Gi The properties of gases

1A The perfect gas

Answers to discussion questions

D1A.1 An equation of state is an equation that relates the variables that define the
state of a system to each other. Boyle, Charles, and Avogadro established these
relations for gases at low pressures (perfect gases) by appropriate experiments.
Boyle determined how volume varies with pressure (V o 1/p), Charles how
volume varies with temperature (V o< T), and Avogadro how volume varies
with amount of gas (V' o< n). Combining all of these proportionalities into one
gives

Vocﬂ

p

Inserting the constant of proportionality, R, yields the perfect gas equation

nT
VzR? or pV =nRT

Solutions to exercises

ElA.1(a)  From the inside the front cover the conversion between pressure units is: 1 atm
=101.325kPa = 760 Torr; 1 bar is 10° Pa exactly.

(i) A pressure of 108 kPa is converted to Torr as follows

1at 760 T
am o _ 810 Torr

X
101.325 kPa 1 atm

(ii) A pressure of 0.975 bar is 0.975 x 10° Pa, which is converted to atm as
follows

108 kPa x

1 atm

0.975x 10° Pax ——— =[0.962 atm
101.325 kPa 0962 atm]

ElA.2(a)  The perfect gas law [1A.4-8], pV = nRT, is rearranged to give the pressure,
p = nRT/V. The amount 7 is found by dividing the mass by the molar mass of
Xe, 131.29 gmol '

n

—_——
(131g) (8.2057 x 1072 dm’ atm K" mol ") x (298.15K)
(13129 gmol ) 1.0 dm’

=24.4 atm



E1A.3(a)

El1A.4(a)

E1A.5(a)

So[no}, the sample would not exert a pressure of 20 atm, but|24.4 atm |if it were
a perfect gas.

Because the temperature is constant (isothermal) Boyle’s law applies, pV =
const. Therefore the product pV is the same for the initial and final states

peVi=piVi hence p;=piVi/Vi

The initial volume is 2.20 dm® greater than the final volume so V; = 4.65+2.20 =
6.85dm’.

Vi 4.65 dm’

M, Reodm
Py P es dm®

(i) The initial pressure is |3.42 bar

(ii) Because a pressure of 1 atm is equivalent to 1.01325 bar, the initial pressure
expressed in atm is

x (5.04 bar) = 3.42 bar

1 atm
1.01325 bar

x 3.40 bar =

If the gas is assumed to be perfect, the equation of state is [1A.4-8], pV = nRT.
In this case the volume and amount (in moles) of the gas are constant, so it
follows that the pressure is proportional to the temperature: p o< T. The ratio
of the final and initial pressures is therefore equal to the ratio of the temper-
atures: pg/pi = T¢/Ti. The pressure indicated on the gauge is that in excess
of atmospheric pressure, thus the initial pressure is 24 + 14.7 = 38.7 Ib in~2.

Solving for the final pressure ps (remember to use absolute temperatures) gives

Pfoxpi

35+273.15) K
- (87 bin™) = 4 o™
-5+ 273.

The pressure indicated on the gauge is this final pressure, minus atmospheric

pressure: 44.4... — 14.7 : This assumes that (i) the gas is behaving
perfectly and (ii) that the tyre is rigid.

The perfect gas law pV = nRT is rearranged to give the pressure

_ nRT
v
n
—_——
255x1073 g (8.3145 x 1072 dm’ bar K™  mol ") x (122 K)
= X
20.18 gmol ™’ 3.00 dm’

=[0.0427 bar]



ElA.6(a)

ElA.7(a)

E1A.8(a)

Note the choice of R to match the units of the problem. An alternative is to
use R = 8.3154 JK~' mol™" and adjust the other units accordingly, to give a
pressure in Pa.

[(255x 107> g)/(20.18 gmol )] x (8.3145] K ' mol ') x (122 K)
3.00 x 103 m3

=14.27 x 10° Pa

where 1 dm’ = 107> m? has been used along with 1] = 1 kgm®s™2 and 1 Pa =

l1kgm 572,

The vapour is assumed to be a perfect gas, so the gaslaw pV' = nRT applies. The
task is to use this expression to relate the measured mass density to the molar
mass.

First, the amount # is expressed as the mass m divided by the molar mass M to
give pV = (m/M)RT; division of both sides by V gives p = (m/V)(RT/M).
The quantity (m/V) is the mass density p, so p = pRT/M, which rearranges
to M = pRT/p; this is the required relationship between M and the density.

Ao PRT _ (3.710 kgm™>) x (8.3145J K mol ") x ([500 + 273.15] K)
p 93.2 x 103 Pa
=0.255... kgmol ™’

where 1] = 1kgm®s 2 and 1 Pa = 1 kgm™" s~ have been used. The molar mass
of S is 32.06 gmol ', so the number of S atoms in the molecules comprising
the vapour is (0.255... x 10> gmol™')/(32.06 gmol™") = 7.98. The result is
expected to be an integer, so the formula is likely to be

The vapour is assumed to be a perfect gas, so the gas law pV = nRT applies; the
task is to use this expression to relate the measured data to the mass m. This
is done by expressing the amount n as m/M, where M is the the molar mass.
With this substitution it follows that m = MPV /RT.

The partial pressure of water vapour is 0.60 times the saturated vapour pressure
_ MpV
~RT
~ (18.0158 gmol ') x (0.60 x 0.0356 x 10° Pa) x (400 m?)
(8.3145] K ' mol ') x ([27 + 273.15] K)

=6.2x10° g=[6.2 kg

Consider 1 m? of air: the mass of gas is therefore 1.146 kg. If perfect gas be-
haviour is assumed, the amount in moles is given by n = pV /RT

_pV (0.987 x 10° Pa) x (1 m?)
RT  (8.3145JK 'mol™") x ([27 +273.15] K)

=39.5... mol



(i)

(ii)

The total amount in moles is n = 1o, + 1, . The total mass m is computed
from the amounts in moles and the molar masses M as

m = no, XM02 + NN, ><MN2

These two equations are solved simultaneously for 7o, to give the follow-
ing expression, which is then evaluated using the data given

m— My,n

Mo, - My,

(1146 g) — (28.02 gmol ") x (39.5... mol)
© (32.00gmol ™) - (28.02 gmol ")

1’102 =

=9.50... mol

The mole fractions are therefore

=[0240]  xn, = 1 - x0, =[0.760

no, 9.50... mol
X = =
" T 39.5... mol

The partial pressures are given by p; = X; prot
Po, = X0, Prot = 0.240(0.987 bar) ={0.237 bar
PN, = XN, Prot = 0.760(0.987 bar) ={0.750 bar

The simultaneous equations to be solved are now
n=nop, +nN, + Nay m:n02M02+nN2MN2+I’lArMAr

Because it is given that x5, = 0.01, it follows that n,, = 1/100. The two
unknowns, 1o, and ny,, are found by solving these equations simultane-
ously to give
_100m — n(Ma, +99Mo,)

100( My, — Mo,)
100 (1146 g)—(39.5... mol) x [ (39.95 gmol 1) +99x (32.00 gmol )]

I’IN2

100 x [(28.02 gmol ") - (32.00 gmol )]
= 30.8... mol

From n = ng, + nn, + #a, it follows that

T’lo2 :n—nAr—nNz

=(39.5... mol) — 0.01 x (39.5... mol) — (30.8... mol) = 8.31... mol

The mole fractions are

nN, 30.8...mol no, 8.31..mol

XN, = = — =10.780 X0, = = m =

= 0.210
n 39.5... mol

The partial pressures are

PN, = XN, Prot = 0.780 x (0.987 bar) ={0.770 bar
D0, = X0, Prot = 0.210 x (0.987 bar) =|0.207 bar



E1A.9(a)

E1A.10(a)

ElA.11(a)

Note: the final values are quite sensitive to the precision with which the inter-
mediate results are carried forward.

The vapour is assumed to be a perfect gas, so the gas law pV = nRT applies. The
task is to use this expression to relate the measured mass density to the molar
mass.

First, the amount # is expressed as the mass m divided by the molar mass M to
give pV = (m/M)RT; division of both sides by V gives p = (m/V)(RT/M).
The quantity (m/V) is the mass density p, so p = pRT/M, which rearranges
to M = pRT/p; this is the required relationship between M and the density.

RT
M= PR
p
~(1.23kgm ™) x (8.3145]K ' mol ') x (330 K)
- 20.0 x 103 Pa

- kgmor”

The relationships 1] = 1 kgm®s™2 and 1 Pa = 1 kgm™" s have been used.

Charles’ law [1A.3b-7] states that V' oc T at constant n and p, and p o T at
constant n and V. For a fixed amount the density p is proportional to 1/V, so it
follows that 1/p o T. At absolute zero the volume goes to zero, so the density
goes to infinity and hence 1/p goes to zero. The approach is therefore to plot
1/p against the temperature (in °C) and then by extrapolating the straight line
find the temperature at which 1/p = 0. The plot is shown in Fig 1.1.

6/°C  p/(gdm™)  (1/p)/(g™ dm’)

-85 1.877 0.5328
0 1.294 0.7728
100 0.946 1.0571

The data are a good fit to a straight line, the equation of which is
(1/p)/(g™" dm?) = 2.835 x 107> x (8/°C) + 0.7734
The intercept with 1/p = 0 is found by solving

0=2.835x 107> x (8/°C) +0.7734

This gives |§ = =273 °C|as the estimate of absolute zero.

(i) The mole fractions are

N, 2.0 mol 5 1
XH, = = =13 xNZ:I—xHZ: 3
ng, + N, 2.0 mol + 1.0 mol




1.0 |-

0.5

(1/p)/(g™" dm)

0.0 | | |
=300 -200 -100 0 100

6/°C
Figure 1.1

(ii) The partial pressures are given by p; = x; pror. The total pressure is given
by the perfect gas law: pyor = ot RT/V

2 (3.0mol) x (8.3145J K~ ' mol ") x (273.15 K)
PH, = XH, Ptot = 7 X 3.3
3 22.4x1073 m

=[2.0x10° P4l

1 (3.0mol) x (8.3145] K ' mol™") x (273.15 K)
PN, = XN, Ptot = 7 X 53
3 22.4x107° m

=[1.0x10° P4l

Expressed in atmospheres these are 2.0 atm and 1.0 atm, respectively.

(iii) The total pressure is

(3.0mol) x (8.3145J K~ ! mol ") x (273.15 K) _[3.0x10° Pa

22.4x 1073 m3

or 3.00 atm.

Alternatively, note that 1 mol at STP occupies a volume of 22.4 dm’, which is
the stated volume. As there are a total of 3.0 mol present the (total) pressure
must therefore be 3.0 atm.

Solutions to problems

P1A.1 (a) The expression pgh gives the pressure in Pa if all the quantities are in
SI units, so it is helpful to work in Pa throughout. From the front cover,
760 Torr is exactly 1atm, which is 1.01325x10° Pa. The density of13.55 g cm ™
is equivalent to 13.55 x 10° kgm .

pP=pextpgh
= 1.01325 x 10° Pa + (13.55 x 10° kgm ™) x (9.806 ms™2)

x (10.0 x 107 m) =[1.15 x 10° Pa



(b) The calculation of the pressure inside the apparatus proceeds as in (a)

p =1.01325 x 10° Pa + (0.9971 x 10> kgm ™) x (9.806 ms~2)
x (183.2x 1072 m) = 1.192... x 10° Pa

The value of R is found by rearranging the perfect gas law to R = pV/nT

— ﬂ _ (1'192... X 105 Pa) X (20.000 x 10_3 m3)
nT (1485 8)/(4.003 gmol )] x ([500 +273.15] K)

=8.315JK ' mol™*

P1A.3 The perfect gas law pV = nRT implies that pV;, = RT, where V;, is the molar
volume (the volume when n = 1). It follows that p = RT/V,,, so a plot of p
against T/V,, should be a straight line with slope R.

However, real gases only become ideal in the limit of zero pressure, so what is
needed is a method of extrapolating the data to zero pressure. One approach is
to rearrange the perfect gas law into the form pV,,/T = R and then to realise
that this implies that for a real gas the quantity pV;,/ T will tend to R in the limit
of zero pressure. Therefore, the intercept at p = 0 of a plot of pV;,/ T against p
is an estimate of R. For the extrapolation of the line back to p = 0 to be reliable,
the data points must fall on a reasonable straight line. The plot is shown in

Fig 1.2.
p/atm  Vyu/(dm’ mol™) (pVim/T)/(atm dm’ mol™' K1)
0.750 000 29.8649 0.0820014
0.500 000 44.8090 0.0820227
0.250 000 89.6384 0.0820414

0.08206

0.08204

0.08202

0.08200

(pVm/T)/(atm dm’ mol ™' K1)

0.0 0.2 0.4 0.6 0.8

p/atm
Figure 1.2



The data fall on a reasonable straight line, the equation of which is

(pVin/T)/(atm dm’ mol ™' K™') = =7.995 x 10~ x (p/atm) + 0.082062

The estimate for R is therefore the intercept, ‘0.082062 atm dm® mol ™' K™! ‘
The data are given to 6 figures, but they do not fall on a very good straight line
so the value for R has been quoted to one fewer significant figure.

P1A5 For a perfect gas pV = nRT which can be rearranged to give p = nRT/V. The
amount in moles is #n = m/M, where M is the molar mass and m is the mass of
the gas. Therefore p = (m/M)(RT/V). The quantity m/V is the mass density

p, and hence
p=pRT/M

It follows that for a perfect gas p/p should be a constant at a given temperature.
Real gases are expected to approach this as the pressure goes to zero, so a
suitable plot is of p/p against p; the intercept when p = 0 gives the best estimate
of RT/M. The plot is shown in Fig. 1.3.

p/kPa  p/(kgm™)  (p/p)/(kPakg ' m®)

12.22 0.225 54.32
25.20 0.456 55.26
36.97 0.664 55.68
60.37 1.062 56.85
85.23 1.468 58.06
101.30 1.734 58.42

(p/p)/(kPakg™' m?®)

| | | | |
0 20 40 60 80 100

p/kPa
Figure 1.3

The data fall on a reasonable straight line, the equation of which is

(p/p)/(kPakg™ m?) = 0.04610 x (p/kPa) + 53.96



The intercept is (p/p)iimp—o> Which is equal to RT /M.

RT 8.3145J K 'mol ') x (298.15K _
M= _ JK mo )X_(l ) _ 4.594x10°2 kg mol ™!
(p/P)timp—o 53.96 x 10% Pakg " m?3

The estimate of the molar mass is therefore [45.94 gmol |

P1A.7 (a) For a perfect gas pV = nRT so it follows that for a sample at constant
volume and temperature, p;/T; = p,/T,. If the pressure increases by
Ap for an increase in temperature of AT, then with p, = p; + Ap and
T, = Ty + AT is follows that

Py pi+Ap

_ PlAT
T, T, +AT N

T

hence Ap

For an increase by 1.00 K, AT = 1.00 K and hence

_ p1IAT  (6.69 x 10° Pa) x (1.00 K)

A
P T 273.16 K

=[24.5Pa

Another way of looking at this is to write the rate of change of pressure
with temperature as

Ap _p1_6.69x10°Pa

== =24.5. PaK!
AT T, 273.16 K

(b) A temperature of 100.00 °C is equivalent to an increase in temperature
from the triple point by 100.00 + 273.15 — 273.16 = 99.99 K

6.69 x 10° Pa
273.16 K

A
Ap' = AT’ x (—p) = (99.99 K) x =2.44..x10° Pa

AT
The final pressure is therefore 6.69 + 2.44... ={9.14 kPa)|,

(c) Foraperfect gas Ap/AT is independent of the temperature so at 100.0 °C
a1.00 K rise in temperature gives a pressure rise of |24.5 Pa|, just as in (a).

P1A.9 The molar mass of SO, is 32.06+2x16.00 = 64.06 gmol . If the gas is assumed
to be perfect the volume is calculated from pV = nRT

n
—_—

ART [ 200x10°g \ (8.3145]K " mol™") x ([800 + 273.15] K)
p  \64.06 gmol™ 1.01325 x 105 Pa

=12.7 x 10° m?

Note the conversion of the mass in t to mass in g; repeating the calculation for
300 t gives a volume of |4.1 x 10°> m?|.

The volume of gas is therefore between ’0.27 km? and 0.41 km? ‘

V:
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P1A.11

Imagine a column of the atmosphere with cross sectional area A. The pressure
at any height is equal to the force acting down on that area; this force arises
from the gravitational attraction on the gas in the column above this height -
that is, the ‘weight’ of the gas.

Suppose that the height £ is increased by dh. The force on the area A is reduced
because less of the atmosphere is now bearing down on this area. Specifically,
the force is reduced by that due to the gravitational attraction on the gas con-
tained in a cylinder of cross-sectional area A and height dA. If the density of
the gas is p, the mass of the gas in the cylinder is p x A dh and the force due to
gravity on this mass is pgA dh, where g is the acceleration due to free fall. The
change in pressure dp on increasing the height by dh is this force divided by
the area, so it follows that

dp = —pgdh
The minus sign is needed because the pressure decreases as the height increases.

The density is related to the pressure by starting from the perfect gas equation,
pV = nRT. If the mass of gas is m and the molar mass is M, it follows that
n = m/M and hence pV = (m/M)RT. Taking the volume to the right gives
p = (m/MV)RT. The quantity m/V is the mass density p, so p = (p/M)RT;
this is rearranged to give an expression for the density: p = Mp/RT.

This expression for p is substituted intodp = —pgdh to givedp = —(Mp/RT)gdh.
Division by p results in separation of the variables (1/p) dp = —(M/RT)gdh.
The left-hand side is integrated between py, the pressure at & = 0 and p, the
pressure at 4. The right-hand side is integrated between 4 = 0 and h

P h M
f fdp:f 8 4n
po P 0 RT

[ p?. = - 28 [

P RT
1 2 - _Msh
Po RT

The exponential of each side is taken to give

T
p= poe_h/H with H= RT
Mg
It is assumed that g and T do not vary with h.
(a) The pressure decrease across such a small distance will be very small be-

cause h/H <« 1. It is therefore admissible to expand the exponential and
retain just the first two terms: e* ~ 1 + x

p=po(l-h/H)

This is rearranged to give an expression for the pressure decrease, p — po

p—po=-poh/H



If it is assumed that p, is one atmosphere and that H = 8 km,

(1.01325 x 10° Pa) x (15 x 1072 m)
8x 103 m

=[-2Pa

p—po=-poh/H=-

(b) The pressure at 11 km is calculated using the full expression

p=poe /M = (1atm) x e (1 M/ km) -

P1A.13 Imagine a volume V of the atmosphere, at temperature T and pressure pior.
If the concentration of a trace gas is expressed as X parts per trillion (ppt), it
means that if that gas were confined to a volume X x 1072 x V at temperature
T is would exert a pressure pir. From the perfect gas law it follows that n =
pV/RT, which in this case gives

Prot(X x 10712 x V)
n =
trace RT

Taking the volume V to the left gives the molar concentration, ctrace

-12
_ Mirace _ X X 10 X ptot
Ctrace = -

\4 RT

An alternative way of looking at this is to note that, at a given temperature and
pressure, the volume occupied by a gas is proportional to the amount in moles.
Saying that a gas is present at X ppt implies that the volume occupied by the
gas is X x 1072 of the whole, and therefore that the amount in moles of the gas
is X x 107'2 of the total amount in moles

NMtrace = (X X 10712) X Mot

This is rearranged to give an expression for the mole fraction Xryce

Ntrace -
Xtrace = =Xx10 12
Mot

The partial pressure of the trace gas is therefore
-12
Ptrace = XtracePtot = (X x 10 ! ) X Ptot
The concentration is #¢race/ V = Prrace/RT, sO

-12
_ Mtrace _ X x 10777 X prot
Ctrace = =

\%4 RT

11



12

(a) At10°Cand 1.0 atm

-12
Xcel,r x 10 X Ptot

CCCI3F = RT
~ 261 x 10712 x (1.0 atm)
(8.2057 x 10-2dm” atm K-1 mol ") x ([10 + 273.15] K)
= ’1.1 x 10711 moldm_3‘
_ Xce,F, X 10712 x Ptot
CCCLE, =

RT
509 x 107!2 x (1.0 atm)

(8.2057 x 10-2 dm” atm K=' mol ") x ([10 + 273.15] K)
= ’2.2 x 107! moldm73‘

(b) At200 K and 0.050 atm

-12
Xcelr x 10 X Ptot

C =
CCI3F RT
~ 261 x 1072 x (0.050 atm)
(8.2057 x 102 dm” atm K-' mol™") x (200 K)
=18.0 x 10"® moldm
Xccl,F, X 10712 x Prot
CCClL,F, =

RT
509 x 10712 x (0.050 atm)

©(8.2057 x 102 dm® atm K~' mol ") x (200 K)
= ’1.6 x 10712 moldm%‘

1B The kinetic model

Answer to discussion questions

Di1B.1 The three assumptions on which the kinetic model is based are given in Sec-

tion 1B.1 on page 11.

1. The gas consists of molecules in ceaseless random motion obeying the

laws of classical mechanics.

2. The size of the molecules is negligible, in the sense that their diameters
are much smaller than the average distance travelled between collisions;

they are ‘point-like.

3. The molecules interact only through brief elastic collisions.

An elastic collision is a collision in which the total translational kinetic energy

of the molecules is conserved.



Di1B.3

None of these assumptions is strictly true; however, many of them are good ap-
proximations under a wide range of conditions including conditions of ambient
temperature and pressure. In particular,

(a) Molecules are subject to laws of quantum mechanics; however, for all
but the lightest gases at low temperatures, non-classical effects are not
important.

(b) With increasing pressure, the average distance between molecules will de-
crease, eventually becoming comparable to the dimensions of the molecules
themselves.

(c) Intermolecular interactions, such as hydrogen bonding, and the interac-
tions of dipole moments, operate when molecules are separated by small
distances. Therefore, as assumption (2) breaks down, so does assumption
(3), because the molecules are often close enough together to interact even
when not colliding.

For an object (be it a space craft or a molecule) to escape the gravitational
field of the Earth it must acquire kinetic energy equal in magnitude to the
gravitational potential energy the object experiences at the surface of the Earth.
The gravitational potential between two objects with masses m; and m, when
separated by a distance r is
V= Gm1 my
r
where G is the (universal) gravitational constant. In the case of an object of
mass m at the surface of the Earth, it turns out that the gravitational potential
is given by
. GmM
R
where M is the mass of the Earth and R its radius. This expression implies that
the potential at the surface is the same as if the mass of the Earth were localized
at a distance equal to its radius.

As a mass moves away from the surface of the Earth the potential energy in-
creases (becomes less negative) and tends to zero at large distances. This change
in potential energy must all be converted into kinetic energy if the mass is to
escape. A mass m moving at speed v has kinetic energy 1 muv?; this speed will
be the escape velocity v, when

., GmM [2GM
MUy = ——— hence Ve =\ ——
R R

The quantity in the square root is related to the acceleration due to free fall,
g, in the following way. A mass m at the surface of the Earth experiences
a gravitational force given GMm/R? (note that the force goes as R™2). This
force accelerates the mass towards the Earth, and can be written mg. The two
expressions for the force are equated to give

GMm

GM
Rz M8 hence R - gR

13



This expression for GM /R is substituted into the above expression for v, to give

ve:\IZGTM:\/ZRg

The escape velocity is therefore a function of the radius of the Earth and the
acceleration due to free fall.

The radius of the Earth is 6.37x 10° m and g = 9.81 m s~ so the escape velocity
is 1.11x10* ms™'. For comparison, the mean speed of He at 298 K is 1300 m s~
and for N, the mean speed is 475 ms™'. For He, only atoms with a speed in
excess of eight times the mean speed will be able to escape, whereas for N, the
speed will need to be more than twenty times the mean speed. The fraction of

molecules with speeds many times the mean speed is small, and because this
fraction goes as e it falls off rapidly as the multiple increases. A tiny fraction
of He atoms will be able to escape, but the fraction of heavier molecules with

sufficient speed to escape will be utterly negligible.

Solutions to exercises

E1B.1(a) (i) The mean speed is given by [1B.9-16], Umean = (8RT/TM )2, 50 Upnean o
\/1/M. The ratio of the mean speeds therefore depends on the ratio of

the molar masses

Umean,H, _ (MHg )1/2 _ ( 200.59 gmol_l

1/2
=19.975
My, 2% 1.0079 gmol ' )

Umean,Hg
(ii) The mean translational kinetic energy (Ex) is given by 3m(v?), where
(v?) is the mean square speed, which is given by [1B.7-15], (v*) = 3RT/M.

The mean translational kinetic energy is therefore

- - (1)

The molar mass M is related to the mass m of one molecule by M = mNy,
where N, is Avogadro’s constant, and the gas constant can be written R =
kNy, hence

1 T 1 T
(Ek):fm(&):fm(skNA ):ékT
2 M 2 MmN 2

The mean translational kinetic energy is therefore independent of the
identity of the gas, and only depends on the temperature: it is the same
for H, and Hg.

This result is related to the principle of equipartition of energy: a molecule
has three translational degrees of freedom (x, y, and z) each of which
contributes %kT to the average energy.



EIB.2(a)

E1B.3(a)

E1B.4(a)
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The rms speed is given by [1B.8-15], v;ms = (3RT/M)'/2.

3RT\Y? (3% (8.3145]K ' mol™) x (293.15K) "/’
Urms,H, = | =/ = —1
My, 2% 1.0079 x 10~* kg mol

=[190km s”']

where 1] = 1kgm?® s has been used. Note that the molar mass is in kg mol .

_ _ 1/2
3 x (8.3145JK ! mol~! 293.15 K
( X (8:3145] K mol ) >) _[Ems T

2 % 16.00 x 10-3 kgmol

The Maxwell-Boltzmann distribution of speeds, f(v), is given by [1B.4-14].
The fraction of molecules with speeds between v, and v, is given by the integral

fvlvz f(v)dv

If the range v, — v; = §v is small, the integral is well-approximated by

f(vmia) 60
where vp;4 is the mid-point of the velocity range: vmiq = %(vz + v1). In this

exercise Umiq = 205 ms~ ! and §v = 10 ms™'.

M 3/2 —MUZ-
fraction = f(vmiq) 80 = 4 — 2 —mid ) §
raction = f(vpiq) Sv HX(ZnRT) Umldexp( SRT v

o ( 2% 14.01 x 107> kgmol ™"
27 x (8.3145J K~ mol ") x (400 K)
y exp(—(z x 14.01 x 1073 kgmol ") x (205 ms™!)?
2% (8.3145J K mol™") x (400 K)

3/2
) x (205 ms™')?

)x (10ms™)
=16.87 x 1073

where 1] = 1 kgm” s~2 has been used. Thus, 0.687% of molecules have veloci-
ties in this range.

The mean relative speed is given by [1B.11b-16], vy = (8kT/mu)'/?, where
p = mamp/(my + my) is the effective mass. Multiplying top and bottom of
the expression for v,] by N and using Nak = R gives vy = (8RT/TtNA‘u)1/2
in which Ny p is the molar effective mass. For the relative motion of N, and H,
this effective mass is

My, My,  (2x14.01 gmol™") x (2 x 1.0079 gmol ")

-1
Nap = = —~ —— =1.88...gmol
My, + My, (2x14.01 gmol ") + (2 x 1.0079 gmol )

1/2 1 -1 1/2
T 3145JK .
vre1=( 8R ) :(8><(83 5JK ! mol )><(29815K)) e met

TINap 7 x (1.88... x 10-3 kgmol ')

The value of the effective mass y is dominated by the mass of the lighter molecule,
in this case H,.
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E1B.5(a)

E1B.6(a)

E1B.7(a)

The most probable speed is given by [1B.10-16], vmp = (2RT/M)'/2, the mean
speed is given by [1B.9-16], Umean = (8RT/mM)'/?, and the mean relative
speed between two molecules of the same mass is given by [1B.11a-16], v, =

\/Evmean .

Mco, = 12.01 + 2 x 16.00 = 44.01 gmol .

2RT\? (2 (8.3145]K " mol™) x (293.15 K) |/
omp = )z(“ JK mol ) x 2981519} ™ _ 335 ms 7]

M 44,01 x 103 kgmol '

SRT\/> (8 x (8.3145] K mol™!) x (293.15K) "/
e = (a0} = (BEAEIE mol )X BRISR)) g

nM 7 x (44.01 x 10-3 kgmol ")

Vrel = V20mean = V2 x (376 ms™") =

The collision frequency is given by [1B.12b-17], z = 0 v,e1 p/k T, with the relative
speed for two molecules of the same type given by [1B.11a-16], vy = \/Evmean.
The mean speed is given by [1B.9-16], Umean = (8RT/mM)'/?. From the Re-
source section the collision cross-section ¢ is 0.27 nm?.

1/2
OVeelp _OP /5 (SRT)
z= =—— xV2x|—
kT kT M
0.27 x 1071 m? 1.01325 x 10° P
:( x m®) x (_1 x a) <3
(1.3806 x 10722 JK™ ') x (298.15K)

y (8 x (8.3145J K™'mol ") x (298.15K) )1/2
7 x (2 x1.0079 x 10-3 kgmol ")

={1.7 x 1010 s7!

where 1] = 1 kgm®s™? and 1 Pa = 1 kgm ™' s~2 have been used. Note the
conversion of the collision cross-section o to m*: 1 nm? = (1 x 107°)* m? =
1x107" m?,

1

The mean speed is given by [1B.9-16], Umean = (8RT/7TM)1/2. The collision
frequency is given by [1B.12b-17], z = ov,ep/k T, with the relative speed for
two molecules of the same type given by [1B.11a-16], v = V/2Umean. The mean
free path is given by [1B.14-18], A = kT//op

(i) The mean speed is calculated as

SRT\? (8 x (831457 K  mol™") x (298.15K) | />
e = (Sr) = (ST o) (B8RO 75 1

M 7 x (2 x 14.01 x 10-3 kgmol ")

(ii) The collision cross-section o is calculated from the collision diameter d
as 0 = nd* = m x (395 x 107 m)? = 4.90... x 10~' m?. With this value
the mean free path is calculated as

kT 1.3806 x 1072 JK ! 298.15K
kT X 1077 JKT) x ) 82.9x10~° m = [529 om]

op  (4.90...x 1071 m2) x (1.01325 x 10° Pa)

where 1] = 1kgm®s 2 and 1 Pa = 1kgm™" s2 have been used.
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(iii) The collision rate is calculated as

_ Ul)relp _LP 8Rq1)1/2
T ‘kTXﬂX(nM

(4.90... x 1071 m?) x (1.01325 x 10° Pa) /3
X
(1.3806 x 102 JK ') x (298.15K)

) (8 x (8.3145J K~ mol ™) x (298.15K) )1/2
7% (2 x 14.01 x 10-3 kgmol ")

=[8.10 x 10° 57!

An alternative for the calculation of z is to use [1B.13-18], A = v/,
rearranged to z = vy /A

po Vel L V2nen  V2x(475msT) e

A A 82.9x 10 m

E1B.8(a)  The container is assumed to be spherical with radius r and hence volume V =
%nr3. This volume is expressed in terms the the required diameter d = 2r as
V= énd3. Rearrangement of this expression gives d

d= (6\/)1/3 _ (6>< 100 cm?

1/3
) =5.75...cm
i

T

The mean free path is given by [1B.14-18], A = kT/op. This is rearranged to
give the pressure p with A equal to the diameter of the vessel

kT (1.3806 x 1072 JK™") x (298.15K)
P=5a” (0.36 x 1018 m?) x (5.75... x 10~2 m)

=10.20 Pa

Note the conversion of the diameter from c¢cm to m.

E1B.9(a)  The mean free path is given by [1B.14-18], A = kT /o p.

1o kT (1.3806 x 1072 JK™!) x (217 K)
~op  (0.43x 10718 m2) x (0.05 x 1.01325 x 10° Pa)

=[1.4x10°m =14 um|

Solutions to problems

PiB.1 A rotating slotted-disc apparatus consists of a series of disks all mounted on a
common axle (shaft). Each disc has a narrow radial slot cut into it, and the slots
on successive discs are displaced from one another by a certain angle. The discs
are then spun at a constant angular speed.
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. \\Il Detector

I Selector

Source

Imagine a molecule moving along the direction of the axle with a certain veloc-
ity such that it passes through the slot in the first disc. By the time the molecule
reaches the second disc the slot in that disc will have moved around, and the
molecule will only pass through the slot if the speed of the molecule is such
that it arrives at the second disc at just the time at which the slot appears in
the path of the molecule. In this way, only molecules with a specific velocity
(or, because the slot has a finite width, a small range of velocities) will pass
through the second slpt. The velocity of the molecules which will pass through
the second disc is set by the angular speed at which the discs are rotated and
the angular displacement of the slots on successive discs.

The angular velocity of the discs is 2rtv rads™' so in time ¢ the discs move
through an angle 6 = 2nvt. If the spacing of the discs is d, a molecule with
velocity v, will take time ¢t = d/v, to pass from one disc to the next. If the
second slit is set at an angle « relative to the first, such a molecule will only pass
through the second slit if

_ 2mvd

d
21y (—) =« hence Uy =
Uy

o
If the angle « is expressed in degrees, a = 7(«°/180°), this rearranges to

_ 2mvd  360°vd
Cn(a°/180°) a°

Ux

With the values given the velocity of the molecules is computed as
360°vd _ 360°v(0.01 m)
- ‘XO - 20

The Maxwell-Boltzmann distribution of speeds in one dimension is given by
[1B.3-13]

Ux

=180v(0.01 m)

m \\/2 ,
_ —-muvy [2kT
f(e:) (anT) ¢

The given data on the intensity of the beam is assumed to be proportional to
f(vy): I o< f(vy) = Af(vy). Because the constant of proportionality is not
known and the variation with v, is to be explored, it is convenient to take
logarithms to give

2 mo?
) 2kT

A plot of InT against v? is expected to be a straight line with slope —m/2kT;
such a plot is shown in Fig. 1.4.

m
InI=In[Af(vy)]=InA+In|——
nl=In[Af(vy)] =1n +n(2nkT



P1B.3

v/Hz v,/ms™ 02/(10*m?s™?) I(40K) InI(40K) I(100K) InI(100K)

20 36 0.13 0.846 -0.167 0.592 -0.524
40 72 0.52 0.513 -0.667 0.485 -0.724
80 144 2.07 0.069 -2.674 0.217 -1.528
100 180 3.24 0.015 -4.200 0.119 -2.129
120 216 4.67 0.002 -6.215 0.057 -2.865
0.0 & T T T T
-+ T=40K
X T=100K ||
-2.0
- L
s
-4.0 |-
-6.0 |-
| | | |
0 1 2 3 4 5

v2/(10* m?s7?%)

Figure 1.4

Atboth temperatures the data fall on reasonable straight lines, with slope —1.33
at 40 K and -0.516 at 100 K.

If the Maxwell-Boltzmann distribution applies the expected slope at 40 K is
computed as

m M 83.80 x 107> kgmol ™' 4 2
—— = =— — — =-1.26x10""m “s
2kT  2RT  2x(8.3145JK 'mol™") x (40 K)

where R = Nk has been used. The expected slope of the above graph is there-
fore —1.26, which compares reasonably well with that found experimentally.

At 100 K the expected slope is

83.80 x 1073 kgmol_1
2 x (8.3145J K mol ") x (100 K)

=-504x10"° m2s?

Again, the expected slope —0.504 compares reasonably well with that found
experimentally.

The Maxwell-Boltzmann distribution of speeds in one dimension (here x) is
given by [1B.3-13]

m \1/2 ,
_ -muvy [2kT
f(v:) (ZTtkT) ¢
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The first task is to find an expression for the mean speed, which is found using
(1B.6-15], (v") = [, v" f(v) dv. In this case

oo 1/2 5
(Ux) _ A Uy (%) e—mvx/ZkT dv

The required integral is of the form of G.2 from the Resource section

f‘x’ xe*“xz dx = L
0 2a

With a = m/2kT the mean speed is

tmen = (0] = (ITT)I/2 (z(m/lsz)) i (21;2)1/2

After the beam emerges from the velocity selector, f (v, ) is zero for vy > Umean-
The probability distribution is therefore changed and so needs to be re-normalized
such that

Umean _ 2
K, / e M2k gy =1
0

This integral is best evaluated using mathematical software which gives

1/2

Umean
[ e MUL/2KT g,y (ﬂ) erf(i
0 2m 2/n

where erf(x) is the error function. The normalized distribution is therefore

am A\
fnew(Ux):(nkT) erf(L)e «/2KT
2Vn

The new mean speed is computed using this distribution; again this intergral is

best evaluated using mathematical software. Note that the integral extends up
t0 Umean

2m \ /2 1 Umen
Umean, new = ( kT) F(_1 f Uy€ mv"/ZdeUx
T er (m) 0

Umean

—_—
1/2 1/2
=(1- 1/4n 21ch # _ _ 1/4n kT 1
( € ) 1 (1 ¢ )2 1
mm erf(m) 2nm erf(m)
1
= (1-e"") 200 ———
erf(ﬁ)

The error function is evaluated numerically to give \ Umean, new ® 0.493 Upean |-




P1B.5

P1B.7
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The Maxwell-Boltzmann distribution of speeds in three dimensions is given
by [1B.4-14]

2
— 2
1)2 Mv*[2RT

F0) =dn (52

with M the molar mass. The most probable speed is given by [1B.10-16], vy, =
(2RT/M)'2. If the interval of speeds, Av is small, the fraction of molecules
with speeds in this range, centred at speed vy, is well-approximated by f (vpmp ) Av.

The required fraction of molecules with speeds in the range Av around 1 x vy,
compared to that centred around v, is given by

f(n X Ump)AU ~ (I’l x vmp)Z e—M(nvmp)Z/zRT

_ i _ 2o~ Mup, (n*=1)/2RT
f(vmp)Av Vo e~ Mvg,/2RT

=ne

In taking the ratio, with the exception of the term v?, all of the terms in f(v)
which multiply the exponential cancel. In this expression the term vy, is re-
placed by (2RT/M)"/? to give

nX Ump) AV
f(nx om0,

f(vmp)Av
For n = 3 this expression evaluates to [3.02 x 10~®| and for n = 4 it evaluates
to |4.89 x 10~°%|. These numbers indicate that very few molecules have speeds

several times greater than the most probable speed.

-Muol (n*=1)/2RT _ nze—M(ZRT/M)(nZ—l)/ZRT _ nZe(l—nz)

The key idea here is that for an object to escape the gravitational field of the
Earth it must acquire kinetic energy equal in magnitude to the gravitational
potential energy the object experiences at the surface of the Earth. The grav-
itational potential energy between two objects with masses m; and m, when
separated by a distance r is

Gm1m2

V=
r
where G is the (universal) gravitational constant. In the case of an object of
mass m at the surface of the Earth, it turns out that the gravitational potential
energy is given by
. GmM
R
where M is the mass of the Earth and R its radius. This expression implies that
the potential at the surface is the same as if the mass of the Earth were localized

at a distance equal to its radius.

As a mass moves away from the surface of the Earth the potential energy in-
creases (becomes less negative) and tends to zero at large distances. If the mass
is to escape its kinetic energy must be greater than or equal to this change in
potential energy. A mass m moving at speed v has kinetic energy 1muv?; this
speed will be the escape velocity v. when

1 2:GmM

IMVe = —p— hence Ve = (

2GM\'/?
)
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The quantity in the square root is related to the acceleration due to free fall,
g, in the following way. A mass m at the surface of the Earth experiences
a gravitational force given GMm/R?* (note that the force goes as R™2). This
force accelerates the mass towards the Earth, and can be written mg. The two
expressions for the force are equated to give

GI];/IZm =mg hence GTM =gR (L1)

This expression for GM /R is substituted into the above expression for v, to give

1/2
Ve = (LC;M) = (2Rg)""

The escape velocity is therefore a function of the radius of the Earth and the
acceleration due to free fall.

The quoted values for the Earth give
ve =\/2Rg = \/2 x (6.37 x 106 m) x (9.81 ms~2) =|1.12 x 10* ms~!

For Mars, data is not given on the acceleration due to free fall. However, it
follows from eqn 1.1 that ¢ = GM/R?, and hence

Mars _ MMars (REarth )2

ZEarth MEarth RMars

The acceleration due to freefall on Mars is therefore computed as

2
_ MMars REarth
IMars = ZEarth

MEarth RMars

6.37 x 10° m

2
" " ] =3.76...ms 2
3.38 x 10° m

= (9.81 ms™?) x (0.108) x (

The escape velocity on Mars is therefore
Ve = \/2Rg = /2 x (3.38 x 105 m) x (3.76... ms~2) = |5.04 x 10> ms~"

The mean speed is given by [1B.9-16], Umean = (8RT/mtM)'/2. This expression

is rearranged to give the temperature T at which the mean speed is equal to the
escape velocity

vinM
8R

T =

For H, on the Earth the calculation is

oo (L12x 10° ms™)? x 7t x (2 x 1.0079 x 10~ kgmol ")

=1.19x10*K
8 x (8.3145J K ' mol™")

The following table gives the results for all three gases on both planets



P1B.9

P1B.11

planet v./ms™' T/10*K (H,) T/10*K (He) T/10*K (O,)
Earth 1.12 x 10* 1.19 2.36 18.9
Mars 5.04 x 10° 0.242 0.481 3.84

The fraction of molecules with speed greater than v, is found by integrating the
Maxwell-Boltzmann distribution from this speed up to infinity:

[es) M 3/ 2 _ 2
fraction with speed > v, = F = f 41'[( ) e MV2RT gy
Ve 2nRT
This integral is best computed using mathematical software, to give the fol-
lowing results for the fraction F; an entry of zero indicates that the calculated
fraction is zero to within the machine precision.

planet T/K F(H,) F(He) F(0,)
Earth 240 0 0 0

1500 1.49 x 1074 9.52x107° 0
Mars 240 1.12x 107 5.09 x 107! 0

1500 0.025 431x1072 4.61 x 10714

These results indicate that the lighter molecules have the greater chance of
escaping (because they are moving faster on average) and that increasing the
temperature increases the probability of escaping (again becuase this increases
the mean speed). Escape from Mars is easier than from the Earth because of
the lower escape velocity, and heavier molecules are seemingly very unlikely to
escape from the Earth.

The Maxwell-Boltzmann distribution of speeds in three dimensions is given
by [1B.4-14]

M\
f(v) =4n (21IRT) y2e~MV'/2RT

The fraction with speed between v; and v, is found by integrating the distri-
bution between these speeds; this is best done using mathematical software

M )3/2 UZe—MUZ/ZRT dv

V2
fraction with speed between v, and v, = f 47 (
vy 2nRT

At 300 K and with M = 2 x 16.00 gmol " the fraction is [0.0722] and at 1000 K
the fraction is [0.0134}.

Two hard spheres will collide if their line of centres approach within 2r of one
another, where r is the radius of the sphere. This distance defines the collision
diameter, d = 2r, and the collision cross-section is the area of a circle with this
radius, 0 = d? = n(2r)?. The pressure is computed from the other parameters
using the perfect gas law: p = nRT/V.

23
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The collision frequency is given by [1B.12b-17], z = o v p/k T, with the relative
speed for two molecules of the same type given by [1B.11a-16], vy = V2Umean-
The mean speed is given by [1B.9-16], viean = (8RT /M),

Putting this all together gives

2 1/2
e OVrelp _ nt(2r) V3 x (SRT) y nRT

kT kT ™ %
S8RT\'? nN,
T[( 1’) X\/_x T[M X V

where to go to the second line R = Njk has been used. The expression is
evaluated to give

8x(8.3145J K~ mol ") x (298.15 K) )1/2

z=m(2x(0.38 x 1077 m))zxﬂx( -
7% (16.0416 x 1073 kgmol ")

-1
 (0.1mol) x (6.0221 x 102 mol ™) _ro——— 35—

1x 1073 m?3

1C  Real gases

Answer to discussion questions

D1C.1

D1C.3

Consider three temperature regions:

(1) T < Tg. Atverylow pressures, all gases show a compression factor, Z ~ 1.
At high pressures, all gases have Z > 1, signifying that they have a molar
volume greater than a perfect gas, which implies that repulsive forces are
dominant. At intermediate pressures, most gases show Z < 1, indicating
that attractive forces reducing the molar volume below the perfect value
are dominant.

(2) T ~ Tg. Z ~ 1 at low pressures, slightly greater than 1 at intermediate
pressures, and significantly greater than 1 only at high pressures. Thereisa
balance between the attractive and repulsive forces at low to intermediate
pressures, but the repulsive forces predominate at high pressures where
the molecules are very close to each other.

(3) T > Tg. Z > 1atall pressures because the frequency of collisions between
molecules increases with temperature.

The van der Waals equation ‘corrects’ the perfect gas equation for both at-
tractive and repulsive interactions between the molecules in a real gas; see
Section 1C.2 on page 23 for a fuller explanation.

The Berthelot equation accounts for the volume of the molecules in a manner
similar to the van der Waals equation but the term representing molecular
attractions is modified to account for the effect of temperature. Experimentally
it is found that the van der Waals parameter a decreases with increasing tem-
perature. Theory (see Focus 14) also suggests that intermolecular attractions



can decrease with temperature. This variation of the attractive interaction with
temperature can be accounted for in the equation of state by replacing the van
der Waals a with a/T.

Solutions to exercises

E1C.1(a)  The van der Waals equation of state in terms of the volume is given by [1C.5a-
23], p = nRT/(V - b) — an®/V?. The parameters a and b for ethane are
given in the Resource section as a = 5.507 atmdm®mol™ and b = 6.51 x
1072 dm’ mol™".
With these units it is convenient to use R = 8.2057 x 102 dm” atm K~" mol "
(i) T =273.15K, V =22.414dm">, n = 1.0 mol
__"RT__an’
P=yw v
(1.0 mol) x (8.2057 x 1072 dm’ atm K~ mol ") x (273.15 K)
(22.414 dm’) - (1.0 mol) x (6.51 x 10-2 dm’ mol-!)

(5507 atm dm® mol?) x (1.0 mol)® _
) (22.414 dm’)? =

(ii) T =1000K,V =100 cm® = 0.100 dm’, # = 1.0 mol

_ nRT  an’

pP= V-nb V2
~ (1.0 mol) x (8.2057 x 10> dm’ atm K" mol™") x (1000 K)
~(0.100dm®) - (1.0 mol) x (6.51 x 10~2 dm> mol-!)

(5.507 atm dm® mol~2) x (1.0 mol)? 3
- =[1.8 x 10° atm

(0.100 dm”)?

E1C.2(a) Recall that 1 atm = 1.01325 x 10° Pa, 1 dm® = 10 ® m%, and 1 Pa = 1 kg m's?

1.01325x 10°Pa 10° m®

— =0.0761 Pam® mol

a = (0.751 atm dm® mol %) x x
1 atm 1dm

=0.0760 kgm ™" s~ m® mol 2 = |0.0761 kg m® s> mol

10—3 3
- =[2.26 x 10~ m® mol']

b = (0.0226 dm® mol ") x

E1C.3(a)  The compression factor Z is defined in [1C.1-20] as Z = V,,,/ Vo, where V. is
the molar volume of a perfect gas under the same conditions. This volume is
computed from the equation of state for a perfect gas, [1A.4-8],as V;» = RT/p,
hence Z = pV,,, /RT [1C.2-20].

25
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(i) If Vi, is 12% smaller than the molar volume of a perfect gas, it follows that
Vin = V2 (1-0.12) = 0.88V,>. The compression factor is then computed
directly as

_Vm_O-SSXV;;_m
Ve v T

(ii) From [1C.2-20] it follows that V;, = ZRT/p

Z

_ ZRT _ 0.88 x (8.2057 x 10"2dm’ atm K" mol ') x (250 K)
- p - 15 atm

={1.2 dm?® mol™!

Because Z < 1, implying that V,, < V7, attractive forces are dominant.

Vi

E1C.4(a) The van der Waals equation of state in terms of the volume is given by [1C.5a-
23], p = nRT/(V—-b)—an?/V?2. The molar mass of N, is M = 2x14.01 gmol " =
28.02 gmol ', so it follows that the amount in moles is

n=m/M = (92.4kg)/(0.02802 kgmol ") = 3.29... x 10> mol

The pressure is found by substituting the given parameters into [1C.5a-23],
noting that the volume needs to be expressed in dm”

nRT an?
PEy T Ve
~ (3.29...x 10° mol) x (8.2057 x 1072 dm” atm K" mol ") x (500 K)

- (1000 dm?) - (3.29... x 103 mol) x (0.0387 dm® mol-!)
(1.352 atm dm® mol™2) x (3.29... x 10°> mol)?

=
(1000 dm*)?
EIC.5(a) (i) The pressure is computed from the equation of state for a perfect gas,

[1A.4-8],as p = nRT/V

_ nRT _ (10.0) x (8.2057 x 10~>dm’ atm K™! mol ") x ([27 + 273.15] K)

Y 4.860 dm®
=

(ii) The van der Waals equation of state in terms of the volume is given by
[1IC.5a-23], p = nRT/(V - b) — an*/V?2. This is used to calculate the
pressure

nRT  an®
P= V-nb V2
~ (10.0 mol) x (8.2057 x 10> dm’ atm K" mol ") x ([27 + 273.15] K)
B (4.860 dm®) — (10.0 mol) x (0.0651 dm> mol-!)

5.507 atm dm® mol 2 10.0 mol)?
_ (507 atmdm? mol ™) x (1.0 mol)” _ 50 _ 355 5m
(4.860 dm”)?2




The compression factor Z is given in terms of the molar volume and pres-
sure by [1C.2-20], Z = pV,,,/RT. The molar volume is V /n

g PV _ BV
"~ RT  nRT

B (35.2... atm) x (4.860 dm®) 065
(10.0 mol) x (8.2057 x 102 dm’ atm K=" mol ') x (300.15K)

E1C.6(a) The relation between the critical constants and the van der Waals parameters
is given by [1C.6-26]

a 8a

Ve=3b pe= e To=—
Pe= 50 27Rb

All three critical constants are given, so the problem is over-determined: any
pair of the these expressions is sufficient to find values of a and b. It is con-
venient to use R = 8.2057 x 1072 dm” atm K" mol ™! and volumes in units of

dm?.

If the expressions for V. and p. are used, a and b are found in the following
way

V.=3b hence b=V./3=(0.0987 dm’mol™")/3 = 0.0329 dm’ mol ™!

a a
= = h =27(V./3)?pe
707~ vpe e a=27(Ve/f3)p
a=27(V./3)*pe = 27([0.0987 dm> mol']/3)* x (45.6 atm)

=1.33 atm dm® mol ™2

De

There are three possible ways of choosing two of the expressions with which to
find a and b, and each choice gives a different value. For a the values are 1.33,

1.74, and 2.26, giving an average of 1.78 atm dm® mol 2. For b the values are
0.0329, 0.0329, and 0.0429, giving an average of |0.0362 dm> mol ']
In Section 1C.2(a) on page 23 it is argued that b = 4V},1ecNa, where Vil is

the volume occupied by one molecule. This volume is written in terms of the
radius r as 47r® /3 so it follows that r = (3b/161N)'/>.

1/3 3. -1 13
.0362 1
r:(%) :( 3> (0.0362 dm” mol ) ) = 1.53x10™ dm =[153 pm
TUN A

167 x (6.0221 x 1023 mol ")

EIC.7(a) (i) In Section 1C.1(b) on page 20 it is explained that at the Boyle temperature
Z = 1and dZ/dp = 0; this latter condition corresponds to the second
virial coefficient, B or B’, being zero. The task is to find the relationship
between the van der Waals parameters and the virial coefficients, and the
starting point for this is the expressions for the product pV;, is each case
([1C.5b-24] and [1C.3b-21])

RT a RTV, a

van der Waals: p = W - W hence me = m - 7
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E1C.8(a)

B
virial: pVy, = RT (1 + —)
Vi

m

The van der Waals expression for pV;, is rewritten by dividing the denom-
inator and numerator of the first fraction by V;, to give

RT a

PV = b /ve) Ve

The dimensionless parameter b/ V,, is likely to be < 1, so the approxima-
tion (1 - x)~' ~ 1 + x is used to give

a 1 a
PVin = RT(L+ b V) = - —RT[1+ K(b_ﬁ)]

Comparison of this expression with the virial expansion shows that

B=b- 2L
RT

It therefore follows that the Boyle temperature, when B = 0, is Ty, = a/Rb.
For the van der Waals parameters from the Resource section

a 6.260 atm dm® mol 2

Ty = — =
Rb (82057 x 10-2dm” atm K-1 mol ") x (5.42 x 10-2 dm’ mol-!)

=141 x10°K

(ii) In Section 1C.2(a) on page 23 it is argued that b = 4VpqecNa, where
Vinolec is the volume occupied by one molecule. This volume is written
in terms of the radius r as 477> /3 so it follows that = (3b/161N )'/>.

_( 3b )1/3_ 3% (5.42x 102 dm® mol 1) | /°
161N 167 x (6.0221 x 102 mol ")

=1.75x10"° dm =

The reduced variables are defined in terms of the critical constants,[1C.8-26]
Vr:Vm/Vc Pr:P/Pc Tr:T/Tc

If the reduced pressure is the same for two gases (1) and (2) it follows that

SO ING)) o)
p’_p @ _P )
M = @ hence p =ty xpe
DPe be c
and similarly
1
T = —T( ) x Tc(z)
T

These relationships are used to find the pressure and temperature of gas (2)
corresponding to a particular state of gas (1); it is necessary to know the critical
constants of both gases.



(i) From the tables in the Resource section, for H, p. = 12.8 atm, T, = 33.23K,
and for NH; p. = 111.3 atm, T, = 405.5 K. Taking gas (1) as H, and

gas (2) as NHs, the pressure and temperature of NH; corresponding to
pM2) = 1.0 atm and T(M2) = 298.15 K is calculated as

(Ha) 1.0 at
p(NHD _ L(H ;% pH) - 8 gatm x (111.3 atm) =[8.7 atm|
2 .0 atm
7(H) 298.15K
T =~ TN = S3o5 <(4055K) =[3.6x10°K
T :

C

(ii) For Xe p. =58.0 atm, T, = 289.75 K.

(Hy) 1.0 at
P pxe o 23 (58 0 atm) = [45 atm]

pXe) = =
pita) e 12.8 atm
T(H) 298.15K
TXe) = —i TXe) = T (289.75K) =
T .

(iii) For He p. =2.26 atm, T, = 5.2 K.

(Hz) 1.0 at
P ey LOatm (2.26 atm) =

p(He) — —
pEHZ) ¢ 12.8 atm

() 298.15K
(He) _ ek T(He) G 2K =
{ .

E1C.9(a) The van der Waals equation of state in terms of the molar volume is given by
[1C.5b-24], p = RT/( Vi — b) — a/ V2. This relationship is rearranged to find b

RT a hen N a RT
= - —  hence — =
PEy T w2 PPy =y T
V2 RT 2 Vin = b
hence Pim*a _ hence m__ -
V2 Vn-b pVZ+a  RT
RTV?

hence b=V, -
pV2i+a

With the data given

RTV?
b=Vy- m_ — (5.00 x 10~* m® mol™")
pV2i+a
(8.3145] K ' mol™") x (273 K) x (5.00 x 10~* m> mol™")?

- (3.0 x 106 Pa) x (5.00 x 104 m3 mol™")2 + (0.50 m® Pa mol~2)

= ‘4.6 x 107> m® molfl‘

where 1 Pa=1kgm™'s™2 and 1] = 1 kgm” s2 have been used.
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The compression factor Z is defined in [1C.1-20] as Z = V,,,/ V.2, where V3 is
the molar volume of a perfect gas under the same conditions. This volume is
computed from the equation of state for a perfect gas, [1A.4-8],as V2 = RT/p,
hence Z = pV,,, /RT, [1C.2-20]. With the data given

7o PV _ (3.0 x 10° Pa) x (5.00 x 10~ m*mol™") _
RT (8.3145J K ' mol™!) x (273 K)

Solutions to problems

P1C.1

P1C.3

The virial equation is given by [1C.3b-21], pViy = RT(1 + B/Viy +...), and
from the Resource section the second virial coefficient B for N, at 273 K is
~10.5cm®mol . The molar mass of N is 2 x 14.01 = 28.02 gmol ', hence the
molar volume is

vV vV 2.25 dm’

" n m/M  (4.56g)/(28.02gmol )
This is used to calculate the pressure using the virial equation. It is convenient

to use R = 8.2057 x 102 dm” atm K~! mol™" and express all the volumes in
dm’

RT( B)
p=—\1+—
Vin Vin

=13.8... dm> mol™!

(82057 x 1072 dm’ atm K™! mol ") x (273 K) L, TL05x 102 dm’ mol ™!
13.8... dm® mol-! 13.8... dm> mol-!

=[L162 atm]

The virial equation is [IC.3b-21], pVy, = RT(1+B/Viq+C/ V2 +...). The com-
pression factor is defined in [1C.1-20] as Z = V,,/ V.2, and the molar volume of
a perfect gas, V. is given by V.2 = RT/p.

It follows that
Vi = (RT/p)(1 + B/ Vi + C/V2) = V2 (1 + B/ Viy + C/V2)
B
henceZ:&:1+—+—
4 Vm V3

To evaluate this expression, the molar volume is approximated by the molar
volume of a perfect gas under the prevailing conditions

RT  (8.2057 x 102 dm’ atm K~ ' mol ") x (273 K)

=0.224...dm> mol™!
p 100 atm

Vo =

m

This value of the molar volume is then used to compute Z; note the conversion
of all the volume terms to dm”

B C
Z=1+—+—
Ve | V2
—21.3x 107> dm® mol™! 1200 x 1075 dm® mol~2
=1+ + =0.928... =[0.929

0.224... dm® mol-! (0.224... dm’ mol-1)2

)
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The molar volume is computed from the compression factor

_ Vin _ Vin
T Ve RT/p
hence Vi, = ZRT _0.928...x (8.2057 x 10”2 dm’ atm K~' mol™") x (273 K)
p 100 atm
=10.208 dm”® mol™!
PI1C.5 In Section 1C.1(b) on page 20 it is explained that at the Boyle temperature

Z = 1and dZ/dp = 0; this latter condition corresponds to the second virial
coefficient, B or B, being zero. The Boyle temperature is found by setting the
given expression for B(T') to zero and solving for T

—c/T? ¢/T?

0=a+be hence —a/b=¢"

Taking logarithms gives In(-a/b) = —c/T* hence

T_( » )1/2_( 1131 K2 )1/2
In(-a/b) In[—(~0.1993 bar™')/(0.2002 bar )]
=[50L0 K]

P1C.7 (a) The molar mass M of H,O is 18.02 gmol . The mass density p is related
to the molar density py, by pm = p/M, and the molar volume is simply
the reciprocal of the molar density Vi, = 1/pm = M/p

M 18.02x 1073 kgmol !
V.= X E e —1352..x 107 m*mol ™!

P 133.2kgm™3

The molar volume is therefore ‘0.1353 dm’® mol™! ‘

(b) The compression factor Z is given by [1C.2-20], Z = pVyy/RT

V. 327.6 at 0.1352... dm® mol™!
7= PVm ( atm) x ( m” mol™’) —[0.6957

RT ~ (8.2057 x 10-2dm> atm K-' mol ') x (776.4K)

(c) The virial equation (up to the second term) in terms of the molar volume
is given by [1C.3b-21]

B
PVm —RT(1+V—)

m

Division of each side by p gives

RT( B)
Vmn=—1+—
p Vin
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The quantity RT/p is recognised as the molar volume of a perfect gas, V2,
so it follows that

B Vin B
Vm:VI:(1+V—) hence %:Z:(1+V—)

In Problem P1C.4 it is shown that B is related to the van der Waals con-
stants by B = b — a/RT; using this, it is then possible to compute the
compression factor

B=b- -2 =(0.03049 dm’ mol ')
RT

(5.464 atm dm® mol~2)
(8.2057 x 102 dm” atm K-' mol™") x (776.4 K)
= —0.552... dm’ mol ™’

B ~0.552... dm” mol ™!
Z=1+—=1+ =[0.5914]
Vin 0.1352... dm’ mol~!
P1C.9 According to Table 1C.4 on page 25, for the Dieterici equation of state the
critical constants are given by
a a
= Ve=2b T.=—
be= qepr © 4bR

From the Resource section the values for Xe are T, = 289.75 K, p. = 58.0 atm,
V. = 118.8 cm® mol . The coefficient b is computed directly from V.

b=V./2=(118.8x 10 dm> mol™")/2 = |0.0594 dm’ mol~!]

The expressions for p. and V are combined to eliminate b

a a

Pe= 42 T 4e2v2/a

This is then rearranged to find a

a=p.e’V?=(58.0atm) x e x (118.8 x 107> dm” mol™!)?

= \6.049 atm dm® mol 2 \

Alternatively, the expressions for T, and V. are combined to eliminate b

_ a _ a
~ 4bR  4RV./2

C

This is then rearranged to find a

a=2T.V.R
=2x(289.75K) x (118.8 x 10~* dm’ mol ")

x (8.2057 x 1072 dm® atm K" mol™!) = [5.649 atm dm® mol 2]




P1C.11

The two values of a are not the same; their average is 5.849 atm dm® mol 2.

From Table 1C.4 on page 25 the expression for the pressure exerted by a Di-
eterici gas is

_ nRTexp(-a/[RTV[n])

- V—nb

With the parameters given the exponential term evaluates to

( ~(5.849 atm dm°® mol~2) )
P (8.2057 x 102 dm” atm K~ mol ™" ) x (298.15K) x (1.0 dm?) /(1.0 mol)
=0.787...

and hence the pressure evaluates to

(1.0 mol)x(8.2057 x 10~ dm’ atm K~ mol™") x (298.15K) x (0.787...)
(1.0 dm”) - (1.0 mol) x (0.0594 dm> mol-1)

=120.48 atm

The van der Waals equation in terms of the molar volume is given by [1C.5b-
24], p = RT/(Vin — b) — a/ V2. Multiplication of both sides by V;, gives

RTV, a

me: (Vm_b)_Vim

and then division of the numerator and denominator of the first fraction by V,
gives
RT a

PVo = 00 vy " Ve

The approximation (1-x)~! ~ 1+x+x? is the used to approximate 1/(1-b/ Vi, )
to give

The terms in 1/V,, and 1/ V2 are gathered together to give
1 2
pVin = RT 1+—[b—i]+b—

Vol RT] V2

This result is then compared with the virial equation in terms of the molar
volume, [1C.3b-2I]

Vm = RT 1+£+£
P¥m = Vi V2

This comparison identifies the virial coefficients as

B=b-— C=b
RT
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P1C.13

From the given value C = 1200 cm® mol 2 it follows that b = \/C = 34.64 cm® mol .

Expressed in the usual units this is b = ‘0.03464 dm’ mol™! ‘ The value of a is
found by rearranging B=b — a/RT to

a=RT(b-B)=(82057x1072dm’ atm K~' mol™") x (273 K)x
[(0.03464 dm’ mol ™) - (-21.7 x 107> dm® mol™")]

= [1.262 atm dm® mol 2]

In Section 1C.2(b) on page 24 it is explained that critical behaviour is associated
with oscillations in the isotherms predicted by a particular equation of state,
and that at the critical point there is a point of inflexion in the isotherm. At this
point it follows that

dp &p

AV, dv2
The procedure is first to find expressions for the first and second derivatives.
Then these are both set to zero give two simultaneous equations which can be
solved for the critical pressure and volume.

= 4+ = - = - 4 =
dv,, V2 V3 Vi vz~ v o vio v

dp _ RT 2B 3C _, d’p 2RT 6B 12C _

The first of these equations is multiplied through by V.4 and the second by V2
to give

~RTV2+2BV,,-3C=0  2RTV2-6BV,+12C=0

The first equation is multiplied by 2 and added to the second, thus eliminating
the terms in V2 and giving

4BV, —6C - 6BV, +12C =0 hence Vi =3C/B

This expression for V;, is then substituted into —RT V.2 + 2BV,,, —3C = 0 to give

3C)2 3C
(32) +23?—3C:0

-RT

A term 3C is cancelled and the equation is multiplied through by B? to give

~RT(3C)+2B*-B*=0  hence T =B?/3RC

Finally the pressure is found by substituting Vi, = 3C/B and T = B?/3RC into
the equation of state

_RT_B €
Ve V2VE
_BRB B CB B B B B’

T3RC3C 9C2 | 27C7 9C2  9C? ' 27Cr | 27C2

In summary, the critical constants are



P1C.15

\Vw=3C/B T=B*[3CR  p=B*/27C?

The virial equation in terms of the pressure, [1C.3a-21], is (up to the second
term)
PV = RT (1+ B'p)

The mass density p is given by m/V, and the mass m can be written as nM,
where 7 is the amount in moles and M is the molar mass. It follows that
p =nM|V = M/V,,, where V,, is the molar volume. Rearranging gives V;, =
M/ p: measurements of the mass density therefore lead to values for the molar
volume.

With this substitution for the molar volume the virial equation becomes

&:RT(1+B'1)) hence B:R—T(1+B'p)
p p M

Therefore a plot of p/p against p is expected to be a straight line whose slope is
related to B’; such a plot is shown in Fig. 1.5.

p/kPa  p/(kgm™®)  (p/p)/(kPakg™' m?)

12.22 0.225 54.32
25.20 0.456 55.26
36.97 0.664 55.68
60.37 1.062 56.85
85.23 1.468 58.06
101.30 1.734 58.42

(p/p)/(kPakg™' m’)

| | | | |
0 20 40 60 80 100

p/kPa
Figure 1.5

The data fall on a reasonable straight line, the equation of which is

(p/p)/(kPakg™' m®) = 0.04610 x (p/kPa) + 53.96

35
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P1C.17

P1C.19

P1C.21

The slope is BRT/M
B'RT

=0.04610 kg™' m’

For methoxymethane, CH;OCHj;, M = 2 x 12.01 + 6 x 1.0079 + 16.00 =
46.0674 gmol "
g (004610 kg™ m?) x (46.0674 x 107> kgmol ")

—— =857x10 m*J!
(8.3145J K ' mol™") x (298.15K)

The units of the result can be simplified by noting that 1 J = 1 kgm?s~2, so
1m®J™!' = 1mkg™" s?. Recall that 1 Pa = 1kgm™" s72, so the units of the B’ are

Pa™!, aninverse pressure, as expected: B’ = 8.57x10~7 Pa™" or’B’ =0.0868 atm ™' \

The virial coefficient B is found using the result from Problem P1C.14, B = B'RT
B=B'RT
= (0.0868 atm™") x (8.2057 x 107 dm’ atm K~' mol™") x (298.15K)

=(2.12 dm> mol™!

A gas can only be liquefied by the application of pressure if the temperature is
below the critical temperature, which for N, is 126.3 K.

The compression factor is given by [1C.1-20], Z = Viu/Vyy = Viup/RT. The
given equation of state is rearranged to give an expression for Vi, after putting
n=1

p(V —=nb)=nRT becomes p(Vin—-b)=RT hence V= R; +b

It follows that the compression factor is given by

7 Vmp _ (RT/p+b)p |, bp
RT RT RT

—_

If Vi, = 10b it follows from the previous equation that

Vin
YmP :710bp :l+b—p hence b:R—T
RT RT RT 9
With this expression for b the compression factor is computed from Z = 1 +
bp/RT as
b
Z:1+—p:1+gizl+l: 1.11
RT 9p RT 9

The virial equation in terms of the molar volume, [1C.3b-21], is (up to the third
term)

For part (a) only the first two terms are considered, and it then follows that a
plot of pVy,, against 1/V,,, is expected to be a straight line with slope BRT; such
a plot is shown in Fig. 1.6.
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p/MPa Vi, /(dm’ mol™") (pVi)/(MPadm® mol™) (1/Vy)/(dm= mol)

0.4000 6.2208 2.4883 0.16075
0.5000 49736 2.4868 0.201 06
0.6000 4.1423 2.4854 0.24141
0.8000 3.1031 2.4825 0.32226
1.000 2.4795 2.4795 0.40331
1.500 1.6483 2.4725 0.606 69
2.000 1.2328 2.4656 0.81116
2.500 0.98357 2.4589 1.0167
3.000 0.81746 2.4524 1.2233
4.000 0.60998 2.4399 1.6394
T T T T - - - -
— linear
% 248 | - - - quadratic ||
E . N
5
s 2.46 - S I
=)
=
§ 2.44 e
| ! | ! | ! | ! | ! | ! |
4 06 08 10 12 14 1.6
(1/Vm)/(dm™ mol)
Figure 1.6

The data fall on a reasonable straight line, the equation of which is

(pVin)/(MPa dm’ mol ™) = =0.03302 x (1/Viy)/(dm™ mol) + 2.4931

The slope is BRT

BRT = (~0.03302 MPa dm® mol™?)

It is convenient to convert to atm giving BRT = (-0.3259 atm dm® mol~?)

hence

(~0.3259 atm dm® mol~2)

RT
(~0.3259 atm dm® mol2)

(8.2057 x 10-2 dm” atm K- mol ™) x (300 K)

- [=0.01324 dm* mol ']
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P1C.23

For part (b) the data points are fitted to polynomial of order 2 in 1/V;, using
mathematical software; the data are a slightly better fit to such a function (see
the dashed line in the graph above) which is
(pVim)/(MPa dm’ mol™") =

0.002652 x (1/Viy)?/(dm™® mol?) - 0.03748 x (1/Vy)/(dm™ mol) + 2.494

The coefficient of the term in (1/Vi,)? is CRT
CRT = (0.002652 MPa dm® mol )

It is convenient to convert to atm giving CRT = (0.02617 atm dm® mol )
hence
(002617 atm dm” mol )

RT
(0.02617 atm dm® mol ™)

©(8.2057 x 10-2 dm® atm K~ mol ™) x (300 K)
=[1.063 x 103 dm® mol~2]

C

The van der Waals equation of state in terms of the molar volume is given by
[1C.5b-24], p = RT/(Viy — b) — a/ V2. This equation is a cubic in Vi, as is seen
by multiplying both sides by (V,,, —b) V2 and then gathering the terms together

pV2 = V2(pb+RT) +aVy —ab =0
From the Resource section the van der Waals parameters for Cl, are
a = 6.260 atm dm® mol b =5.42 %107 dm’ mol ™
It is convenient to convert the pressure to atm
p = (150 x 10° Pa) x (1 atm)/(1.01325 x 10° Pa) = 1.4804 atm

and to use R = 8.2057 x 1072 dm” atm K~! mol™'; inserting all of these values
and the temperature gives the polynomial

1.4804V?> — 20.5946V2 + 6.260Vy, — 0.3393 = 0

The roots of this polynomial are found numerically using mathematical soft-

ware and of these roots only ’ Vin = 13.6 dm’ mol’l‘ is a physically plausible
value for the molar volume.

The molar volume of a perfect gas under corresponding conditions is

_ RT  (8.2057 x 10"2dm’ atm K" mol ") x (250 K)
p 1.48 atm

Vn =13.9 dm® mol ™!

The molar volume of the van der Waals gas is about 2% smaller than that of the
perfect gas.



Answers to integrated activities

I1.1

The Maxwell-Boltzmann distribution of speeds in three dimensions is given
by [1B.4-14]

3/2 .

-4 2 —Mv?[2RT
f(v) Tt(anT) ve
with M the molar mass. The most probable speed is found by taking the deriva-
tive of f(v) with respect to v, and setting this to zero; calculating the derivative
requires the use of the chain rule

3/2
d];(v) 471( M ) |:2Ue—Mv2/2RT + 02 (_ZMv)e—Mvz/ZRT:I -0
v

="\ 2nRrT 2RT

—Muv?/2RT

The multiplying constant and factors of v and e are cancelled (these

do not correspond to maxima) leaving

Mv? 2RT\'/?
2 - =0 hence v=|—
RT M

Inspection of the form of the distribution shows that this is a maximum.

The average kinetic energy is calculated from the average of the square of the
speed: (Ey) = 3m(v?). The task is therefore to calculate this average using the
Maxwell-Boltzmann distribution: the required integral is

32 oo ,
) / yreMV/2RT g
0

(v*) = fomvzf(v)dv :4n(2nRT

This integral is of the form of G.8 from the Resource section

fmxzme_axz dx = 7(27” _ 1)” (T[)l/2
0 2m+1am a

withm =2, (2m-1)!!=3x1=3,2"*"1 =8, 3" = a> and a = M/2RT.

5 M \¥* 3 (4R?T?\ (2RTm\'/?
(v):4n( ) ng ><( )

2nRT M? M
_ 3RT _ 3kT
M m

To go to the last line from the previous one involves a deal of careful algebra,
and for the final step R = Nyk and M = mN, have been used, with m the mass
of the molecule.

With this result

1 1 (3kT\ 3
E) = —m(v?) = = (7):7 T
(B = gm{vT) = om| = =) =5k

which is in accord with the equipartition principle.

39



40

I1.3

In Section 1C.2(a) on page 23 it is argued that b = 4V o1ec Na, Where Viyolec is
the volume occupied by one molecule. The collision cross-section o is defined
in terms of a collision diameter d as ¢ = nd?, and in turn the diameter is

interpreted as twice the radius of the colliding spheres: d = 2r. It follows that
r=(0/am)'/?

b= 4VinolecNa
4 167N 32
:4(*7TT3)NA: . A(i)
3 3 4n
16m(6.0221 x 10 mol ™) (0.46 x 10718 m?\*/?
- 3 4

=7.1x 107> m>mol™" =0.071 dm® mol™!



Internal energy

2A Internal energy

Answers to discussion questions

D2A.1

D2A.3

D2AS5

In physical chemistry, the universe is considered to be divided into two parts:
the system and its surroundings. In thermodynamics, the system is the object
of interest which is separated from its surroundings, the rest of the universe, by
aboundary. The characteristics of the boundary determine whether the system
is open, closed, or isolated.

An open system has a boundary that permits the passage of both matter and
energy. A closed system has a boundary that allows the passage of energy but
not of matter. Closed systems can be either adiabatic or diathermic. The former
do not allow the transfer of energy as a result of a temperature difference, but
the latter do. An isolated system is one with a boundary that allows neither the
transfer of matter nor energy between the system and the surroundings.

Table 2A.1 on page 39 lists four varieties of work: expansion, surface expan-
sion, extension, and electrical. There is also work associated with processes in
magnetic and gravitational fields which we will not describe in detail.

An isothermal expansion of a gas may be achieved by making sure that the gas
and its container are in thermal contact with a large ‘bath’ which is held at a
constant temperature — that is, a thermostat.

Solutions to exercises

E2A.1(a)

The chemist’s toolkit 7 in Topic 2A gives an explanation of the equipartition
theorem. The molar internal energy is given by

Um =3 x (ve+v; +2%) xRT

where v, is the number of translational degrees of freedom, v, is the number
of rotational degrees of freedom and vy is the number of vibrational degrees of
freedom. As each gas molecule can move independently along the x, y and z
axis, the number of translational degrees of freedom is three.

(i) Molecular iodine is a diatomic molecule, therefore it has two degrees of
rotational freedom. On account of its heavy atoms, molecular iodine is



