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The gaseous state of three halogens (group 17)

FIGURE 6-1
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Properties of Gases:

Cl2 (g) Br2 (g) I2 (g)
Gases 

- expand to fill their containers 

- assume the shapes of their 

containers. 

- they diffuse into one another and 

mix in all proportions.

- we cannot see individual particles 

of a gas, although we can see the 

bulk gas if it is colored (Fig. 6-1). 

- Some gases, such as hydrogen 

and methane, are combustible; 

whereas others, such as helium 

and neon, are chemically 

unreactive.
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Four properties determine the physical behavior of a gas

1) the amount (in moles) 

2) the volume, 

3) temperature, and 

4) pressure 

If we know any three of these, we can usually calculate the 

value of the remaining one by using a mathematical equation 

called an equation of state (such as the ideal gas equation).

Physical Behaviour of Gases:
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The concept of pressure:

P (Pa)  =                                         
A,     Area (m2)

F,     Force (N)

Force (N) = g (m/s2) x m (kg)
Force

Pressure

Pressure :   force per unit area, that is, a force divided 

by the area over which the force is distributed.

A pressure of one newton per square meter is defined 

as one pascal (Pa). kPa=kilopascal

Blaise Pascal (1623 - 1662), who studied 

pressure and its transmission through fluids-

the basis of modern hydraulics.

Illustrating the pressure

exerted by a solid

The two cylinders have the same 

mass and exert the same force 

on the supporting surface . F=gxm 

The tall, thin one has a smaller area of

contact, however, and exerts a greater pressure 

P = F/A.



Liquid Pressure
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liquid pressure is directly proportional to

- the height of the liquid column and 

- the liquid density 

P (Pa)  =                                         
A

F =
A

W =
A

g x m =
A

g x V x d =
A

g x h x A x d =  g x h x d

Liquid pressure:

- It is difficult to measure the 

total force exerted by gas 

molecules,

- The pressure of a gas is 

usually measured indirectly, 

by comparing it with a liquid 

pressure.



Measurement of atmospheric pressure with a mercury barometer
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Standard Atmospheric Pressure=1.00 atm, 101.325 kPa, 1.01325 bar, 760 torr, ~760 mm Hg

Barometric Pressure: In 1643, Evangelista Torricelli

- A device to measure the pressure exerted by the atmosphere, 

Barometer 

P = g x h x d= (9.80665 m s-2)(0.760000 m)(1.35951 104 kg m-3)

= 1.01325x 105 kg m-1 s-2 = Pa
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Manometers
Difficult to place a barometer inside a gas to be measured.

Manometers compare gas pressure and barometric pressure.
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6-2 Simple Gas Laws

Boyle 1662

P 
1

V

PV = constant



6-2 CONCEPT ASSESSMENT

A 50.0 L cylinder contains nitrogen gas at a pressure of 21.5 atm. The 

contents of the cylinder are emptied into an evacuated tank of unknown 

volume. If the final pressure in the tank is 1.55 atm, then what is the 

volume of the tank?

(a) (21.5/1.55) x 50.0 L (b) (1.55/21.5) x 50.0 L 

(b) (c) v21./(1.55  x  50.0) L (d) (1.55/(21.5 x 50.0) L
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6-2 CONCEPT ASSESSMENT (CONTINUED)

Use Boyle’s Law

Copyright © 2011 Pearson Canada Inc.General Chemistry: Chapter 6Slide 14 of 41

P1V1 = P2V2 V2 = 
P1V1

P2

therefore (a) is the answer

Calculation shows that Vtank = 644 L 
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Charles’s Law
Charles 1787,   Gay-Lussac 1802 V  T 

V = b T 

Three different gases show this behavior with temperature.

Temperature at which the volume of a hypothetical gas becomes 0 

is the absolute zero of temperature.

The hypothetical gas has mass, but no volume, and does not 

condense into a liquid or solid.



Standard Temperature and Pressure
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- Gas properties depend on conditions.

- IUPAC defines standard conditions of temperature and 

pressure (STP).

P = 1 Bar = 105 Pa

T = 0°C = 273.15 K

1.00 atm =  760 mm Hg = 760 torr =  101.325 kPa = 1.01325 bar

=  1013.25 mbar



Avogadro’s Law

Gay-Lussac 1808
Small volumes of gases react in the ratio of small whole numbers.

Avogadro 1811
1. Equal volumes of different gases compared at the same 

temperature and pressure contain equal numbers of molecules.

2. Equal numbers of molecules of different gases compared at the 

same temperature and pressure occupy equal volumes.
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At a fixed temperature and pressure, the volume of a 

gas is directly proportional to the amount of gas.



Molar volume of a gas visualized

FIGURE 6-9
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At fixed T and P

V  n          or       V = c n

1 mol gas

= 22.414 L (at 0 C, 1 atm )

= 22.711 L ( at STP)



Formation of Water – actual observation and Avogadro’ s hypothesis

FIGURE 6-8
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6-3 Combining the Gas Laws:  
The Ideal Gas Equation 
and the General Gas Equation

Boyle’s law V  1/P

Charles’s law V  T

Avogadro’s law V  n
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V 
nT

P



The Ideal Gas Equation

Copyright © 2011 Pearson Canada Inc.General Chemistry: Chapter 6Slide 22 of 41

R = 
PV

nT

PV = nRT



Applying the ideal gas equation
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The General Gas Equation
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R = = 
P2V2

n2T2

P1V1

n1T1

= 
P2

T2

P1

T1

If we hold the amount and volume constant:
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Using the Gas Laws
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6-4 Applications of the Ideal Gas Equation
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PV = nRT and n = 
m
M

PV = 
m
M

RT

M = 
m

PV
RT

Molar Mass Determination
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Gas Density
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d = 
m
V

PV = 
m
M

RT

MP
RTV

m
= d =

KEEP IN MIND

that gas densities are

typically much smaller than

those of liquids and solids.

Gas densities are usually

expressed in grams per liter

rather than grams per

milliliter.
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6-5 Gases in Chemical Reactions
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Stoichiometric factors relate gas quantities to 

quantities of other reactants or products.

Ideal gas equation relates the amount of a gas to 

volume, temperature and pressure.

Law of Combining Volumes can be developed using the 

gas law.



Copyright  2011 Pearson Canada Inc.6 - 34



Copyright  2011 Pearson Canada Inc.6 - 35



Copyright © 2011 Pearson Canada 

Inc.
General Chemistry: Chapter 6Slide 36 of 41

6-6 Mixtures of Gases

Ptot = 
ntot

V

RT
( T constant, V constant)

Vtot = 
ntot

P

RT
( T constant, P constant)

-the simple gas laws and the ideal gas equation apply to a mixture of 

nonreactive gases as well as to individual gases.

- for fixed values of T and P, the total volume of a mixture of gases

- Simplest approach is to use for the value of n, the total number of moles of 

the gaseous mixture, ntotal

- consider a mixture of gases in a vessel of fixed volume V at temperature 

T, the total pressure of the mixture
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Partial Pressure
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- John Dalton made an important contribution to the study of gaseous 

mixtures. He proposed that in a mixture, each gas expands to fill the 

container and exerts the same pressure (called its partial pressure) that it 

would if it were alone in the container.

- Dalton s law of partial pressures states that the total pressure of a mixture 

of gases is the sum of the partial pressures of the components of the 

mixture, Ptot = Pa + Pb +…

Va = naRT/Ptot Vb = nbRT/Ptot and     Vtot = Va + Vb+…

- In a gaseous mixture of moles of A, moles of B, and so on, the volume

each gas would individually occupy at a pressure equal to is



Va

Vtot

naRT/Ptot

ntotRT/Ptot

= =
na

ntot

Pa

Ptot

naRT/Vtot

ntotRT/Vtot

= =
na

ntot

- The mole fraction of a component A in a 

mixture , a , is the fraction of all the 

molecules in the mixture contributed by 

that component. 

- The sum of all the mole fractions in a

mixture is one.

- and the commonly used expression percent by volume is

Volume % A = 
VA

Vtot

X100% Volume % B = 
VB

Vtot

X100%

We can derive a particularly useful expression from the 

following ratios,

and

Va

Vtot

= a
na

ntot

= 
Pa

Ptot

= 

which means that

Xa + Xb = 1 



Dalton’ s law of partial pressures illustrated

FIGURE 6-12
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-The pressure of each gas is proportional to the number of moles of gas. 

- The total pressure is the sum of the partial pressures of the individual gases.
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- Isolating gases in the early days of chemistry
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Collecting a gas over water -- a pneumatic trough 

- The method works, of course, only for gases that are insoluble in and 

do not react with the liquid being displaced, e.g N2, H2, O2 are all 

essentially insoluble in and unreactive with water.



Collecting a gas over water -- a pneumatic trough 

Ptot =  Pbar = Pgas + PH2O

- A gas collected in a pneumatic trough filled with 

water is said to be collected over water and is wet. 

It is a mixture of two gases- the desired gas and 

water vapor.

The pressure of the water

vapor depends only on 

the temperature of the 

water,

-Total pressure of wet gas is equal to atmospheric

pressure (Pbar) if the water level is the same inside 

and outside. 

- The total pressure can be made equal to the 

prevailing pressure of the atmosphere (barometric 

pressure) by adjusting the position of the bottle; 

thus we can write
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6-7 Kinetic Molecular Theory of Gases
- To explain the gas laws, we need a theory.

- One theory developed during the mid-nineteenth century is 

called the kinetic-molecular theory of gases.

- It is based on the model illustrated in Figure 6-14

Visualizing molecular motion:

Molecules of a gas are in

constant motion and collide

with one another and with

the container wall.



6-7 Kinetic Molecular Theory of Gases

- Individual molecules may gain or lose energy as a result of collisions. In a 

collection of molecules at constant temperature, however, the total energy 

remains constant.

- A gas is composed of a very large number of 

extremely small particles (molecules or, in some 

cases, atoms) in constant, random, straight-line 

motion.

- Molecules of a gas are separated by great distances. 

The gas is mostly empty space. (The molecules are 

treated as so-called point masses, as though they 

have mass but no volume.)

- Molecules collide only fleetingly with one another 

and with the walls of their container, and most of the 

time molecules are not colliding.

- There are assumed to be no forces between molecules except very briefly

during collisions. That is, each molecule acts independently of all the others 

and is unaffected by their presence, except during collisions.



Derivation of Boyle’s Law
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PV = a

- kinetic-molecular theory of gases provides a satisfactory 

explanation of Boyle s law.

-The value of ‘ a ‘ depends on the 

- number, N, of molecules in the sample

- and the temperature, T.

-Because pressure is a force per unit area and for assessing the 

forces associated with molecules hitting the walls of the 

container let’s focus on a molecule traveling along the x 

direction toward a wall perpendicular to its path. 

- The speed of the molecule is denoted by ux. 

- The force exerted on the wall by the molecule depends on the 

following factors

Boyle s law.
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v u
N

V

Imu

2mu
V

N
P

1. The frequency of molecular collisions,

2. Impulse or momentum transfer,

The pressure of a gas (P) is the product of impulse and collision

frequency 

The force exerted on the wall by the molecule depends on;

Derivation of Boyle’s Law

When a molecule hits the wall of a vessel, momentum is transferred as the 

molecule reverses direction. This momentum transfer is called an impulse. The 

magnitude of the impulse is directly proportional to the mass, m, of a molecule 

and its speed, u:

The higher this frequency, the greater the total force on the wall of the container. 

Collision frequency increases with the number of molecules per unit volume and 

with molecular speeds.



- At any instant, however, the molecules in a gas sample are traveling at

different speeds. Therefore, we must replace in the expression above with 

the average value of which is denoted by
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Derivation of Boyle’s Law

2

x
u

2

x
u

2

x
u

- the overbar reminds us that we are referring to the average value of
2

x
u

the concept of the average of the squares of speeds, 

- five molecules with speeds 400, 450, 525, 585, and 600 m/s. We find the average of the squares 

of these speeds by squaring the speeds, adding the squares, and dividing by the number of 

particles, in this case five.

22222

2

5

)/600()/585()/525()/450()/400( smsmsmsmsm
u


=

= 2.68 x105 m2/s2  

Thus, pressure expression
2

x
um

V

N
P 



We have one final factor to consider !!!!!!!

There is absolutely nothing special about the x direction, so we should 

expect that
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where
2222

3

1
uuuu

zyx
===

2222

zyx
uuuu =

is the average value of taking into account all the molecules, not 

just those moving in the x direction

2u
2u

is called the mean square speed
2u

2

x
um

V

N
P  if we substitute          for       the equation becomes 

2

3

1
u

2u

2

3

1
um

V

N
P = Basic equation of the kinetic-molecular theory 

of gases.



Pressure and Molecular Speed

FIGURE 6-15
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2u=

um is the modal speed

uav is the simple average

urms

Distribution of molecular speeds 

Fraction of molecules that have speed u, F(u);      Maxwell Distribution of speeds:

ek 
1

2
mu2

Translational kinetic energy,

not all the molecules in a gas travel at the same speed. Because of the large 

number of molecules, we cannot know the speed of each molecule, but we can 

make a statistical prediction of how many molecules have a particular speed.
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Pressure

M

3RT
u

uM3RT

umRT3

um
3

1
PV

rm s

2

2

A

2

A

=

=

=

=

N

N
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Assume one mole:

PV=RT so:

NAm = M:

Rearrange:



Distribution of Molecular Speeds – the effect of mass and temperature

FIGURE 6-16
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M

3RT
urms=



Distribution of molecular speeds – an experimental determination

FIGURE 6-17
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Temperature
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(T)
R

2

3
e

e
3

2
RT

)um
2

1
(

3

2
um

3

1
PV

A

k

k

22

A

N

N

NN

A

A

=

=

==Modify:

PV=RT so:

Solve for ek:

Average kinetic energy is directly proportional to temperature!



6-8 Gas Properties Relating to the Kinetic-Molecular Theory

Diffusion is the migration of molecules as a result of random molecular motion.

a common diffusion seen in a chemistry laboratory.

- NH3 (g) escapes from NH3 (aq) and HCl(g) escapes 

from HCl(aq). 

- The gases diffuse toward each other, and, where 

they meet, a white cloud of ammonium chloride forms 

as a result of the following reaction:

NH3 (g) + HCl(g)            NH4Cl(s) 

Because of their greater average speed, NH3

molecules diffuse faster than HCl. As a result, the 

cloud forms close to the mouth of the HCl(aq) 

container.
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(a) Diffusion is the passage of one substance through another. In this 

case, the H2 initially diffuses farther through the N2 because it is lighter, 

although eventually a complete random mixing occurs. Net rate is 

proportional to molecular speed.

The diffusion of two or more gases results in an intermingling of the 

molecules and, in a closed container, soon produces a homogeneous 

mixture, as shown in Figure below,

Diffusion:
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Effusion:

A related phenomenon, effusion, is the escape of gas molecules from their

container through a tiny orifice or pinhole. The effusion of a hypothetical 

mixture of two gases is suggested by the Figure below

- The rate at which effusion occurs is directly proportional to molecular

speeds. That is, molecules with high speeds effuse faster than molecules 

with low speeds.

- Effusion is the passage of a substance through a pinhole or porous

membrane into a vacuum. In this case, the lighter H2 effuses faster across 

the empty space than does the N2.



Graham’s Law, 1831
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Limitations:

- Only for gases at low pressures, (natural escape, not a jet).

- Tiny orifice (no collisions occur)

- Does not apply to diffusion to make quantitative predictions about rates of diffusion

Let us consider the effusion of two different gases at the same temperature 

and pressure. We can first compare effusion rates with rootmean-square 

speeds and then substitute expression (6.20) for these speeds.

M

3RT
urms=

The rate of effusion of a gas is inversely proportional to the square root of its molar mass.
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Ratio of two molar masses can be used :

 Rate of effusion (as above)

 Molecular speeds

 Effusion times

 Distances traveled by molecules

 Amounts of gas effused.

- When compared at the same temperature, two different gases have 

the same value of kinetic energy.  ek 
1

2
mu2

- This means that molecules with a smaller mass (m) have a higher speed, ( urms )

When using equation (6.25), first reason qualitatively and work out 

whether the ratio of properties should be greater or less than one. 

Then set up the ratio of molar masses accordingly.
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Applications of Diffusion
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The diffusion of gases into one another has many practical applications. 

- Natural gas and liquefied petroleum gas (LPG) are odorless; for commercial use, a small

quantity of a gaseous organic sulfur compound, methyl mercaptan, CH3SH, is

added to them. The mercaptan has an odor that can be detected in parts per billion

(ppb) or less. When a leak occurs, which can lead to asphyxiation or an

explosion, we rely on the diffusion of this odorous compound for a warning.

- During World War II, the Manhattan Project (the secret, U.S. Government run

program for developing the atomic bomb) used a method called gaseous diffusion

to separate the desired isotope 235U from the predominant 238U. The method is based on the fact 

that uranium hexafluoride is one of the few compounds

of uranium that can be obtained as a gas at moderate temperatures. When high-pressure UF6(g)

is forced through a barrier having millions of submicroscopic holes per square centimeter, 

molecules containing the 235U isotope pass through the barrier slightly faster than those 

containing 238U just as expectd and therefore UF6(g) contains a slightly higher ratio of 235U to 
238U than it did previously. The gas has become

enriched in 235U. Carrying this process through several thousand passes

yields a product highly enriched in 235U.



6-9 Nonideal (Real) Gases

A useful measure of how much a gas deviates from ideal gas behavior is found in 

its compressibility factor 

PV/nRT = 1

ideal gases-

PV/nRT >1 or <1  

real gases

dependent on the gas

At 300 K and 10 bar, 

- He, H2, CO, N2, O2

behave almost  ideally.

PV/nRT  1

-But  NH3 and SF6 do 

not.....

PV/nRT  0.88
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- Boyle’ s law predicts that at very high pressures, a 

gas volume becomes extremely small and approaches 

zero. However, the molecules themselves occupy 

space and are practically incompressible. The volume 

of the system is only slightly greater than the total 

volume of the molecules.

The behavior of real gases compressibility factor as a function of pressure at 0 C.

The principal conclusion from this plot is that 

-all gases behave ideally at sufficiently low pressures, 

say, below 1 atm, but that deviations set in at increased 

pressures.

- At very high pressures, the compressibility factor is

always greater than one.

Because of the finite size of the molecules, the PV 

product at high pressures is larger than predicted 

for an ideal gas, and the compressibility factor is 

greater than one
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Another consideration is that intermolecular forces

Intermolecular forces of attraction

Attractive forces of the red molecules for the green

molecule cause the green molecule to exert less force

when it collides with the wall than if these attractions 

did not exist.

Because of attractive forces between the molecules, 

the gas exerts less force on the container walls. 

- Intermolecular forces of attraction account for 

compressibility factors of less than one.

These forces become increasingly important at low temperatures, where 

translational molecular motion slows down.

To summarize:

Gases tend to behave ideally at high temperatures and low pressures.

Gases tend to behave nonideally at low temperatures and high pressures.



-A number of equations can be used for real gases, equations that apply over a

wider range of temperatures and pressures than the ideal gas equation. 

-Such equations are not as general as the ideal gas equation. They contain terms 

that have specific, but different, values for different gases. 

-Such equations must correct for the volume associated with the molecules 

themselves and for intermolecular forces of attraction. 

- Of all the equations that chemists use for modeling the behavior of real gases, the 

van der Waals equation, is the simplest to use and interpret.

The van der Waals Equation

P + 
an2

V – nb     = nRT 
V2 van der Waals equation

The two molecular parameters, a and b, whose values vary from molecule to 

molecule .
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P + 
an2

V – nb     = nRT 
V2

- The first term in the equation                    is the modified pressure factor, and takes 

into account the decrease in pressure caused by intermolecular attractions

-The equation given above for P predicts that the pressure exerted by a real gas will 

be less than that of an ideal gas.

-The proportionality constant, a, provides a measure of how strongly the molecules 

attract each other.

P + an2

V2



The van der Waals Equation
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P + 
n2a 

V2
V – nb     = nRT 

- The second part in the equation is the modified volume factor, V-nb and the term 

‘nb’  accounts for the volume of the molecules themselves. 

- The parameter b is called the excluded volume per mole, and, to a rough 

approximation, it is the volume that one mole of gas occupies when it condenses to a 

liquid.

- Because the molecules are not point masses, the volume of the container must be 

no smaller than nb, and the volume available for molecular motion is , V-nb 

- As suggested in Figure 6-21(b), the volume available for molecular motion is quite 

small at high pressures.
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- the values of both a and b

increase as the sizes of the 

molecules increase. 

-The smaller the values of 

a and b, the more closely 

the gas resembles an ideal 

gas.

- Deviations from ideality, 

as measured by the 

compressibility factor, 

become more pronounced 

as the values of a and b 

increase.

A close examination of Table 6.5
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End of Chapter Questions

A problem is like a knot in a ball of wool:

If you pull hard on any loop:

The knot will only tighten.

The solution (undoing the knot) will not be achieved.

If you pull lightly on one loop and then another:

You gradually loosen the knot.

As more loops are loosened it becomes easier to undo 

the subsequent ones.

Don’t pull too hard on any one piece of 

information in your problem, it tightens.
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