simple molecular, as in iodine and the fullerene allotropes of carbon 

(C60 and nanotubes only)
(iii)  giant molecular, as in silicon(IV) oxide and the graphite, diamond and 

graphene allotropes of carbon 
(iv) hydrogen-bonded, as in ice
(v) metallic, as in copper

b) discuss the finite nature of materials as a resource and the importance 
of recycling processes

c) outline the importance of hydrogen bonding to the physical properties 
of substances, including ice and water (for example, boiling and melting 
points, viscosity and surface tension)

d) suggest from quoted physical data the type of structure and bonding 
present in a substance 

Syllabus content
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KINETIC THEORY OF GASES

The idea that molecules in gases are in constant movement is called the 

kinetic theory of gases. This theory makes certain assumptions: 

1. Gases are made up of tiny particles, “molecules” in a state of rapid, 
random motion.  

2. Average kinetic energy of particles is directly proportional to the 

temperature of gas in Kelvin 

3. All collisions are perfectly elastic i.e. there is no loss of kinetic energy.  

4. Collisions between the molecules and the walls of the container give 
rise to pressure.

 1

KINETIC THEORY OF GASES

5. The volume of molecules is negligible compared to the volume of the 

gas. 
(The distance between the gas molecules is much greater than the 

diameter of the molecules so the volume of the molecules is 

negligible) 

6. Attractive forces between particles are negligible.

 2
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BOYLE’S LAW

The volume of a gas varies inversely with the pressure exerted by the gas 
if the number of moles and temperature of gas are held constant. This 
relationship is known as Boyle’s law. The product of pressure (P) and 
volume (V) is a constant: 

PV =  k (constant) 
P1V1 = P2V2

 3

775  States of matter

is proportional to its temperature measured in kelvin 
(Figure 5.3b).

An ideal gas will have a volume that varies exactly 
in proportion to its temperature and exactly in inverse 
proportion to its pressure.

Gases in a container exert a pressure. Th is is because 
the gas molecules are constantly hitting the walls of 
the container. If we decrease the volume of a gas (at 
constant temperature) the molecules are squashed closer 
together and hit the walls of the container more often. 
So the pressure of the gas increases (Figure 5.2a). A 
graph of volume of gas plotted against 1/pressure gives 
a proportional relationship (as shown by the straight 
line in Figure 5.2b). We say that the volume is inversely 
proportional to the pressure.

When a gas is heated at constant pressure its volume 
increases (Figure 5.3a). Th is is because the particles move 
faster and hit the walls of the container with greater force. 
If the pressure is to be constant the molecules must get 
further apart. Th e volume of a gas at constant pressure 

4 Some chemical reactions involving gases are 
performed in sealed glass tubes which do not 
melt at high temperatures. Th e tubes have 
thin walls and can easily break. Use the kinetic 
theory of gases to explain why the tubes should 
not be heated to high temperatures.

Check-up

Figure 5.3 a As the temperature increases, the volume of a gas increases. Molecules hit the walls with increased force. b For an ideal gas, the volume of a 
gas is proportional to its kelvin temperature.
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Figure 5.2 a As the volume of a gas decreases, its pressure increases due to the increased frequency of the gas molecules hitting the walls of the container. 
b For an ideal gas a plot of the volume of gas against 1/pressure shows a proportional relationship.
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SKILL CHECK 1

Which diagram shows the correct graph of V against p for a fixed mass of 

an ideal gas at constant temperature?  

 4
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CHARLES' LAW

The volume of a gas varies directly with the absolute temperature (K) if 

pressure and number of moles of gas are constant. 

Mathematically, the ratio of volume (V) and temperature (T) is a constant: 

V/T  = k (constant) 
V = kT

 5

775  States of matter

is proportional to its temperature measured in kelvin 
(Figure 5.3b).

An ideal gas will have a volume that varies exactly 
in proportion to its temperature and exactly in inverse 
proportion to its pressure.

Gases in a container exert a pressure. Th is is because 
the gas molecules are constantly hitting the walls of 
the container. If we decrease the volume of a gas (at 
constant temperature) the molecules are squashed closer 
together and hit the walls of the container more often. 
So the pressure of the gas increases (Figure 5.2a). A 
graph of volume of gas plotted against 1/pressure gives 
a proportional relationship (as shown by the straight 
line in Figure 5.2b). We say that the volume is inversely 
proportional to the pressure.

When a gas is heated at constant pressure its volume 
increases (Figure 5.3a). Th is is because the particles move 
faster and hit the walls of the container with greater force. 
If the pressure is to be constant the molecules must get 
further apart. Th e volume of a gas at constant pressure 

4 Some chemical reactions involving gases are 
performed in sealed glass tubes which do not 
melt at high temperatures. Th e tubes have 
thin walls and can easily break. Use the kinetic 
theory of gases to explain why the tubes should 
not be heated to high temperatures.

Check-up

Figure 5.3 a As the temperature increases, the volume of a gas increases. Molecules hit the walls with increased force. b For an ideal gas, the volume of a 
gas is proportional to its kelvin temperature.
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Figure 5.2 a As the volume of a gas decreases, its pressure increases due to the increased frequency of the gas molecules hitting the walls of the container. 
b For an ideal gas a plot of the volume of gas against 1/pressure shows a proportional relationship.
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AVAGADRO’S LAW

Equal volumes of any ideal gas contain the same number of moles if 

measured under the same conditions of temperature and pressure. 

Mathematically, the ratio of volume (V) to number of moles (n) is a 

constant: 

V/n = k (constant) 
V = nk

 6
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IDEAL GAS LAW

Boyle’s law (relating volume and pressure), Charles’s law (relating volume and 

temperature), and Avogadro’s law (relating volume to the number of moles) may 

be combined into a single expression relating all four terms.  

This expression is the ideal gas law: 

PV =  nRT 

P = pressure of the gas in Nm-2        n = number of moles of the gas 

V = volume of the gas in m3             T = absolute temperature of the gas in K 

R = a constant referred to as the Universal gas constant* 

*Unit and value of R   =  8.31 J mol—1 K—1

 7

SKILL CHECK 2

The general gas equation can be used to calculate the Mr value of a gas.  

For a sample of a gas of mass m g, which expression will give the value of Mr?  

 8
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SKILL CHECK 3

The volume of a sample of ammonia is measured at a temperature of 

60°C and a pressure of 103 kPa. The volume measured is 5.37 x 10-3 m3.  

What is the mass of the sample of ammonia, given to two significant 

figures?  

A   0.00019 g           B   0.0034 g           C   0.19 g           D   3.4 g

 9

SKILL CHECK 4

Which diagram correctly describes the behaviour of a fixed mass of an 

ideal gas? (T is measured in K.) 

 10
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DALTON’S LAW OF PARTIAL PRESSURES
A mixture of gases exerts a pressure that is the sum of the pressures that 
each gas would exert if it were present alone under the same conditions.  

Consider two gases A and B occupying a given volume individually at a 
given temperature. Let their pressures be pa = 8 Pa and pb = 3 Pa. Now 

consider the same amount of the two gases A and B occupying the same 

volume at the same temperature all together. 

 11

140 8  Equilibrium

Equilibrium expressions involving 
partial pressures
We write equilibrium expressions in terms of partial 
pressures in a similar way to equilibrium expressions in 
terms of concentrations. But there are some diff erences:
• we use p for partial pressure
• the reactants and products are written as subscripts 

after the p
• the number of moles of particular reactants or products 

is written as a power after the p
• square brackets are not used
• we give the equilibrium constant the symbol Kp (the 

equilibrium constant in terms of partial pressures).
For example, the equilibrium expression for the reaction:

N2(g) + 3H2(g)  2NH3(g)

is written as K
p

p pp
NH

N H
3

3

2 2

=
2

×

What are the units of Kp?
Th e units of pressure are pascals, Pa. Th e units of Kp 
depend on the form of the equilibrium expression.

Th e total pressure of a gas equals the sum of the partial 
pressures of the individual gases.

ptotal = pA + pB + pC …

where pA, pB, pC are the partial pressures of the individual 
gases in the mixture.

The concentration of a gas is related to its pressure by the ideal 
gas equation pV = nRT.

Rearranging this we get 
n
V

p
RT

= .

n
V

 is the concentration. Since R is a constant, and if the 

temperature is constant, we see that the concentration of gas is 
proportional to the pressure of the gas.

Fact fi le

9 Th e reaction below was carried out at a 
pressure of 10.00 × 104 Pa and at constant 
temperature.

N2(g) + O2(g)  2NO(g)

Th e partial pressures of nitrogen and oxygen 
are both 4.85 × 104 Pa.

Calculate the partial pressure of the 
nitrogen(II) oxide, NO(g), at equilibrium.

Check-up

Worked examples

8 For the reaction:

N2O4(g)  2NO2(g)

Th e equilibrium expression is:

K
p
pp

NO
2

N O

2

2 4

=

Th e units are Pa Pa
Pa
×  = Pa

9 For the reaction:

2SO2(g) + O2(g)  2SO3(g)

Th e equilibrium expression is:

K
p

p pp
SO
2

SO
2

O

3

2 2

=
×

Th e units are Pa Pa
Pa Pa Pa Pa

= 1×
× ×

 = Pa−1

Figure 8.10 Each gas in this mixture contributes to the pressure in 
proportion to the number of moles present.

gas A
gas B

partial 
pressure
= 8 Pa

partial 
pressure
= 3 Pa

total
pressure
= 11 Pa

The volumes of the containers are the same.

DALTON’S LAW OF PARTIAL PRESSURES

Let the total pressure be PT. Then according to Dalton’s law:     

PT  = pa + pb       

pa and pb are referred to as partial pressures 

Hence p =  x P where p is the partial pressure, and x is the mol fraction of 
the gas       

 12

CEDAR COLLEGE STATES OF MATTER

Online Classes : Megalecture@gmail.com

www.youtube.com/megalecture



 17

�

SKILL CHECK 5

a. 80 g of oxygen, 140 g of nitrogen, 44 g of carbon dioxide and 60 g of 
argon when confined in a vessel exerted pressure of a 3.6 x 106 Nm-2. 
Hence calculate the partial pressure of each of the gases.                    

b. A mixture of gases at a pressure 7.50 x104 Nm-2 has the volume 
composition 40% nitrogen, 35% oxygen and 25% carbon dioxide. What is 
the partial pressure of each gas?  

c. 2.0 dm3 of nitrogen at a pressure of 1.0 x 105 Pa and 5.0 dm3 of 
hydrogen at a pressure of 5.0 x 105 Pa are injected into a 10 dm3 vessel. 
What is the pressure of the mixture of the gases? 

 13

REAL GASES VS IDEAL GAS

The validity of Boyle’s Law was tested over a wide range of pressures 
and it was found that none of the gases obeyed the law.  

If the gases obeyed Boyle’s law, the plots of PV against P should be 
parallel to the x axis. None of the gases gave such a graph. Two types of 
deviations are seen. 

 14
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REAL GASES VS IDEAL GAS

 15

O2

HCl

NH3

Ideal gas

PV
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All gases except hydrogen and helium, first showed a minimum, and 
then increased with increasing pressure.  

Hydrogen and helium never showed a minimum, always increasing with 
increasing pressure. (+ve deviation).

P

REAL GASES VS IDEAL GAS

The hypothetical gas, which would strictly obey the gas laws, is called the 

ideal gas or perfect gas, in contrast to all known gases which are referred 

to as real gases. Ideal gas is one that obeys the gas laws/ pV = nRT under 

all conditions of temperature and pressure 

These show us that gases do not always behave exactly as we expect an 

ideal gas to behave. This is because real gases do not always obey the 

kinetic theory in two ways: 

1. There is not zero attraction between the molecules  

2.We cannot ignore the volume of the molecules themselves.

 16
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REAL GASES VS IDEAL GAS

These differences are especially noticeable at very high pressures and very 

low temperatures. Under these conditions: 

• The molecules are close to each other  

• The volume of the molecules is not negligible compared with the volume 

of the container  

• There are Van der Waals’ forces of attraction between the molecules  

• Attractive forces pull the molecules towards each other and away from the 

walls of the container  

• The effective volume of the gas is smaller than expected for an ideal gas. 

 17

REAL GASES VS IDEAL GAS

In hydrogen and helium the intermolecular attractions are negligible and hence 

they do not get compressed more than expected, and hence they do not show 

a minimum. 

The two assumptions would become true only when the volume occupied by 

the gas tends to infinity. Volume would tend to infinity when pressure 

decreases and temperature increases.  

Thus real gases tend to be ideal i.e tend to obey the gas laws at low pressures 

and high temperatures.  

Conversely at very high pressures and very low temperatures the laws 

become invalid.

 18
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SKILL CHECK 6

Which would behave the least like an ideal gas at room temperature?  

A  carbon dioxide 

B  helium  

C  hydrogen  

D  nitrogen  

 19

THE LIQUID STATE 
The particles in a liquid are still close to each other but have enough kinetic 

energy to keep sliding past each other in fairly random way, but not as freely 

as gas particles do.  

For brief periods, the particles in liquids are arranged in slightly ordered way. 

but this order is always broken up when the particles gain kinetic energy 

from neighbouring particles. 

 20
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THE LIQUID STATE
When we heat a liquid:  

Energy transferred to the liquid makes the particles move faster.  

Forces of attraction between particles weaken.  

Particles with most energy are the first to escape from forces holding 

them together.  

The liquid evaporates - this happens at temperatures below the boiling 

point.  

 21

THE LIQUID STATE
Forces weaken enough for all particles to become free from each other.  

The liquid boils. 

This change is called vaporisation. 

The energy required to change one mole of liquid to one mole of gas is 

called enthalpy change of vaporisation.  

 22

CEDAR COLLEGE STATES OF MATTER

Online Classes : Megalecture@gmail.com

www.youtube.com/megalecture



 22

�

THE LIQUID STATE
When we cool a vapour, the particles: 

Lose kinetic energy so the molecules move around less quickly. 

Experience increasing forces of attraction.  

Move more slowly and become closer. The gas liquefies. 

This change of state is called condensation. These changes in state are 

reversible. These changes involve opposite energy transfers.  

 23

THE LIQUID STATE
At equilibrium the concentration of water molecules in the vapour remains 

constant.  

Pressure exerted by a vapour in equilibrium with its liquid is called vapour 

pressure.  

The temperature at which vapour pressure is equal to the atmospheric 

pressure is the boiling point of the liquid. 

 24

vapour. A position of equilibrium is reached (Figure 5.5c; 
see Chapter 8).

a b c

Figure 5.5 a Water molecules move from liquid to vapour. 
b As more molecules move from liquid to vapour, some begin 
to move back to the liquid. c An equilibrium is reached with 
molecules going from liquid to vapour at the same rate as 
from vapour to liquid.

At equilibrium the concentration of water molecules in the 
vapour remains constant.

 equal rate of movement

water molecules in liquid  water molecules in vapour

In this situation the pressure exerted by a vapour in 
equilibrium with its liquid is called its vapour pressure. 
The vapour pressure is caused by the gas particles hitting 
the walls of the container. Vapour pressure will increase 
when the temperature increases because:

 ■ the gas particles have more kinetic energy
 ■ the gas particles move faster, so are able to overcome 

intermolecular forces of attraction more easily.

The temperature at which the vapour pressure is equal to 
the atmospheric pressure is the boiling point of the liquid.

The solid state
Many ionic, metallic and covalent compounds are 
crystalline. The regular structure of crystals is due to the 
regular packing of the particles within the crystal. We call 
this regularly repeating arrangement of ions, atoms or 
molecules a crystal lattice.

Ionic lattices
Ionic lattices have a three-dimensional arrangement of 
alternating positive and negative ions. Compounds with 
ionic lattices are sometimes called giant ionic structures.

The type of lattice formed depends on the relative sizes 
of the ions present. The ionic lattices for sodium chloride 
and magnesium oxide are cubic. In sodium chloride, 
each sodium ion is surrounded by six oppositely charged 
chloride ions. The chloride ions are much larger than the 
sodium ions. The sodium ions fit into the spaces between 
the chloride ions so that they are as close as possible to 
them (Figure 5.6).

Na+

Na+

Na+

Na+

Cl–

Cl–

Cl–

Cl–

Cl–

Cl–

Cl–

Cl–

Na+

Na+

Na+

Na+

a b

Na+

Cl–

Figure 5.6 The arrangement of the ions in sodium chloride: 
a the actual packing of the ions; b an ‘exploded’ view so that 
you can see the arrangement of the ions clearly.

Magnesium oxide has the same lattice structure as sodium 
chloride. Magnesium ions replace sodium ions and the 
oxide ions replace the chloride ions.

The properties of ionic compounds reflect their 
structure as well as their bonding.

 ■ They are hard. It takes a lot of energy to scratch the  
surface because of the strong attractive forces keeping the 
ions together.

 ■ They are brittle. Ionic crystals may split apart when hit in 
the same direction as the layers of ions. The layers of ions 
may be displaced by the force of the blow so that ions with 
the same charge come together. The repulsions between 
thousands of ions in the layers, all with the same charge, 
cause the crystal to split along these cleavage planes.

 ■ They have high melting points and high boiling points 
because the attraction between the large numbers of 
oppositely charged ions in the lattice acts in all directions 
and bonds them strongly together. The melting points 
and boiling points increase with the charge density on the 
ions. So magnesium oxide, Mg2+O2–, has a higher melting 
point (2852 °C) than sodium chloride, Na+Cl– (801 °C). 
This is because there is a greater electrostatic attraction 
between doubly charged ions than singly charged ions of 
similar size.

 ■ Many of them are soluble in water (see page 265).
 ■ They only conduct electricity when molten or in solution 

(see page 67).

8  Bromine is a reddish-brown liquid. Some liquid 
bromine is placed in a closed jar. The bromine starts  
to evaporate. The colour of the vapour above the 
liquid bromine becomes darker and darker. After a 
time the bromine vapour does not get any darker.

  Use ideas about moving particles to explain  
these observations.

QUESTION

78
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