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+ Today, we will study the properties of gases.

First, let's take a look at the characteristics of
a gas.

The properties of a gas include a strong
dependence on the properties of the
molecules and atoms that compose it, and
those properties resulting from being an

assembly of a large number of molecules.

+ The transitions between the states of solid,

liquid and gas by a substance in
proportion to changes in temperature
and/or pressure is a property of the bulk

state of the substance

* The English word “gas” is derived from the

Greek word for “chaos”.
Any substance, so long as it is stable,
becomes a gas if it reaches a sufficient
temperature.
In comparison to a liquid or a solid, a gas has

the following three characteristics.
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S8 ¢ (1) The particles (molecules or atoms) that
constitute the gas move chaotically as
shown in Fig. 1.1.

S9+Accordingly, a gas is a cluster of particles that
constantly and repeatedly collide with
each other or with walls.

S10  (2) There is a large space in-between
molecules.

S11-+Hence, a gas can be easily compressed by a
small pressure as shown in Fig. 1.2.

S12 +(3) The volume that a gas occupies is
regulated by the external factor of the
container in which the gas is contained.

This is also connected to (1) and (2).

T4 ~eohT): b LOREDS L. ZREVo L XIC,

4 [~HE)THE) (quality) & ’—EJ (quantity) .

W, HH

~

R D

LODOAE, bEbEdHoHbo,
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S1 - The lifetimes of the chemists covered in this class
and other well-known chemists active prior to the
19th century are shown in Fig. 1.3.

S2 - From this diagram, it can be seen just how
intimately connected research into the properties of
gas was with the

process of establishing

atomic/molecular theory in modern science.
S3 - This will be studies later, however. Boyle
assembled a pump at Oxford University with the
assistance of Hooke in 1654 and began research
into the properties of gas.
S4 - Then in 1662, he proposed what is now called
Boyle’s law.

S5 + Charles had a strong interest in flying balloons
and investigated the effects of temperature on gas.
S6 - However, he did not publish his discoveries and it
was Gay-Lussac who rediscovered this law and
published it as a thesis, so Charles’ law is also

called Gay-Lussac's law.
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%) {Kfﬁ%bf\ D %ﬁ) SA{V{K BV Lico S7 + However, the fact that a phase change into a
TLEI LWV F‘%ELLE NHYFE LT, liquid did not occur as predicted by the ideal gas
X8 D “J”%c:%ﬁ ) Ifﬁ/fm . X, 7 FLr—X law in actual gasses was a problem.
ko “(%ﬁg x%yﬁx;ﬂi L7, S8 « Research on this problem was based on the
9 ﬁﬂzﬂ 1% (ié "/Eq‘}[: &%O)%ﬁz{ t;g%ﬁ ) é[)u’/ﬁj'%i?,l/ ftki foundation created by Andrews.
L Uﬁ.%nw\}j)j% J) 0)?7’* e j'fﬂ‘% F L7, S9 - He noticed the existence of a critical temperature
X10 ;H*S%’%Z}SOD i ;7‘5 TR Ej’ﬁk?’g L7=® and critical pressure through carbon dioxide
E7 7 TN U= LATHY 7, liquefaction experiments.
11 - %ﬁ 1 L%%}f /;(\ﬁ: )QL L '( {ml f“ jﬁujif — S10 + van der Waals was one scientist who made a
%ﬁ%;: ) ;; )f% Thbb >|ji e % - C large contribution through research into real
HI e %X %)ﬁ Rk BE L7, gases.
12« T7r T U—)LRAIZL-T L%LIJE) X S11 « He was the first to attempt to construct a relation
ﬂﬁiéfi\ %kﬁﬁ i @%'Jﬂ’*'] THHb DD, /ﬁt HC for temperature-pressure-volume that also
b HE W2 Ko TV EEA, accounted for the size of individual gas

molecules as well as the interaction between
them; namely, an equation of state for a real
gas.

S12 + The formula proposed by Van der Waals is
limited in its practical use but has not lost its

educational value even today.
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+ Let's take a look at the various properties of a

gas.

S2 - Firstly, with regards to pressure dependence,

Boyle discovered that the volume of a gas is
inversely proportional to the pressure at a
fixed temperature and fixed mass of gas, as

can be seen in Fig. 1.4,

S3 - Boyle's Law as expressed by

pV = const.

can only ever approximately hold true.

S4 -« However, any gas approaches Boyle's Law

as the density decreases, which is to say as
volume approaches infinity or as pressure

approaches zero.

S5 ¢ Next is the temperature dependence.

Charles’ law was derived from the
experiments of Charles and Gay-Lussac with
concerning the change of temperature of a

gas.

S6 * “The volume of gas varies linearly with
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temperature if pressure and mass are constant.”

S7 - As shown by the experimental results in Fig.
1.5, if the volume and temperature relation for a
gas of constant mass is inserted into the low
temperature side, the volume of any gas under
condition of sufficiently low pressure becomes
zero at -273.15.

S8 +« The temperature scale that takes the
temperature at which the volume of a gas
becomes zero as zero is called the absolute
temperature or Kelvin scale.

S9 - Using temperature 7 on the Kelvin scale ,
Charles' law takes the following simple form.

Vo T (constant pressure and mass)

S10 « The third law relating to the physical
properties of a gas was given by Avogadro.
S11 - According to Avogadro’s law, the volume
occupied by one mole of a given substance,
that is, the a molar volume, if the temperature
and pressure of the gas are equivalent is equal

irrespective of the identity of the gas.

S12 - Taking the amount of gaseous substance as
n and the molar volume as V., then the
volume V becomes V = nV,

S13 + Under normal conditions of 0°C and 1013

hPa (latm) V,, =224 dm’mol™.

S14 - Bringing together the experimental results of
the above three gases, expression through the
formula pV « nRT is possible.

S15 - Taking the constant of proportionality as R,
this becomes  pV =nRT

S16 * This is called the ideal gas law or perfect gas

formula.

S17 * Here, the constant R is called the molar gas

constant, the universal gas constant or simply
the gas constant, and takes the value R =

8.314 Pam’ K™ mol”' for any gas.
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S1 * From here we take a look at the kinetic
theory of gases.

S2 - As stated before, a gas is a group of a large
number of small particles. Many researchers
have tried to consider the macroscopic
properties of a gas from the mechanical
properties of these small particles.

S3 - This kind of theory is called the kinetic
theory of gases.

S4 - The kinetic theory of gases is based on the
following assumptions concerning an ideal
gas.

5« 1) The gas is a group of moving particles of
mass m.

S6 -+ 2) the particles that constitute the gas to have
no volume and are material points in
Newtonian mechanics.

S7 « 3) The particles have no mutual interaction
other than through collision and move
randomly.

S8 + 4) Collisions between particles and
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between particles and walls are all elastic.

S9 - That is to say, the total translational energy

after collision is equal to that before the

collision.

S10 * Let’s examine in what way the previously
stated ideal gas laws can be interpreted from
the standpoint of the kinetic theory of gases.

S11
S12 -

« First, we focus on the pressure of the gas.

In order to calculate the pressure that N

particles in a container of volume V exert

on the container, let's calculate the average
force exerted on the walls per unit area.

« If the container is a cube of side length I,

and the total force acting on a wall surface

is F, then the pressure operating on that wall

becomes F/I%.

According to Newton's second law, “the
change in particle momentum per unit time
= the force operating on the particle”

However, the unit time is taken to be

sufficiently longer than the average time

interval in which the collision between the

particle and the wall occurs.

Accordingly, the direction of motion of a

molecule takes the x direction as shown in
Fig. 1.6, and we consider a single particle
of mass m that collides with a wall

perpendicular to the x-axis.

If the velocity in the x-axis direction is taken to

be vy, the result of a particle possessing
momentum mvy in this direction colliding
elastically with a wall produces a change in
momentum of 2mvy.

In calculating the amount of change of
momentum per unit time it is necessary to
find the frequency with which collisions

occur.
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S19 - After rebounding off the opposite wall, the
particle once more travels towards the
original wall and the time required for the
journey is 21/ vy.

S20 - Consequently, the collision frequency per unit
time for the wall considered is one over the
time from one collision until the next, that
is, vx/ 21.

S21 - The magnitude of change in particle momentum
is found by the change in momentum
produced by a single collision multiplied by
the collision frequency.

S22 - Accordingly the change of momentum is given

as follows.
(2mvy)xvy/ 21=mv,2 /1
S23 - If the x-axis component of N particles is

considered and the velocity in the
x-direction possessed by each particle
expressed as vy(1), v«(2),..., then the total
amount of change in momentum becomes
m/l {vZ(D)+ v2Q)+ + + + +v (N)} .
S24 - Similarly, the mean square velocity is expressed
in the following way.
IN {v()+ v+ -

S25 - Thus, the total change of momentum is Nm

Viave = C v}
Vi avg /L.

S26 - The total change in momentum per unit time is
equivalent to the sum of the force acting on the
particles. This force is equivalent to the sum of
the force acting on the wall due to the
collisions, and is equivalent to the size of the
force exerted on the wall due to the collisions.

S27 -

Consequently,

the average force acting on the wall is Nm
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szavg /1, and average pressure operating on
the wall = Force/Area
= (N vy aye /1) / 17

2 3
=Nm vy avg /1

S28 - This is the force operating perpendicularly
to the x-axis; however, gas molecules move
chaotically throughout the whole space

without any bias for a specific direction.

S29 - For this reason, an identical force also

operates on the walls along

the y-axis and the z-axis.
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S1 + The mean square velocity for a molecule defined
in the following way is introduced into the equation
for pressure found previously.

Cavg=Viwe T Vyog T Vo

S2 + As stated before, the mean square velocity for
each of the three directions is mutually equivalent
and so

ave 3ViCave.

S3 + As a result, the operating pressure is equivalent

with regards to any wall and is expressed as

follows.

2
Nmc avg
13

1
3

S4 - However, I’ is volume V and so the equation is

expressed as follows.

pV= %chzavg

S5 + Moreover, considering N = nNa, mNay= My, (M,

is the molar mass of a molecule), then
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the following equation can be obtained.

1
pV= ganczavg

S6 « The M,,, c2avg on the right side of this equation is
twice the kinetic energy of a molecule. Insofar
as this is remains unchanged in a collision
where kinetic energy is conserved (an elastic

collision), pV is constant, similar to Boyle's

Law.

S7 - Also, the following relation can be acquired from
the equations pV = 1/3 * nM,, c2avg and pV =
nRT.

1 5 2 3RT
—I’ZMmC avg =nRT C ag =
3 m

S8 « The square root of this czavg is called the root

mean square velocity. Accordingly,

3RT

Crms =/C? g =

S9 - Figure 1.7 schematically displays the relationship
between C,,s based on this equation, the size of
the molecule and the temperature.

S10 + Doubts concerning kinetic theory were once
raised due to the diffusion speed of a gas being
considerably slower than values predicted from
the speed of molecules; however, this problem
can be resolved if the molecules’ progression
through repeated collision and deflection is

considered.
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« From here on, let’s study the diffusion and

effusion of gas.

+ Diffusion is the phenomenon whereby molecules

spread out from a location of high density to a
location of low density in a gas or a liquid as

shown in Fig. 1.8(a).

* In contrast, effusion is where gas escapes as a

result of molecular motion from a hole small
in comparison to the average migration length

that molecules travel in between collisions.

The average migration length that molecules

travel in-between collisions is called the mean

free path.

* In 1831, Graham derived a law, contemporarily

known as Graham's law.

Graham's law states that “the speed of effusion or

diffusion of a gas is inversely proportional to
the square root of the molar mass if

temperature and pressure are constant.”

+ The time required for a volume containing just

gas A to effuse is taken as t, and the time
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required for the same volume of gas B to

effuse is taken as tg.

S8 « If the pressure is considered to not change despite

the effusion, then the speed of effusion is
inversely proportional to the time required and is
expressed by the following equation.

ta / tg = (effusion speed)g/(effusion speed)a

M, (4)
M, (B)

S9 + The diffusion of molecules through a series of
porous walls is used in practice as a method to

enrich uranium.

- SRR - THEWmTRE - ZVT A - ZUT A0EH
58 A 5& (Related terminologies)

A
=R
w1 TR Th REs s D k. T REIESICRS T e R LET,
w1 TEA R THTB S e e R LET

3 VB
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Next, let's take a look at a real gas. Plots of
actual pVy, / RT measurement values for
real gases are shown in Fig. 1.9.

The behavior of a real gas deviates from
the ideal gas law pV,,/RT = 1.

One reason for this is the mutual interaction
between kinetic gas molecules. Another is
that gas molecules are not material points
and instead occupy a certain volume.

If molecules experience mutual attraction,
the pressure of the gas will be smaller
than the case of an ideal gas.

The reason for this is as follows. Molecules
at the center of the space have an equal
number of molecules on all sides, and
thus experience no net attractive force. On
the other hand, molecules near the wall
experience a net attractive force from the

other molecules in the container.
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S1-In order to describe the behavior of a real gas, Van
der Waals transformed the equation for an ideal
gas and proposed the equation now known as the
Van der Waals equation.

(p+a/Vu)(Vm-b) =RT

S2-Here, the constant a reflects the attraction of the
intermolecular forces.

S3+As described previously, molecules that collide
with a wall are attracted towards the inside of the
container.

S4 - The attractive force towards the inside of the
container is proportional to the density of the
molecules.

S5+ Furthermore the number of molecules that collide
with a wall in a unit of time is proportional to the
density of the molecules.

S6 - Here, the density of the gas of volume V
containing n moles of molecules is expressed by
n/V.

S7+As a result the degree of pressure reduction is

to the of molar

proportional square

concentrationn/ V (=1 / Vm)
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S8« If this effect is taken as a constant of
proportionality a, then a / Vi,
S9+With respect to this, the constant b reflects the

repulsive force between molecules (the size of

DARFEIL a molecule).
V-nb, 1 mol%y‘: WClX. V/n-b=V, - b S10+Molecules have size and mutually repel each
e Al/R= s B other and thus only occupy a small volume in
w12 i,jj:) ¥, 1{4&0)& )Lg O “(ﬁﬁ?é comparison to the total volume per molecule.
LT&EE LT, S11 - Therefore, the volume in which a dynamic

molecule can actually move is
V —nb,and V/n -b=V, —b per 1 mol.
S12-And here, this concludes our study of the nature

of gases.
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