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A. EXPERIMENTAL DATA

The vapour pressure of isotopic substances has attracted
much attention from investigators mainly in connection with
the use of fractional distillation as a method for separating
isotopes. Keesom and van Dijk1»2 were the first to achieve
by this means a partial separation of the isotopes of neon.
A year later Urey et al.z distilled hydrogen and increased
its deuterium content by a factor of 25; this led to their
discovery of deuterium. The same method was used4 to
prepare 50% deuterium (enrichment by a factor of 3200).
The industrial production of deuterium by the low-tempera-
ture fractionation of hydrogen has now been achieved in the
USSR5 and in Western Germanyβ with the aim of preparing
heavy water, for which purpose the fractionation of water
itself is employed in the USA 7 . Highly efficient columns
have been designed for this process, and it has been shown
that, economically, it is especially suitable for the final
concentration of the heavy water, starting from about 1%
solutions 8.

Twenty years ago- Brodskii et al.9 and Huffman and
Urey10 were able to increase the content of heavy oxygen
in water severalfold by fractionation. Recently Zhavoron-
kov and his coworkers have described the preparation by
this means of water having H^O contents of 24.5% u > i a and
60%,13 while Dostrovsky and Raviv14 have given an account
of a column producing 99.8% Ha

i8O (490-fold enrichment).

Atmospheric helium contains only (1.2-1.3) χ 10'4 at.%
of 3He, but Esel'son and Lazarev15 fractionated ordinary
helium until it contained 1.5% of the light isotope, and only
three years later 99% 3He was obtained in this way16. The
same method has been used to separate the isotopes of
argon17.

Recently Tikhomirov and Tunitskii18 have reported the
enrichment of carbon monoxide by fractionation to a content
of 37 at.% 13C and 4.5% 18O, while London19 has described a
column in which it is possible to obtain small quantities of
CO containing 60-70 at.% of 13C (~60-fold enrichment) and
5-6% of 18O (~27-fold enrichment).

Zhavoronkov and his colleagues were the first to achieve
a high concentration of the light isotope of boron, up to
57 at.% by the fractionation of BC13

12>20 and up to 86-96 at.%
of 10B by fractionating BF 3 . 2 1

Clusius and Schleich22 have recently enriched nitric
oxide with the 15N isotope severalfold and have shown the
advisability of the industrial production of heavy nitrogen
by this method.

At the present time, research is being vigorously pur-
sued in various countries to extend the use of fractionation
for separating isotopes, and columns are being constructed
for the industrial development of processes which have
already been studied14»21. In the USSR investigations on
these lines were started by Brodskii 9>2 3"2 5, and are being
carried on by Zhavoronkov, Malkov, Tunitskii, and other
scientists.

In order to settle the question of the usefulness of frac-
tionation and to design columns, data are required on the
relative volatility factor a, which is approximately equal
to the ratio of the vapour pressures of the pure components
at the given temperature, provided that the departure of the
system from an ideal solution can be neglected. Because
of this, and also in view of the theoretical interest attaching
to the effect of isotopes on physicochemical properties,
data have been obtained during the course of thirty years'
investigation on the effect of isotopic composition on the
vapour pressures of sixty substances of various chemical
types.

When it was possible to work with concentrated isotopic
compounds, the difference in their vapour pressures was
measured directly, by means of differential manometers.
When the content of one isotope was small, the mixtures
were regarded as ideal and the ratio of the vapour pressures
of the components was taken as a, which was determined
directly from the composition of the equilibrium phases,
by the Raleigh distillation method, or, in the last resort,
from operating data for fractionating columns. These
methods have been described in detail2 5"2 7.

In the present review the vapour pressure of isotopic
compounds is usually expressed in the form of empirical
log Ρ = f{T) equations, where Ρ is the pressure in mm Hg.
Values are also given for the ratio Ph/Pi, where the sub-
scripts denote the heavy and the light forms of the mole-
culest· In the cases of helium and hydrogen, with which
the isotopic effect is exceptionally large, numerical values
of the vapour pressures are also given.

t The inverse ratio is often quoted in the literature. This
originated in the fact that, with several substances which are
liquid at comparatively low temperatures and which were
investigated earlier than the others, Ph. < Pi, while the ratio of
these quantities was chosen to be such that it would exceed unity.
However, the relationship Ph > Pi is more general, as is shown
in the account below, and for polyatomic isotopic compounds
several workers12 employ the quantity Ph/Pi. In order to com-
pare the isotope effect in the vapour pressure of different classes
of substances, this effect is always expressed in the same way in
the present paper — by means of the ratio Ph/Pi. It is also
preferable because with the vast majority of substances des-
cribed — isotopic compounds of H, O, C, and Ν — the light
variety is the usual form, and in expressing a new quantity in
terms of one which is already known it is more logical to take
the latter as unity.
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1. VAPOUR PRESSURE OF MONATOMIC ISOTOPIC SUBSTANCES

The isotope effect proved particularly large in the
vapour pressure of helium. For example, a 0.1(5% enrich-
ment of ordinary helium with its light isotope at 1.5 °K pro-
duces an increase in vapour pressure of 6%.28 The vapour
pressure of pure 3He formed by the decay of tritium has
been studied29"34. The light helium isotope used by Abra-
ham et al.30 contained only 0.03% of 4He. These results
are evidently most accurate, and the corresponding data35

for 4He are given in Table 1, where the temperature has
been measured on the 1955 TE scale 3 5 ' 3 6. The exact varia-
tion of the vapour pressure of 3He with temperature over
the range l.O°-3.3°K is represented by the equation30:

TABLE 2. Heat of evaporation of isotopes
of helium.

log Pmm = - °97796 +2.51ORT +0.000302T3 +1.91594, (1)

where T is measured on the 1948 sca le 3 7 with Kistemacker's
correct ions 3 8 .

The isotope effect decreases sharply with r i se in tem-
perature: at 1°K the vapour pressure of 3He exceeds the
vapour pressure of 4He by a factor of 72, but at 3.3°K this
factor has become only 3. Sydoriak and Roberts 3 e were
able to make very accurate measurements of the vapour
pressure of 3He below 1°K (from 0.45° to 1.0°), their r e -
sults being represented by the equation

log Pm m = 1 J 0 3 7 -f 2.3214log7"-1-2.0936—0.08976Γ + 0,03756T2—0.0047s,

(2)

where the temperature is measured on the 1955 TE scale.

The normal boiling point of 4He exceeds that of 3He
(3.195°K) by 1.021°. The data 3 0 in Table 2 on the heat of
evaporation ΔΗβ of 3He have been calculated by means of the
Clausius-Clapeyron equation, and are accurate to a few
tenths of a calorie per mole.

Similar calculations have been carried also by K e r r 4 0

for the range 1.0°-3.3° and by Roberts and Sydoriak4 1 be-
tween 0.54° and 1.25°K. At 1.5°K a calorimetric method 4 2

has given a value for &He (
3He) of 10.39 ± 0.02 cal mole" 1 ,

which is quite close to the corresponding calculated value.
The values given in Table 2 for 4He are calorimetric, and
are accurate to a few hundredths of a calorie per mole.

Interesting results have also been obtained 4 5" 5 1 for the
vapour pressure of solutions of 3He in 4 He, Fig. 1 showing
the corresponding diagrams for this sys tem 4 7 . The curve

TABLE 1. Vapour pressure of isotopes of helium on TE tem-
perature scale.

T,°K

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1

Ρ mm Η η

«He»

0.12170
0.29956
0.63253
1.2220
2.1776
3.6336
5.7414
8.663

12.56!)
17.607
23.930
31.625

8.564
13.384
19.765
27.913
38:03
50.30
64.91
82.06

101.93
124.69
150.55
179.68

0.0142
0.0224
0.0320
0.0433
0.0573
0.0722
0.9885
0.1056
0.1233
0.1412
0.1500
0.1760

T, °K

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3

P, mr

«He»

40.703
51.266
63.589
77.793
94.046

112.438
133.214
156.419
182.226
210.776
242.196
276.624

nHg

212.28
•248.52
288.60
332.71
381.02
433.73
491.09
553.01
619.92
691.88
769.04
851.50

n .
f 4He ·

0.1917
0.2062
0.2203
0.2338
0.2468
0.2594
0.2713
0.2829
0.2940
0.3046
0.3149
0.3249

r,°K

1.0
1.5
2.0
2.5
3.0
3.3

Atf-, cal

«He 4 3 ' 4 4

18.8
21.40
22.20
22.05
22.42
23.00

mole*1

3He

9.1]
10.6 I
11.3
10.8 J

7.9 1
3 . 4 )

References
for'He

30

40

Fig. 1. Vapour pressure—composition diagrams
for solutions of 3He in 4He. Ν = mole fraction;
N\, = mole fraction of 3He in liquid; No = mole
fraction of 3He in vapour.

of vapour pressure against liquid composition diverges
markedly from the corresponding straight line representing
Raoult's lawj.

The isotope effect is much smaller with liquid neon than with
helium, but it is still considerable. As early as 1935
Keesom and Haantjes57 measured the vapour pressure of a
series of mixtures of neon isotopes having mean atomic
weights between 20.04 and 21.16, and obtained by extrapola-
tion the data for the pure isotopes given in Table 3§. It
was found graphically that the temperature of the triple
point for 22Ne was 0.134° higher than that for aoNe (24.6°K).

With argon the isotopic difference in vapour pressures is
only a few tenths of 1% . The following results were ob-
tained by Clusius and Meyer17 for the isotopes having
atomic weights of 40, 38, and 36 from data on the frac-
tionation of natural argon (36Ar 0.307, 38Ar 0.060%) at tem-
peratures near the triple point (83.8°K):

0.995 > P 4 0 / P M > 0.993,

0.997 >P4 0/P J. > 0.996.

J Melting-point curves for 3He and 4He up to 3500 kg cm"1

have been described by Mills and Grilly52. The method of
measuring vapour pressure and additional data on the properties
of 3He and its solutions in 4He have been given53"55. For the
separation of the isotopes of helium see Kuznetsov56.

§ Recently Roth and Bigeleisen58 confirmed the data of
Keesom and Haantjes using a specimen of neon containing
77.2% 22Ne.
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TABLE 3. Isotope effect in the vapour pressure of neon57.

7", °K calc. from Eqne.

(85) I (92), (93)

Solid
0.924
0.930
0.935
0.940
0.944

state
0.935
0.942
0.946
0.950
0.954

0.925

0.936

0.945

r, °κ calc. from Eqns.

(85) | (92), (93)

Liquid state
0.957
0.960
0.962

A differential manometer has been used59 to measure
differences in vapour pressure for two specimens of kryp-
ton differing in atomic weight by 1.74 units, and two speci-
mens of xenon differing by 2.95 units. In the case of kryp-
ton the specimen enriched with the heavy isotope had a
vapour pressure which was the smaller by 0.3% over the
range 0-760 mm Hgii; and with the isotopic mixtures of
xenon the difference in vapour pressures over the same
range already lies within the limits of error (0.02 mm Hg)
of the measurements. Such a small isotope effect explains
the absence of appreciable separation of isotopes in the
experiments of Clusius60 on the fractionation of xenon in a
column equivalent to 25 theoretical plates at temperatures
around the ternary point (161.36°K, 612.2 mm Hg)t-
Another monatomic substance which has been investigated
is mercury. Grigor'ev et al.ei found by Rayleigh distilla-
tion and by other methods that 204Hg has a lower vapour
pressure than has 198Hg, the difference not exceeding 0.2%
at 253 °K, and 0.08% at 453 °K.

2. VAPOUR PRESSURE OF DIATOMIC ISOTOPIC SUBSTANCES

(a) Isotopes of Hydrogen

In 1942 only a rough calculation was possible78 of the
vapour pressure of tritiohydrogen HT from the radioactivity
of the gaseous distillate of a 10"β Μ solution of this sub-
stance in ordinary hydrogen. But Grilly72 has subsequently
made direct measurements on tritium containing only
~0.5% of light hydrogen.

More recent data on the vapour pressures of the iso-
topic modifications of hydrogen of identical ortho-para
composition differ among themselves by only tenths of 1%,
and these discrepancies are explained mainly by a differ-
ence in the temperature scales employed. The experi-
mental results for isotopes of η composition can be repre-
sented by the following equations (in these and subsequent
equations Ρ = vapour pressure in mm Hg, and Τ - tem-
perature in °K).

For the solids:

H 2

7 4

HD 7 4

D 2

7 2

rr. 72
Α ο

log Ρ=4.56488—

log P=4.70260 —

logP=6.2100- ^ Π

7 ψ 9 + 0.0393971,

6 ^ 5 4 + 0.04101Γ,

+ 28.8x10-*(Γ- 16.5)2,

log Ρ = 6.4773—88.002/T.

For the liquids:

H, between 14° and 20 °K 7 4

log Ρ =3.66687—^^? + 0.020537Γ,

H2 between 19.5° and 24.5°K »
54.650log Ρ = 5.5567 ·

HD log Ρ=5.04964 — —

70.044 ,

10.9χ10-4(Γ —22)*,

' + 0.014797,

log Ρ = 5.8404

log Ρ = 6.0334

r
78.925

+ 4.59χ10"4(Τ — 23)2,

-f 2.0x10-* (Γ — 25)2.

(3)

(4)

(5)

(6)

(3')

(4')

(5')

(7)

The isotope effect is clear from Table 4. Both the re-
sults and the values obtained by calculation based on Eqns.
(3)-(7) are accurate to within 0.01 mm Hg for pressures up
to 10 mm, and to within 0.1 mm for higher pressures.

Only two years after the discovery of deuterium Scott
et al.*2 made careful direct measurements of the vapour
pressure of a specimen of this substances obtained from
heavy water and containing only 0.1 at.% of the light isotope
of hydrogen. Later such measurements were made by
several investigators on deuterium of normal (n) ortho^
para composition (high-temperature equilibrium mix-
ture) 8 3 " 7 4 , on the e composition (in equilibrium at
20.4°K)69"71»74-76 and also hydrogen deuteridej6 9,7 3-7 5,7 7.
Data were obtained for the solid and liquid states of these
substances right up to the critical temperature.

If Accordingto Grigor'ev and Rudenko's data ["V Soveshchanie
po Fizike Zhidkogo Sostoyaniya, Tezisy Dokladov" (Fifth Congress
on the Physics of the Liquid State, Abstracts of Papers), Kiev
University, 1961, p. 6], the vapour pressure of 86Kr at the normal
boiling point (120°K) is lower than that of 82Kr by (4.6 ± 0.7) x
x 10"2%.

t For argon see G. Boato, G.Scoles, and Μ. Ε. Vallauri, Nuovo
Cim., 14, 735 (1959).

t «-H2 contains 0.2500 para + 0.7500 ortho, and w-D2 0.3333
para + 0.6667 ortho, modifications; e-H2 consists of 0.979 para +
+ 0.021 ortho, and e-O2 of 0.022 para + 0.978 ortho, modifications.
Hydrogen deuteride is prepared by the reaction LiAlH4 + 4D2O =
= LiOD + A1(OD)3 + 4HD.7 9'8 0

TABLE 4. Vapour pressure of isotopic variation of hydrogen*.

T, °K
η .Τ, n-D, HD -»·

P(T,)
P(H,>

P(D,)
P(H,>

Ρ (Τ,)
P{O,)

P(HD)
/MH.)

10
11
12
13
14
15
16
17
18
19
20

0.14
0.51
1.55
4.08
9.49

20.0
38.8
70.1

119.5

0.05
0.20
0.73
2.14
5.44

12.3
25.4
48.6
87.2

0.23
0.99
2.94
7.46

16.8
34.4
65.2

1.7
5.1

12.7
27.9

0.011
0.018

0.Q3
0.04
0.057
0.07

0.19
0.24
0.285
0.332
0.374
0.412
0.445

Liquid state

0.16
0.19
0.23
0.27

170.1
252.5
362.4
505.1

145.1
219.9
322.2
458.5
636.2

264.2
382.0
534.9
728.5
969.0

1262.3

490.8
675.7
906.4

1189.0
1529.6

0.188
0.212
0.237

0.296
0.325
0.355
0.386
0.416

0.528
0.551
0.570

0.538
0.565
0.590
0.613
0.633

* Data for T2 calculated by means of Eqns. (6) and (7); pub-
lished data were taken for H2 and D2 >

T 4 and for HD.75
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Above the boiling point the vapour pressure is about 3.5%
lower with w-Hj than with e-H2, the corresponding differ-
ence for n-D2 and <?-D2 being 0.5%. These percentage dif-
ferences are somewhat greater below the boiling point69»75.

Values of Ph/Pi for the different pairs of isotopic
hydrogen molecules at the same temperature approach unity
as the corresponding Mh/Mi approaches unity, where Μ is
the molecular weight, and the subscripts h and 1 denote the
heavy and the light varieties respectively, an increase in
one of these ratios corresponding to a decrease in the other.
However, the isotope effect is not a simple or direct func-
tion of the mass of the molecule. In particular, it is inter-
esting that, in spite of the identical molecular weight of HT
and D2, the vapour pressure of the former is considerably
greater than that of the latter: at 20.3 °K, for example, the
difference is ~45%§.82 With the isotopic pairs T2-D2 and
DH-H2, which have the same value of Mh/Mi, however,
the values of Ph/Pi at the same temperature differ by only
2%.

Tables 5 and 6 give the temperatures and the heats of the
phase transformations of the hydrogen isotopes. Values of
the latter calculated from the general form of the Clausius-
Clapeyron equation agree with available calorimetric data
to within a few calories per moleif. No departure from
Raoult's law was observed81 for mixtures of hydrogen and
deuterium. Hoge'and Arnold75, however, found from
measurements of the dew points of such mixtures that their
vapour pressures exceed by approximately 3% the values
calculated on the assumption that such systems are ideal.
In agreement with this, it has been shown80 that the experi-
mental plots of Ρ and Τ against composition (N) for mix-
tures of H2 and D2 deviate by a few per cent from the plots
based on Raoult's law.

(b) Diatomic Substances Differing in Isotopic Composition
with Respect to Carbon, Nitrogen, Oxygen, Hydrogen, and
Chlorine

Several investigations have been made8 7"9 3 of the varie-
ties of carbon monoxide 13C16O and 12C16O. Johns89»91 used

a differential manometer to measure the difference in
vapour pressure between a standard specimen of normal
carbon monoxide (1.1 at.% of 13C) and each of five speci-
mens of the oxide containing between 14 and 73 mole % of
13C16O. He found that, within the limits of experimental
error, the vapour pressure of both liquid and solid phases
varies linearly with the mole fraction of the heavy variety,
and this enabled him to extrapolate the experimental re-
sults to the corresponding values for pure 13C16O and 12C16O.
Over the range investigated, 57°-81°K, the heavy oxide
had the lower vapour pressure, the isotope effect decreas-
ing with rise in temperature. The Ph/P\ ratio changes
from 0.9795 to 0.9820 between 57.2° and 61.7°K, and from
0.9891 to 0.9930 over the range 68.3°-81.1°K. The fol-
lowing relation was found for the solid phase over the range
61.6°-68.1°K:

log(P/P)=0,16/r-36/r2; (8)

while for the liquid phase between 68.2° and 81.2°K

log(Ph/P,)=0.171/r—33.9/7T (8')

The error in the determination of log (Ph/Pi) was 1-2%.

It has been calculated that the melting point of 13C16O
exceeds that of 12C16O by 0.061 °. Results obtained by Groth
etal.90, who investigated only the liquid-vapour equilibrium,
give values of log Ph/Pi which are 5% greater than those
found by Johns. Although they also carried out9 0 direct
measurements of the differences in vapour pressures, they
used an oxide containing only 10 at.% of 13C, so that their
extrapolation90 might entail a greater error than that in the
work of Johns ̂ J 9 1 .

Devyatykh et al.92'93 employed Rayleigh distillation of
ordinary carbon monoxide to investigate the vapour pres-
sure of 13C16O relative to that of 12C16O. The isotopes were
analysed in a mass spectrograph. For temperatures be-
tween the normal melting and boiling points they obtained
the equation

log (Ph/P,) =0.0024—0.387/Γ. (8")

TABLE 5. Triple points and boiling points
of isotopes of hydrogen.

Sub· ·

n-H a

e-H2

" Π
n-D2

e-D2

n-Tj

Triple

T. °K

13.96
13.81
16.60
18.73
18.69
20.62

point

Λ mm

54.0
52.8
92.8

128.6
128.5
162.0

B.p., °K
(760 mm)

20.39
20.28
22.14
23.67
23.64
25.04

Ref.

72
75
75
72
75
72

§ According to Libby and Barter7 8, HT and D2 have identical
vapour pressures. These results, however, obtained by
Rayleigh distillation of a 10"9 Μ solution of HT in H2, are
evidently much less accurate than those of Bigeleisen and Kerr8 2,
which were calculated from the radioactivity of the phases in
equilibrium with 10~8 Μ solutions. Pure HT cannot be investi-
gated because of its thermodynamic instability,

1Γ White et al. 232 report a calorimetric investigation of the
heats of evaporation of ortho-deuterium and para-hydrogen from
their boiling points up to the critical points.

TABLE 6. Heats of phase transformations of hydrogen
isotopes (from different published sources),
in cal mole"1.

η-Η2

Ρ-Η2

HD

n-D.,

e-D.,

η-Ύ2

triple
point

calori-
metric

2883

2 884,85

38 7 4

47"

47"

at trip

calc.

2 4 7 "

346 7 2

393 7 2

e point

calori-
metric

2468 3

3-Ίί)71

Δ Η .
(7oO

calc.

219 8 6

21R72

293 7 2

29'i7»

333 7 2

t b.p.

calori-
metric

2198 4

216 8 3

215"4

2577 4

294 7 6
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It follows from Eqn. (8") that Ph/Pi changes from 0.9876
at 68.3° to 0.9896 at 81.1 °K, the vapour pressure of the
heavy oxide thus being 1.24-1.04% lower than that of the
light oxide, whereas according to Johns89»91 the corre-
sponding difference is 1.09-0.70%. This discrepancy is
apparently due to the less accurate character of experi-
ments involving Rayleigh distillation of a mixture having a
low content of one of the isotopes, compared with the direct
determination of the relative vapour pressure of a greatly
enriched isotopic mixture.

Kirschenbaum*4 used a differential manometer to meas-
ure the difference in vapour pressure between ordinary
nitrogen and its equilibrium isotopic mixture, the latter
containing 12 at.% of 15N2 and 45% of 1 SN1 4N. By extra-
polating his results on the basis of Raoult's law, Kirschen-
baum and Urey9 5 obtained the following relation for the
pure liquid isotopes

IOBIPCNJ/PH*,)] =0.00582—0.7230/7. (9)

Johns * compared the vapour pressures of natural nitro-
gen and of two mixtures, containing 1BN2 81.6, 15N14N
16.9 at.%, and 1 SN2 35.1, 15N14N 47.9 at.%. The isotopic
difference in pressure was proportional to the 16N content,
which confirms the applicability of Raoult's law to this case.
It follows also from these results 9 6 that the law of the geo-
metric mean is observed97

pz ( « N i 4 N ) = ρ (iBjy χ ρ ( » N j ) t
(10)

or approximately

2[Ρ(1 4Ν,) - P("N I 4N)] = P(1 4N,) - P ( " N a ) .

Clusius and Schleich98 measured the vapour pressure of
isotopically almost pure specimens of 1 5N2 and 15N14N and
obtained results close to those which follow from Eqns. (9)
and (10), namely

(9')log [P("N 2)/P( 1 4N a)] =0.00691—0.7974/7,

log [P( l !N l 4N)/P( 1 4N) a] =0.00343—0.3985/7. (ID

According to Eqn. (9') the vapour pressure of heavy
nitrogen is lower than that of ordinary nitrogen, by 1.3% at
63.3 °K and by 0.8% at 77°K. In comparison with 1 4N2, the
1 5N2 variety has a higher melting point (63.19° compared
with 63.14°K), boiling point (77.39° against 77.32°K), and
heat of evaporation (1336.5 against 1333.0 cal

An unexpectedly large isotope effect has been observed 9 8»w

with nitric oxide, and is represented by the equation

log (Ph/P,) =0.01340—3.0230/7, (12)

where the subscripts h and 1 refer to 15N16O and 14N16O re-
spectively.

It follows from Eqn. (12) that in this case, too, the mole-
cular species containing heavy nitrogen has the lower
vapour pressure. However, the corresponding isotopic
difference for 15Ν1βΟ decreases from 3.1% at 111° to 2.7%
at 120°K, whereas for 16N14N this difference is ~0.5% at
pressures up to 1 atm. Yet the difference in mass between
heavy and light molecules is approximately the same in the
two cases. The relative volatility for 1βΝ16Ο and 14Ν1βΟ is
according to Kuhn et aZ.100»101 rather lower than would fol-
low from Clusius and Schleich98. It must be assumed,
however, that, since Clusius and Schleich carried out
direct measurements of the vapour pressure of isotopically

almost pure substancesf, whereas Kuhn et al. employed the
Rayleigh distillation of ordinary nitric oxide (0.36 at.% 1 5N),
the results obtained by the former investigators are the
more accurate}:.

The relative vapour pressure of the isotopic varieties of
molecular oxygen have been studied 87»β1»10Β"107. The most
accurate results have apparently been obtained by Johns 9 l

by using oxygen which had been considerably enriched with
heavy isotopes and by employing a method of direct differ-
ential measurements. Two specimens of oxygen containing
13.85 and 42.71 mole% 16O18O were compared with a stan-
dard specimen containing 0.45% of this isotopic variety (the
'βΟ17© content was always calculated as 16O18O). Extra-
polation to 100% was based on the assumption that the iso-
topic difference in vapour pressure was proportional to the
mole fraction of "O^O. The following relation was ob-
tained for the range 65°-89.2°K:

log (Ph/Pj) =0.124/7 —30/7* (13)

where the subscripts h and 1 denote 16O18O and "C^ respec-
tively. It follows from Eqn. (13) that at 73.8°K the vapour
pressure of "O1 8© is 0.90% lower than that of l e O 2 , while at
90.1 °K a slight extrapolation gives a difference of 0.54%.
The corresponding values obtained by Kronberger 8 7 by
Rayleigh distillation were 0.84% and 0.62%. Thode and
Smith106 found by the same method that at"90.1°K the dif-
ference between Ph and Pi is 0.65%. The data obtained by
Johns also agree well with results 1 0 6 on the fractionation of
oxygen, according to which the ratio Ph /P\ changes from
0.987 at 63.1° to 0.991 at 74.0°K, the heavy variety being,
as above, " 1 ^

Devyatykh and Zorin 1 0 7 used their data on the Rayleigh
distillation of natural oxygen to calculate the relative
vapour pressures of pure 1 8O 2 . They postulated that the
rule of the geometric mean9 7 was applicable in this case,
i.e. that

Ρ ( l 60"0) = [Ρ ("Ο,) χ Ρ ("

In this way the following relation was obtained from the ex-
perimental data for the range 66.07°-99.13°K:

log (Ph/Pj) =0.00019—0.367/Γ, (14)

where the subscripts h and 1 denote 1 8Q, and 18O2 respectively.
Hence it follows that at 90°K the vapour pressure of "C^ is
0.89% lower than that of "Ofe, which is comparatively close
to the corresponding value of 1.08% calculated from Johns'
data. The difference between the results of Devyatykh and
Zorin 1 0 7 and Johns9 1 becomes somewhat larger at lower
temperatures!}.

Carbon monoxide containing heavy oxygen has been
studied9 1 ' 1 0 7 ' 1 0 8. According to Devyatykh and Zorin's re-
sults 1 0 7, obtained by Rayleigh distillation of ordinary car-
bon monoxide, the ratio of the vapour pressures of i aC 1 8O

t The heavy nitric oxide contained l5N16O 98.00, 15N18O 0.20,
14N16O 1.80%.

% For the relative volatility factors for varieties of nitrous
oxide containing different isotopes of nitrogen and oxygen, and also
of nitrogen dioxide isotopic with respect to nitrogen, see section 3a.

§ Clusius etal. Helv.Chim.Acta., 44_, 98 (1961), have mea-
sured the vapour pressure of 99.64% 18O2 relative to that of ordin-
ary oxygen. For pure 18O2 and l 6O 2 between 63.5° and 90°K they
obtained Pr/P* = -(57.285/Γ2) + (0.145/T) + 0.661 x 10~3.
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and 1 2C1 6O changes from 0.9848 to 0.9957 over the range
71.3°-82.1°K, corresponding to the equation:

TABLE 7. Constants in Eqn.(20).

log(Ph/Pj) =0.0265—2.35/7. (15)

According to Johns 9 1 the percentage difference in vapour
pressures of these isotopic oxides is less by a factor of
about 1.5-2.0 than would follow from Eqn. (15): between
69° and 77°K the ratio Ph/Pi changes from 0.9921 to
0.9941, and is represented by the equation

log (P^PJ =0.132/Γ —25.3/72. (16)

Below the melting point we have for the β form of the solid
phase

log (Ph/P,) =0.13/7 — 27/72. (17)

The melting point of 1 2C1 8O is 0.047° higher than that of
i aC 1 6O, while the α-β transition temperature is 0.11°
higher. Direct differential measurements are reported8 1,
but only one specimen of the oxide, containing ~ 20 mole %
of 1 2C1 8O, was studied, and the results were extrapolated to
100% on the hypothesis that the isotopic difference in
vapour pressure was proportional to the 18O content.

It follows96 from Johns' data that 12C18O occupies an
intermediate position between i aC 1 6O and 1 3C1 6O with respect
to vapour pressure, although it has the largest molecular
weight, so that the rule of the geometric mean 9 7 is not
applicable here.

Clusius and Schleich98 determined the vapour pressure
of nitric oxide containing 100 at.% of heavy oxygen, their
results being expressed as

log(Ph/Pj) =0.02103-4.4684/7, (18)

where the subscripts h and 1 denote 14N18O and 1 4N1 6O. It
follows from Eqn. (18) that the isotope effect is somewhat
greater for these varieties of the molecules than for the
oxides described above, which were isotopic with respect
to nitrogen. At about 111°K the vapour pressure of 14N18O
is 4.3% lower than that of "N 1 6 O, and at 120°K 3.6% lower.
Complete replacement of ordinary by heavy oxygen in nitric
oxide produces increases of 0.14° in the melting point,
0.31 ° in the boiling point, and 20.5 cal mole"1 in the heat of
evaporation.

The effect on the vapour pressures of hydrogen chloride,
bromide, and iodide produced by replacing the hydrogen by
deuterium is interesting. The following equations have
been obtained109 for DC1 and HC1:

(19)

(19')

log (Ph/Px) = 0.075— 15.4/7

for the liquid state, and

log(p

h/
p,) = -0.387+57.7/7

for the solid state.

The vapour pressures of liquid DBr and HBr are repre-
sented 1 1 0 by equations of the type

l°gPmm = Λ - β / 7 , (20)

values of the constants A and Β being given in Table 7.
The following equations have been obtained111 for DI and HI:

loP7'm m (HI) = 26.119—0.0022937—7.11 Ilog7—1636/7;
W m m (D!> =26.129+0.0022937 — 7.11 Ilog7— 1636/7,
log r m m (HI) = 10.493-0.0031677 — 0.37711ο*Γ— 1406/7,
log^n, (DO = 10.505—0.0031677 —0.377Ilog7—1406/7.

liquid (21)
state (22)
solid (21
state (22

Values of P h /P\ for the liquid state calculated from
Eqns. (19)-(22) are plotted against temperature in Fig. 2.

Substance Substance

HBr
DBr

Liquid state

7.465
7.517

945.7
956.5

HBr
DBr

Solid state

8.309
8.306

1103
1103

Μ

10

0.9S

/tu zoo τ,°κ

Fig. 2. Isotope effect in vapour pressure of
liquid hydrogen halides:
1) DI/HI; 2) DBr HBr; 3) DC1/HC1.

TABLE 8. Phase transformations of isotopic
hydrogen iodides110.

Property

Triple point, °K
B.p., °K
Me at b.p.,

cal mole"1

HI

222.4
237.05

4725

DI

221.5
237.00

4710

With hydrogen and deuterium chlorides Ph/Pi increases
from 0.952 to 0.995 between 160° and 200°K, with HBr and
DBr this ratio increases from 0.986 at 186° to 1.000 at
206°K, and in the case of HI and DI the ratio is 1.025 be-
tween 223° and 234 °K. Comparison of the isotope effects
for all three hydrogen halides in the liquid state shows that
the ratio Ph/Pi, which is less than unity up to 200°K, in-
creases with rise in temperature and becomes greater than
unityii.

The behaviour of solid hydrogen chloride is peculiar.
With solid DBr and HBr the ratio Ph/Pi is 0.993 over the
range 150°-185 °K, while for solid DI and HI it is 0.972 -ι
0.975 over the range 191°-220°K, so that in both cases, as
with the corresponding liquid phases, P h < P i - With solid
DC1 and HC1 however, the value of Ph/Pi decreases 1 0 9

from 1.55 to 1.005 between 100° and 162°K. In the case of
DC1 the isotope effect in the vapour pressure of the solid
phase is opposite in sign to the effect for the liquid phase,
and a minimum is observed in the ratio at the melting point.
As will be shown below, a similar phenomenon has been
found to occur with heavy water.

Fractional distillation of hydrogen chloride on a column
at 185°K has yielded112 a value of 0.9992-0.9990 for the
ratio Ph/Pi for H37C1 and H35C1. Zhavoronkov et al.na

1Γ The vapour pressure of DF is discussed in section 4b.
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established by the more accurate method of Rayleigh dis-
tillation that this ratio changes from 0.9978 to 0.9986 for
these isotopic substances between 167° and 181 °K.

Recently Matveev et al.130 have carried out the Rayleigh
distillation of molecular chlorine. Regarding the mixture
of its isotopic varieties as ideal, they found that the ratio
P^CL.VP^CLj) changes from 0.9827 to 0.9999 between the
normal melting and boiling points (172° and 238.6°K). With
both HC1 and Cla at vapour pressures of a few hundred mm Hg,
the separation factor differs from unity by at most 0.2%.
Consequently it is useless to employ fractionation of these
substances to obtain pure isotopes of chlorine 113>114>130.

3. POLYATOMIC ISOTOPIC SUBSTANCES NOT ASSOCIATED BY
HYDROGEN BONDS (COMPOUNDS ISOTOPIC WITH RESPECT TO
HYDROGEN, BORON, CARBON, NITROGEN, SILICON,
CHLORINE, AND GERMANIUM)

(a) Negative Isotope Effect

With all the monatomic and diatomic molecules des -
cribed above, other than hydrogen iodide, the heavier iso-
topic variety has the lower vapour pressure. Several poly-
atomic molecules are also known with which a similar effect
is observed, which will be termed a negative isotope effect
in vapour pressure. Thus Kuhn et al.101 found by Rayleigh
distillation that with the isotopic pairs 15Ν14Ν1βΟ-14Ν2

1βΟ
and 1SN2

18O-15N2

16O at about 184°K and 1δΝ1βΟ2 -"N^Q, at
about 293°K the values of Ph/Pi are 0.9988, 0.9982, and
0.9973 respectively.

Several papers have shown that a decrease in vapour
pressure takes place also when light carbon is replaced by
heavy carbon in methane, ethylene, and ethane. Johns91

measured directly the vapour pressure of three specimens
of methane containing between 28 and 71 at.% 13CH4, and
extrapolated the results to a 100% content on the assump-
tion that the isotopic difference in vapour pressure is pro-
portional to the content of heavy carbon. He found that the
ratio Ph/Ρι changes from 0.9946 at 91.0° to 0.9965 at
104.8°K, corresponding to the equation

(23)lo =0Λ91/Τ— 36.8/P.

The equation obtained for the solid phase was

log (PJP) =0.10/T— 30/7*.
η I

(23')

Groth et al.90 made direct measurements of the differ-
ence in vapour pressure between natural methane and a
specimen containing 10 at.% 1 3C, over the range 90.7-
96.0°K. Values of log Ph/Pi obtained by them are 5%
smaller than the corresponding values derived from Eqn. (23).
Clusius and Buhler115 compared the vapour pressure of
13CH4 containing only 0.2 mole % 12CH4 with that of natural
methane (1.1% 13CH4) at the ternary point of the latter, ob-
taining a value of Ph/Pi = 0.996. Recently Clusius et al.tia

have made direct measurements on 99.05% 13CH4 relative
to ordinary methane between 91.17° and 110.44°K. Their
results give a Ph/P\ ratio changing from 0.9945 to 0.9969
over this range, in good agreement with Johns' results t · 9 1

t According to Clusius et al.m the melting and boiling
points (at 760 mm Hg) are respectively 90.70° and 111.70°K
for 13CH4, and 90.67° and 111.66° for 12CH4. The heat of
evaporation is greater with 13CH4 than with 12CH4, by
3.20 cal mole"1 at the melting point and 2.52 cal mole'1 at
100°K.

Results obtained by the Rayleigh distillation of natural
methane have shown107 that the ratio Ph/Ρι for 13CH4 and
12CH4 changes from 0.9893 to 0.9902 between 97.55° and
111.8°K, and also1 1 7 that over the same temperature range
this ratio increases from 0.9900 to 0.9932. Thus direct
differential measurements between the normal melting and
boiling points indicate that the difference in vapour pres-
sure between 13CH4 and 12CH4 is ~0.5%, while investiga-
tions based on Rayleigh distillation of natural methane indi-
cate the difference to be about twice as great.

Ordinary ethylene and ethane have also been subjected to
Rayleigh distillation117, the following relations having been
obtained. For 13C12CH4 and 12C2H4 over the range 120.0-
169.3 °K:

(24)log (PJP,) =0.0945/Γ— 0.00136;
h J

for 1 3 C 1 2 CH 6 and 1 2 C 2 H 6 over the range 130.0-184.5°K:

log (P IP ) = 0 00213—0.3958/Γ.
h 1

(25)

It follows from Eqns. (24) and (25) that P h < Pi, but the
difference between these quantities does not exceed 0.2%.
With the ethanes the isotope effect diminishes rapidly with
rise in temperature, and at the normal boiling point it has
already reached zero within the limits of experimental error.
It has been calculated that the heat of evaporation is greater
with 13CH4 than with 12CH4, and greater with 13C12CH6 than
with 12C2H6, by several calories per mole118.

(b) Positive Isotope Effect and Mixed Cases

It was considered for a long time that a negative iso-
tope effect in vapour pressure was a general phenomenon.
However, a considerable majority of the polyatomic mole-
cules, not associated by a hydrogen bond, which have been
investigated exhibit a positive isotope effect — an increase
in vapour pressure on replacement of a light by a heavy
isotope — or else a negative effect at some temperatures
and a positive effect at others. A positive isotope effect
is observed also with compounds which show association by
hydrogen bonds, provided that the hydrogen atom forming
this bond is not substituted, or when the molecules remain
associated in the gas phase.

H y d r o c a r b o n s and t h e i r d e r i v a t i v e s . Let us
begin with those cases in which the lighter molecules have
the higher vapour pressure at comparatively low tempera-
tures, while the opposite is true at elevated temperatures.
The behaviour of the deuteromethanes is typical in this re-
spect and has formed the subject of several papers1 1 9"1 2 1,
the most complete and accurate work being that of Arm-
strong et al.12x They represented the isotope effect in
vapour pressure by equations of the type

Τ log{Ρΰ/Ρη) = Α — Β/Τ, (26)

values of the constants A and Β being given in Table 9 ("H"
in this equation denotes CH4).

The following equations are given for CH4:

between 54° and 90.66°K (over the solid)

iog^mm =6.7838—477.46/T-+0.00469/71, (27)

between 90.66° and 112°K (over the liquid)

log Pmm =7.55073—483.22/Γ — 0.0030686T.

Values of Ph/Pi for molecules with a successively in-
creasing number of deuterium atoms approximately form a
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TABLE 9. Constants in Eqn. (26).

Substance

CH3D
CH2D2

CHD3

CD4

A

Solid state

1.260
2.694
4.452
5.529

Β

110.2
222.2
351.7
410.5

Substance

CH,D
CH2DS

CHD3

CD4

A

Liquid state

1.328
2.671
3.969
5.159

Β

129.5
245.4
343.8
421.1

1 91

TABLE 10. Triple points of deuteromethanes .

Substance

CH 4

CH3D
CH 2 D 2

CHD 3

CD 4

. , mm Hg

87.5
84.5
82.0
80.2
79.1

T, °K

90.66
90.41
90.17
89.96
89.79

TABLE 11. Vapour pressure ratios for isotopic methanes.

τ, ·κ

55
60
70
80
85

CH.D/CH,

0.969
0.978
0.989

0.999

CH.Ds/CH. CHURCH,

Solid state

0.945
0.962
0.984
0.998
1.002

0.922
0.948
0.981
1.002
1.009

CD«/CH4

0.922
0.951
0.989
1.012
1.019

Γ. °K

91
95

100
105
111

CHaD/CH4

0.997
0.999
1.001
1.002
1.003

CHtDj/CH^ CHDj/CH,

Liquid state

0.999
1.002
1.005
1.007
1.010

1.005
1.009
1.012
1.015
1.018

CD«/CH4

1.014
1.018
1.022
1.026
1.029

geometric progression. The departure of mixtures of the
isotopic methanes from ideal behaviour is insignificant.
Curves for the temperature dependence of P-D/PH of all four
deuterated methanes pass through the value unity (Fig. 3),
and the temperature at which this occurs is lower the
greater the number of hydrogen atoms which have been re-
placed by deuterium. With tetradeuteromethane at 110°K
the vapour pressure is already approximately 3% greater
than with ordinary methanei.

Similar behaviour to that of the deuteromethanes is ob-
served when hydrogen in the silanes is replaced by deuterium.
Stokland123 determined the vapour pressures of monosilane,
disilane, and their deutero-derivatives containing ~99 at.%
of deuterium. The results were expressed in the form of
equations of the type

l o g P m m = (28)

values of the constants A, B, and C being given in Table 12.

It follows from Eqn. (28) that the vapour pressure US.
temperature curves for isotopic monosilanes intersect at
132.5°K: i.e. below this temperature replacement of

X Monodeuterotetramethylmethane (deuteroneopentane) boils
at a lower temperature than ordinary neopentane122, from
which it follows that in this case, too, the deuterohydrocarbon
has a greater vapour pressure than its hydrogen analogue near
the normal boiling point (282.7°K).

1KB

o.m

so 70 io so m no τ,°κ

Fig. 3. Isotope effect in vapour pressure of
deuteromethanes, subscript Η denotes CH4; D:
1,1') CH3D; 2,2') CH2D2; 3,3') CHD3;
4,4') CD4; 1-4) solid state; I 7 -4 ') liquid
state.

TABLE 12. Constants in Eqns. (28) and boiling points of iso-
topic silanes.

Sub·
stance

SiH4

SiD4

-A

740.0
773.0

- KfB

79 701
94 026

C

4.87448
5.31421

3.p., °K ;

161.95
161.80

Sub·
stance

Si2He

Si.D,

-A

1380.2
1394.3

-10'β

69 309
71 510

C

5.78216
5.91428

B.p., °K

259.00
257.80

Τ °Κ, for disilanes

200 220 140 ZBO

IW W 100 170

Τ °Κ, (or silanes

Fig. 4. Isotope effect in vapour pressure
of deuterosilanes:
1) Si2D6/Si2H6; 2) SiD4/SiH4.

hydrogen by deuterium in silane causes a decrease in
vapour pressure, but above this temperature an increase
is observed. In the case of disilane, replacement of
hydrogen by deuterium causes an increase in vapour pres-
sure over the whole temperature range between the normal
melting and boiling points (Fig. 4). In another paper1 2 4

Stokland showed that liquid SLjD8 and Si4D10 also have higher
vapour pressures than their ordinary analogues Si3H8 and
Si4H10 respectively.

Zeltmann and Fitzgibbon125 determined the vapour pres-
sures of mono-, di-, and tri-germane in which 99.6% of the
hydrogen had been replaced by deuterium, the results being
expressed in the form of equations of the type

log/> _ A / / e +B, (29)

applicable to vapour pressures between 10 and 800 mm Hg.
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Values of &Ht and the constant Β a re given in Table 13,
which includes also the melting points determined experi-
mentally to within 0.2°, and the boiling points calculated
from Eqn. (29). Unfortunately, the ordinary germanium
hydrides were not studied at the same time as the deuter-
ides in this work 1 2 5 , and it is necessary to use the results
of other work 1 2 6 for their vapour pressures , which dimin-
ishes the accuracy of the calculated isotope effect. The
temperature variation of the ratios ΡΌ/ΡΗ calculated from
the data given by Zeltmann and Fitzgibbon 1 2 5 and by Stull 1 2 6

is plotted in Fig. 5. With regard to the sign of the isotope
effect, it is clear that the situation observed with the iso-
topic methanes and silanes is repeated.

The isotopic pentaboranes also show a greater vapour
pres sure with the heavy variety. According to Shapiro and
D i t t e r 1 2 7 Eqns. (30) and (31) apply to these compounds be-
tween 250° and 320 °K, the latter equation relating to
99.5 at.% of deuterium

log/>

mm(B6H9) =9.49191— 0.0028956 Γ —1881.29/Γ, (30)
lo%Pmm (BsDe) =9.46916—0.0028783 Γ—1870/Γ. (31)

The Ph/P\ ratios calculated from these equations a re
given in Table 14. The equations together with the Clau-
sius-Clapeyron equation show that replacement of the
hydrogen in pentaborane by deuterium depresses the boiling
point by 1° (332.2° instead of 333.2°K) and decreases the
heat of evaporation by 40 cal mole" 1 (7390 instead of 7430).

A positive isotope effect on the vapour pressure is ex-
hibited in the liquid phase, two cyclic hydrocarbons which
have been studied in this connection being deuterobenzene
C 6 D 6

1 2 8 > 1 2 9 and deuterocyclohexane C 6 D 1 2 . 1 2 9 The tempera-
ture dependence of the vapour pressure of these deuterated
hydrocarbons and their hydrogen analogues is given by
equations of the type

TABLE 13. Temperatures of phase transformations and
constants in Eqn. (29) for germanium deuterides125.

=A-B/(T-C); (32)

values of the constants A, B, and C are given in Table 15,
and the Ph/Pi ratios in Table 16.

The vapour pressure is increased, and the boiling point
and the heat of evaporation are decreased, when hydrogen
is replaced by deuterium in the methyl halides132, chloro-
form134, and chloropropyne133, for which substances the
following equations have been obtained

log Pmm

log Pmm

log Pmm

log P r a m

log P

l o g P m m

log Pmm

1°R p « »

(CH3C1) = — 1590.72/Γ — 3.977701ogT + 18,7955,

(CDSC1) = — 1593.76/Γ — 4.061441ogr + 19.02286,

(CHsBr) = — 1696.01/Γ — 3.368051ogr + 17.23566,

(CD3B1·) = — 1683.89/Γ — 3.287431og7 + 17,00870,

mm (CHSI) = - 1476.2/Γ + 7.5549,

(CD3I) = - 1471.9/T + 7.5613,

(CHSC = CC1)= - 1480/Γ + 7.740,

(CD3C = CC1) = — 1487/Γ + 7.782.

(33)

(34)

(35)

(36)
(37)
(38)
(39)

The isotope effect is indicated by the data in Table 17,
which have been calculated by means of Eqns. (33)-(39).

It is interesting that the ratio Ph/P\ decreases for the
methyl halides, but increases for chloropropyne, with rise
in temperature over the same range in the two cases. It
is seen from Figs. 3 and 4 that an increase in the ratio with
rise in temperature occurs also with methane and the
silanes. With other deuterohalogenohydrocarbons the
vapour pressure has not been investigated, but typical
data1 3 4 are available on the effect of replacement of
hydrogen by deuterium on the boiling point of dibromo-
ethane (Table 19). Compared with the ordinary form of

Substonce

GeD«
Qe2D,
Ge,D,

M.p., °K

107.0
165.3
172.9

3.P.,
°K

184.0
301.6
383.7

\He,
cal mole"1

3744
6483
7876

Β

7.327
7.579
7.367

100 17} ISO 315 r,°K

Fig. 5. Isotope effect in vapour pressure of
deuterogermanes:
1) Ge3D8/Ge3H8; 2)

TABLE 14.

T, *K

250
260
270
280
290

Ρ IP
B.D,' B.H,

1.057
1.053
1.048
1.047
1.044

τ. ·κ

300
310
320
329

P IP
B.D,' B.H,

1.042
1.039
1.037
1.035

TABLE 15. Constants in Eqn. (32), boiling points, and
heats of evaporation of isotopic benzenes
and cyclohexanes .

Substance

C,H,

C,Hu

A

6.9121
6.8886
6.8450
6.8704

Β

1214.64
1196.38
1203.53
1203.29

C

51.96
53.96
50.30
48.72

B.p., °K

353.26
352.47
353.90
351.58

A«e at
353 °K.

cal mole"

7395
7370
7215
7150

TABLE 16. Vapour pressure ratios for isotopic benzenes
and cyclohexanes129.

r. ·κ

283
293
303
313

1.024
1.025
1.026
1.026

C.D,,
"ΟΛΪ

1.093
1.090
1.088
1.084

Γ. ·Κ

323
333
343
353

C.D.
C.H.

1.026
1.025
1.025
1.025

C.P..

1.081
1.077
1.074
1.072
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TABLE 17. Vapour pressure ratios for isotopic halogenated
derivatives.

τ, ·Κ

183
193
203
213
223
233
243
249

CD.C1
CH.CI

1.055
1.048
1.044
1.042
1.040
1.037
1.035
1.032

τ. -κ

203
213
223
233
243
263
273
277

CD,Br
CHjBr

1.040
1.040
1.040
1.037
1.036
1.033
1.032
1.032

T. °K

273
283
293
303
315

CD,I
CH.l

1.055
1.055
1.052
1.052
1.048

τ. ·κ

230
240
250
260
270
280
290

CD,C=CC1
CH.C^CCl

1.030
1.032
1.032
1.035
1.037
1.040
1.040

Pli,•3CI,

1.001

T,°K

Fig. 6. Temperature dependence of vapour pressure
ratio of isotopic boron trichlorides.

TABLE 18. Heat of evaporation and boiling point of isotopic
halogenated derivatives131.

Substance

CH3Cl
CD3CI
CHjBr

B.p.,°K
(760 mm Hg)

249.4
248.6
276.8

SHe at b.p.
of Η cpd.,
cal mol·**

5310
5280
5910

Substance

CD3Br
CH-.I
CD;J

B.p.,°K
(760 mm Hg)

276.0
316.0
314.6

A f l e at b.p.
of Η cpd.,
cal mole*1

5900
6750
C730

TABLE 19. Normal boiling points of dibromodeuteroethanes.

Substance

CHjBr—CHjBr
CHPBr—CH,Br
CHORr—CHDBr

B.p.. °C

131.55
131.20
130.90

Substance

CH,Br-CD2Br
CHDBr—CD,Br
CD,Br-CD2Br

B.p., °C

130.90
130.50
130.15

this substance, the deuterated derivatives boil at a lower
temperature the greater the number of deuterium atoms in
the molecule, the decrease per hydrogen atom replaced
being 0.35°. The melting points of the deuterated com-
pounds, however, lie above that of ordinary dibromoethane.

Compounds i s o t o p i c with r e s p e c t to boron
and s i l i c o n . Zhavoronkov and his coworkers«,13,21,13s
used Rayleigh distillation to determine the isotope effect in
the vapour pressure of boron trichloride and trifluoride.
With the nBCl3-10BCl3 system it was found that P h < P :

below 211.5°K, but the opposite is true above this tempera-
ture (Fig.6). The isotope effect between 188° and 286°K is
described by the equation

log{PhJP) =0.00483—1.00757/Γ, (40)

where h and 1 denote UBC13 and 1OBC13 respectively. At the
normal boiling point (285.9 °K) the value of Ph/Pi is 1.003.
Earlier work136 had given a value of 1.002 at the same tem-
perature, but this value had been calculated from results
for the fractionation of BC13, which would be less accurate
than those obtained by Rayleigh distillation. The positive
isotope effect in the vapour pressure of boron trifluoride is
almost three times as great. The following equation has
been given21»137 for the u B F 3 - 1 0 B F 3 system:

=0.01903—2.6796/Γ, (41)

from which it follows that the ratio Ph/Pi increases with
rise in temperature, as in the case of boron trichloride.
At the normal boiling point (171.5°K) the ratio is 1.0075.

The same value was obtained by Nettley et al.13B, but values
of 1.0082 1 3 e and 1.0091 1 4 0 have also been obtained at the
boiling point.

Zel'venskii et aZ.141 have established that carbon disul-
phide 13C32S2 is more volatile than its isotopic analogue
1 2C3 2S2.

A positive effect on the vapour pressure has been estab-
lished by Orlov and Zhavoronkov142 also for the isotopes
30Si, 29Si, and 28Si in silicon tetrachloride. Prolonged
fractionation of the ordinary material resulted in a slight
enrichment of the vapour with the heavy isotopes.

It is clear from the experimental results described
above that the sign of the isotope effect in vapour pressure
depends on the temperature range, the complexity of the
molecule, and the relative difference in mass between its
isotopic varieties. The nature of the isotopes themselves
is also important in this connection143. When chloroform
and carbon tetrachloride are distilled, heavy carbon (13C)
accumulates in the distillate, as in the case of benzene, but
heavy chlorine (37C1) is concentrated in the residue. The
distillation was carried out at 34.6° in columns having a
large number of theoretical plates and with a very high
reflux ratio. Analysis was carried out with a mass spec-
trograph. The relative difference in vapour pressure was
calculated by means of Fenske's equation

(Ph-P,)/Pj =(Rt W - l , (42)

where Ph and Pi are the vapour pressures of the pure
heavy and light varieties, differing isotopically only with
respect to a given atom, at the temperature of distillation;
Rt and Ra are the concentration ratios of the light to the
heavy isotope in the still pot and in the distillate respec -
tively; and η is the number of theoretical plates. By ap-
proximate integration of the Clausius-Claypeyron equation
on the assumption that the integration constants are identi-
cal for isotopic analogues and also by the use of Trouton's
rule, an expression was obtained from Eqn. (42) for the
isotopic difference in boiling points:

T h — T j = —(Γ·/10.7χ7ιη)1π(/?Γ /Rd). (43)

Here Th and T\ are the absolute boiling points of the pure
heavy and light varieties at the pressure at which the dis-
tillation was carried out, and Τ and Tb are the boiling
points of the substance of normal isotopic composition at
the same pressure and at 1 atm respectively. Results of
the calculations are given in Table 20.

The results 1 4 3 represent two cases in which a given sub-
stance shows an isotope effect in the vapour pressure which
is positive with respect to one element and negative with
respect to another at the same temperature. It is note-
worthy, however, that the percentage difference in vapour
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TABLE 20. Data1 4 3 for isotopic fractionation
at 307.8°K.

Systerr

"CHC1,-"CHC1,

C"C1"C1,-CMC14
1 3C I 2CSH6-"C6H,

1.0008
0.9999
1.0013
0.99997

1.00025

—0.02
+0.003
—0.033
+0.001
—0.006

* Th and T\ are the boiling points of the heavy
and the light varieties at the pressure under which
the given substance of normal isotopic composition
boils at 307.8°K.

pressure is 10-40 times as great in substances which are
isotopic with respect to carbon as in those which are iso-
topic with respect to chlorine, whereas the corresponding
percentage differences in mass between the isotopic mole-
cules or atoms are comparatively close to one another.

4. POLYATOMIC ISOTOPIC MOLECULES ASSOCIATED BY
HYDROGEN BONDS

(a) Compounds Showing Little or No Association in the Gas
Phase (Alcohols, Ammonia, Amines, Water, and Hydrogen
Cyanide)

The work considered above143 included also an investiga-
tion of the separation of the isotopes of carbon and oxygen
by the fractionation of methanol, in which isotope effects of
opposite sign were found. Heavy carbon accumulated in
the distillate, as had been observed in the distillation of
chloroform, carbon tetrachloride, and benzene, but heavy
oxygen was concentrated in the residue (Table 21). How-
ever, whereas in the distillation of CC1* and CHC13 the per-
centage positive isotope effect due to 13C exceeds the percen-
tage negative effect due to 37C1 by a factor of several tens,
the percentage negative isotope effect due to 18O in the dis-
tillation of methanol was nearly ten times as great as the
positive effect due to 1 3C.

Comparison of isotope effects in the vapour pressure of
12CH3

18OH and 14CH3

16OH is still more revealing, since these
varieties of methanol show an almost identical relative in-
crease in both the mass of the molecule and the mass of the

TABLE 21. Relative difference in vapour pressure
and difference in boiling point for
isotopic methanols*.

Heavy
molecule

(h)

"CHS"OH
l 4CHs

l*0H
1JCH,"OH

Ph/P\ from

ref.143

1.002

0.937

ref. 141

1.0043
1.001
0.9971

rh/η. deg,
from ref. 143

—5.5 10-3

0.07

* Calculated from results of fractionation.
light molecule (1) is in all cases 12CH3

l6OH;
Τ =b.p. at 200 mm Hg.

The

isotopic atoms, compared with "CH3

16OH. Table 23 gives
results obtained141 in the fractionation of ordinary methanol
to which X4CH3

leOH had been added. It was found, in agree-
ment with Baertschi et aZ.143, that heavy carbon accumu-
lates in the distillate, and heavy oxygen in the residue.
When the same isotope of oxygen is present, molecules
containing 14C are more volatile than those containing 1 3C,
which in turn are more volatile than molecules containing
1 2C. The percentage accumulation of 18O in the residue is
about seven times as great as that of 14C in the distillate.
Enrichment of the residue with heavy oxygen when methanol
is distilled has also been observed in other work144'145. It
has also been established with methanol that deuterium
accumulates to a considerable extent in the residue1 4 1, and
that this is due to a change in isotopic composition of the
hydroxyl hydrogen146. Enrichment of the residue with
deuterium has been observed during the fractionation of
ethanol147.

Beersmans and Jungers1 4 8 prepared the isotopic metha-
nols CD3OH, CH3OD, and CD3OD, and measured the differ-
ence between the vapour pressure of each of these com-
pounds and that of ordinary methanol (Fig. 7). Over the
range 0°-60°C it was found that replacement of the three
methyl hydrogen atoms by deuterium produced an increase
in vapour pressure of about 0.7%. If only the hydroxyl
hydrogen was substituted, a negative effect about seven
times as great was produced, the diminution in vapour
pressure being from 3% (at 60°) to 6% (0°). Replacement
of all the hydrogen atoms in the methanol molecule by
deuterium also causes a fall in the vapour pressure, but by
a few tenths of 1% smaller than in the previous case, this
being the resultant of the first two effects.

With respect to replacement of the methyl hydrogen by
deuterium, methanol behaves like the hydrocarbons and
halogenated derivatives, disilane, digermane, and penta-
borane described above. For substitution of hydrogen in
the hydroxyl group, however, a large negative isotope
effect is observed, as with the monatomic and diatomic
molecules at comparatively low temperatures. The vapour
pressure of the isotopic varieties of methanol can be re-
presented to within ~ 2 mm Hg by equations of the type

\ogPmm =A + B/T + ClogT. (44)

Δ/\ mm Hg

Ο 20 40 SOT

Fig. 7. Difference in vapour pressure Ρ for
isotopic methanols.
ΔΡ =P (D-alcohol) - Ρ (CH3OH):
1) CD3OH; 2) CH3OH; 3) CD3OD; 4) CH3OD.
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TABLE 22. Boiling points, heats of evaporation, and con-
stants in Eqn.(44) for isotopic methanols.

Substance

CH3OH
CD3OH
CH3OD
CDSOD

D, at %

0
98
92
98 in CD
97 inOD

B.p.,°K

338.0
337.8
338.7

338.6

\He at b.p.,
cal mole*

9010
9005
9105

9120

A

16.36638
16.87022
17.20687

16.42088

-B

2348.68
2372.83
2408.54

2372.75

- C

2.58414
2.75386
2.85113

2.58178

Rel.

149
148
148

148

TABLE 23. Constants in Eqn. (46) for ethanol and the propa-
nols (over the range 20°—70°) and for the
butanols (20°-80°).

Alcohol

CSH6OH
C J H J O D
CH,(CH2)2OH
C H t C H O D
(CH5),CHOH
(CH3)jCHOD

24.1146
24.5030
35.5791
36.2509
25.8692
26.0250

2898.10
2932.
3670.
3706.
3079.
3121.

605
608
10 9
70 5
005

5.1000
.2209
8750

.1110
6153

.6348

Alcohol

CH3(CH2)3OH
CH3(CH2)3OD
(CH3)2CHCH2OH
(CH3)2CHCH2OD
C2H5CHOHCH3

C2H6CHODCH3

30.6838
31.1884
31.6340
31.5004
33.5817
34.3629

3648.5
3695.4
3631.
3634.
3628.5
3488.7

40 7

7.1166
7.2691

.4415

.3871
8.1468
8.8160

0.SU

0170

asss

0.940

20 Κ i,°C

Fig. 8. Effect of replacement of hydroxyl hydrogen by
deuterium on vapour pressure of alcohols (experimental
values of P D / P H rounded off to 0.5%):
1) s-butanol; 2) isobutanol; 3) methanol; 4) ethanol
and isopropanol; 5) propanol and n-butanol.

Values of the constants A, B, and C are given in Table 22.
Differentiation of Eqn. (44) with respect to temperature and
comparison with the Clausius-Clapeyron equation leads to
the expression

Me ==— 4.574B + 1.986C7\ (45)

Heats of evaporation calculated from Eqn. (45) and the
normal boiling points calculated from Eqn. (44) are also
given in Table 22.

On the basis of calorimetric data1 6 0 the heat of evapora-
tion of CH3OD at 273°K is 9385 ± 20 cal mole"1, compared
with 9205 ± 20 cal mole"1 for CH3OH, agreeing in the sign
and the order of magnitude of the isotope effect with data
given by Beersmans and Jungers1 4 8. In addition, CH3OD
has a lower heat of fusion and a lower melting point than
CH3OH, 726 ± 3 compared with 755 ± 3 cal mole"1, and
173.5° as against 175.4°K.150

Rabinovich et al.1*1 investigated the effect of replacing
the hydrogen by deuterium in the hydroxyl groups of methyl,
ethyl, propyl, isopropyl, butyl, isobutyl, and s-butyl alco-
hols on their vapour pressures. The results for the iso-
topic methanols agree to within 1 mm Hg with those re-
ported above148. The vapour pressures of other alcohols
are represented by equations of the type of (46), the con-
stants A , Β, and C in which are given in Table 23

log pmm = A + BIT 4- C log τ. (46)

All the deuteroalcohols investigated (95-98% D in the
hydroxyl) have a lower vapour pressure than their hydrogen
analogues. The isotope effect amounts to several per cent.
Its dependence on the composition and the structure of the
alcohol and on the temperature can be seen from Fig.8.

A decrease in vapour pressure when the hydrogen is re-
placed by deuterium in the -OH of pentanol and in the -SH
of ethanethiol has been reported by Hobden et aZ.153. How-
ever, the numerical values which they give for PD/PH,
0.85 for the pentyl alcohols and 0.91 for the ethanethiols at

25°, are evidently much too low, since it is improbable that
the percentage isotopic difference in vapour pressure in
these cases would be several times larger than that for
CH3OD and almost the same as for D2O (see Table 25).

A large reduction in the vapour pressure is produced by
replacing the three hydrogen atoms in ammonia by deuter-
ium95»154. According to the direct measurements made by
Kirschenbaum and Urey95 the data for ND3 (subscript h)
containing 98 at.% of D and ordinary NH3 (1) are represented
by

solid state log (Ph/P}) =0.1305—49.69/Γ,
liquid state log (P^/P) =0.14003—46.45/7.

(47)

The heat of evaporation of deuteroammonia is greater,
and its boiling point higher, than for ordinary ammonia, by
212 cal mole"1 and 2.37° respectively. The corresponding
differences in the heat of fusion and the temperature of the
ternary point are 15 cal mole"1 and 3.11° in the same
direction. Replacement of 14N by 15N in ammonia155"157

also produces isotopic effects in the same direction as with
deuterium. Thode155 made direct measurements on liquid
ammonia containing 70.6% 15NH3 (h) compared with ordi-
nary NH3 containing 0.38% 15NH3 (1), the following equation
being obtained for the vapour pressure

log 0.00325— (0.9593/Γ). (48)

TABLE 24. Vapour pressure ratio for isotopic varieties of
ammonia.

r,°K

180
185
190
195

ND,/NH.*
solids*

0.715
0.728
0.740
0.751

r,°K

202
210
220
230
236

ND,/NH,*
liquids*

0.815
0.831
0.851
0.869
0.880

198
209
228
240

"ΝΗ,/"ΝΗ *·
liquids"'

0.994
0.996
0.997
0.998

98% deuterium.
heavy nitrogen — extrapolated.

63



Vol.31 No.1 RUSSIAN CHEMICAL REVIEWS January 1962

It was calculated by extrapolation assuming additivity
that complete replacement of 14N by 15N in ammonia would
increase in the heat of evaporation, the boiling point, and
the temperature of the triple point of 6.25 cal mole"1,
0.055°, and 0.118° respectively.

Even before the work on deuteroammonia, it had been
shown158 that the vapour pressure is lowered on substitu-
tion of deuterium for hydrogen in methylamine. In this
case the ratio PD/PH for 99 at.% D varies from 0.92 at
223° to 0.95 at 263°K. The melting point of ND2CH3 (184.0°)
is 3.9° higher than that of

Another amine which has been investigated is aniline.
With this compound, too, replacement of the hydrogen in
the amino-group by deuterium results in a lower vapour
pressure 1 9 1. In this case the isotope effect decreases
comparatively rapidly with rise in temperature, being 3.5%
for CgHeNDj, at 50°, but only 0.5% at 80°. This is appa-
rently explained by the comparatively rapid decrease in the
degree of association of aniline with rise in temperature.

The isotope effect in vapour pressure has been subjected
to particularly detailed investigation in the case of heavy
water. Very accurate results have been obtained for
deuterium oxide in several papers1 5 9"1 8 7, mostly by direct
measurement of the pressure. Table 25 gives values of
Ph/Ρι for liquid D̂ O (99.7-99.8 at.%) andHjsO obtained by
Kirschenbaum162 by graphical averaging of experimental
data 1 6 3" 1 8 6, and also the corresponding results of the most
recent precision measurements by Combs et al.167 and
Oliver and Grisard1 6 1. Two interesting facts are the com-
paratively large decrease in the vapour pressure of water
over the range 0°-50° produced by substitution of deuter-
ium for hydrogen, and the change in sign of the isotope
effect in the vicinity of 225°. P(D2O) < PiHgO) up to this
temperature, but above it P(L\O) > Pd^O), so that 225°
is the point of intersection of the vapour pressure-tem-
perature curves for heavy and ordinary water 1 6 5>1 8 8 (for

brevity this point will be termed the "crossover tempera-
ture"). The following equation (in which the temperature
is i°C) is accurate to ~0.5% over the range 20°-100°, and
to within 0.1% between 100° and 370°

log [P (D2O)/P(H2O) ]=0.0306605—9,14056/ (75.753+t) §.

Combs and Smith 1 6 8 found that for ~ 0.1 Μ solutions of
some electrolytes the value of P(E^O)/P(H2O) is increased
by several per cent and the crossover temperature lowered
by tens of degrees (Table 26, Fig. 9). Comparatively small
ions such as Li* and F~ have a weaker effect than have large
ions such as I" and P O | " . These workers 1 6 8 suggest that
this effect can be used to enrich water with deuterium by
extractive distillation above the crossover temperature,
since with ~ 0.15 Μ Lil or ~0.10 Μ Κ3ΡΟ4 a separation fac-
tor can be achieved of

α = [P(D2O)/P(H2O)]V» =1.035 IT.

Unexpected results were obtained by Johannin-Gilles and
Johannin l e 0 for the difference in vapour pressure between
heavy and ordinary ice at 273°-240°K: as the temperature
fell over this range, the ratio Ph/Ρι increased, and at

TABLE 26. Effect of electrolytes on temperature of inter-
section of Ρ - Τ curves for D2O and H2O.188

Εlectrolyte

№
KC1
KBr
KI
Nal

Concn.,
mole

fraction

0.100
0.100
0.110
0.010
0.103
0.092

Depression
of temp, of

intersection,
deg

12
30
74
68
81
67

Electrolyte

L i l
L i l
L i l
Znl2
NajSOi
K,PO4

Concn.,
mole

fraction

0.150
0.100
0.0005
0.100
0.100
0.100

Depression
of temp of

intersection,
deg

114
50

0
46

0
137

TABLE 25. Vapour pressure ratios of isotopic varieties of
water.

r.°C

0
10
20
30
40
50
60
70
80
90

100

t °c

no
120
130
140
150
160
170

HT"0
H,"0

ref. 179

0.80ο
0.85,
0.97,
0.88 s

0.89,

D,"0

ref! 162

0.957
0.963
0.969
0.974
0.978
0.982
0.986

D2*0
Η,"*Ο

ref. 167

0.836
0.854
0.871
0.885
0.899

HDMO

ref.'162

0.978
0.981
0.984
0.987
0.989
0.991
0.993

D,»0
Ha"O

ref. 162

0.79,
0.84,
0.86,
0.88ο
0.89,
0.903
0.914
0.926
0.934
0.943
0.951

180
190
200
210
220
230
240

HD"0

ref! 162

0.893

0.920

0.93!
0.93,
0.944

0.051
0.956
0.962
0.966
0.971
0.975

D,"0
H,"O

refs. 161,
162

0.989
0.992

• 0.995
0.997
0.999
1.001
1.004

H-UO

ref. 26

0.9912
0.9918
0.9926
0.9933
0.9940
0.9947
0.9954
0.9961
0.9968

HD"O

H,"O

ref. 162

0.995
0.996
0.997
0.998
1.000
1.000
1.002

,°c

260
280
300
320
340
360
370

H"O

ref! 170

0.9970
0.9975

D,"O

ref! 161

1.007
1.010
1.012
1.014
1.017
1.019
1.021

b,o

ittS

urn

T,°K

Fig. 9. Temperature dependence of a =
= [P(D2O)/P(H2O)]1/2 for solutions of Lil
at concentrations (in mole fractions) of:
1) 0.005; 2) 0.100; 3) 0.150.

§ C.B.Willingham etal., J.Res.Nat.Bur.Stand., 35., 219(1945);
E. W. Walley, in "Proceedings of the Joint Conference on the Ther-
modynamic and Transport Properties of Fluids, 1957", Institution
of Mechanical Engineers, London, 1958, p. 15.

1Γ It is assumed here that at low D contents a =P(HDO)/(H2O)
and that Eqn. (50) is valid.
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about 249 °K Ph = P\ · Hence there is a point of crossover
at about 249 °K of the vapour pressure-temperature curves
for the solid state in addition to the above crossover point
at about 498°K for liquid D2O and HjO. The vapour p r e s -
sure of heavy ice over the range 240°-273°K is described 1 6 0

by the following equation

log Pmm= -2886.9/Γ — 1.0327 logT — 0.199156 Τ +0.000368T2 +405677(49)

the ice containing 99.5 at.% of D. Earl ier data 1 7 1 for heavy
ice between 273° and 275 °K also agree with Eqn. (49).
Fig. 10 shows the temperature dependence of ΡΌ/ΡΗ for
heavy and ordinary water over the whole range studied,
240°-625°K.

The vapour pressure of HDO cannot be measured
directly, since the following equilibrium is rapidly estab-
lished

It follows from the equilibrium constant 2 5 of this reaction,
for example, that with 50 at.% of deuterium at 25° the mix-
ture contains ~48 mole % of HDO and 26% each of D2O and
HaO. Some investigators, however, postulate 1 7 2 ' 1 7 3 that the
following relation holds

Ρ (HDO) = [Ρ (Η2Ο)·Ρ (D2O)F*. (50)

i.e. that the rule of the geometric mean based on the masses
of the molecules 9 7 is applicable in this case. Wahl and
Urey 1 6 4 used Rayleigh distillation to determine the vapour
pressure of .HDO. They assumed that solutions of the iso-
topic varieties of water behave ideally, and hence that with
a small deuterium content, when the concentration of D2O
is low, the separation factor a is approximately equal to
the ratio of the vapour pressures of HDO and H2O. Values
of Ρ (HDO) calculated from Eqn. (50) and from the experi-
mental value of a were found to agree within the limits of
e r r o r involved in determining the latter. Schutz 1 7 4, by
carrying out a single distillation at 100° of water containing
1 at.% deuterium (1.98% HDO + 0.01% D2O), determined a
directly from experimental data on the composition of the
phases in equilibrium It was found that P(HDO)/P (H2O) =
= 0.971 at 100°, whereas the corresponding value calcu-
lated from Eqn. (50) is 0.975. According to Combs et al.X67,
who used the same method, the difference between the
values of a obtained experimentally and calculated from
Eqn. (50) reaches 0.6% over the range 10°-50°, this being

1.400

1100

1.200

U00

woo

0900

O.TSO
m m 440 τ, °κ

Fig. 10. Isotope effect in vapour pressure of heavy
water: 1) solid, Ρ (D,O) calculated from Eqn. (49),
P(H2O);2 3 3 2) liquid182.

two or three times as great as the experimental error.
The explanation is evidently that solutions of the isotopic
varieties of water depart slightly from ideal behaviour.

Several papers have described investigations of the ratio
P(H2

18O)/P(H2

16O) using fractionating columns 170>172»175-177,
Rayleigh distillation26»164»165, and direct determination of
the composition of the equilibrium phases2 6. The results
of some of these investigations, however, do not agree
sufficiently well. At about 80°, for example, values have
been found of 0.9936,176 0.9951,165 0.9954,26 and 0.996,172.
The most detailed and apparently most accurate results
are given by Zhavoronkov et al.26 Water enriched to
1.1-1.4 mole % with H^O was used and, in addition to
Rayleigh distillation, it was distilled in an apparatus equi-
valent to one theoretical plate, the composition of the equi-
librium phases then being determined. Results obtained
by the two methods agreed well. They can be represented
by the following equation:

log Ρ (Η2"Ο)/Ρ (Η2"0) =0.00781—3,4492/7\ (51)

which also reproduces satisfactorily the data of Riesenfeld
and Chang165. With heavy-oxygen water over the range
investigated (10°-100°), as with heavy-hydrogen water, the
vapour pressure is lower than that of ordinary water, and
the corresponding relative difference diminishes with rise
in temperature, the isotope effect for H2

18O being consider-
ably less than that for D2O (Table 25), as expected. Baert-
schi 1 7 8 found that the quantity [1-P(D2

18O)/P(D2

16O)] is
about 20% smaller than [l-P(H2

18O)/p(H2

16O)]t.

The ratio P(H2

17O)/P(H216O) has been determined by
means of a fractionating column170 to be approximately
0.9969 at 58° and 0.9974 at 67°. The corresponding values
of P(H218O)/P(H2

16O) are 0.9939 and 0.9945. If allowance
is made for the error of 0.0002 in the data of Thode et α1.ίΊ0,
it follows that the rule of the geometric mean with respect
to molecular mass 9 7 holds approximately for the vapour
pressures of H2

18O, H2

17O, and H2

16O.

The vapour pressure of HTO has been investigated by
Price1 7 B, who used a standard sample of tritiated water to
prepare solutions in H2O having activities of 5-25 μο ml"1,
and measured the activities of their saturated* vapours at a
series of temperatures between 25° and 75°. He found that
at a given temperature the ratio of the activities of the
equilibrium phases is constant, from which it follows that
Henry's law is applicable to this case. Since the solutions
of HTO were very dilute, it is easy to show by the applica-
tion of Raoult's and Dalton's laws that the ratio of the acti-
vity of the vapour to that of the liquid is approximately
equal to the ratio P(ETO)/P(E2O). Values of this ratio
determined in this way and averaged graphically are given
in Table 25. Although the ratios of the molecular weights
M(HTO)/M(H2O) and M(D2O)/M(H2O) are very close to one
another, the ratio P(HTO)/P(H2O) is about 9% smaller than
the ratio P(D2O)/P(H2O) over the range 25°-40°: i.e. the
isotope effect is greater with HTO than with D2O.

The most accurate value of the boiling point of D2O is
apparently 101.431° ± 0.003° obtained by Stokland180. The
values given elsewhere159»165 differ from this value by only
0.01° and 0.03° respectively. It has been established181

that the elevation of boiling point of solutions of D2O in H2O
relative to pure HaO is proportional to the mole fraction of
heavy water.

t For the H2

16O/H2

18O and D2

16OA>218O separation factors, see
P. Baertschi and M.Thurkauf, Helv. Chim.Acta, 43, 80 (1960).
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Determinations of the heat of evaporation of D2O are
described m> l e B> i e e» i a 8> 1 8 3, and most of the results have been
s u m m a r i s e d " 2 . At3.82° Affe(DjjO) = 11109 ± 20 cal mole" 1 ,
its value at 25° being 10 846 ± 20 cal mole" 1 : i .e . at the two
temperatures it is respectively 407 and 331 cal mole" 1

greater than AHe (HgO). This isotopic difference in heat of
evaporation decreases steadily as the temperature r i ses ,
being 208, 143, and 105 cal mole" 1 at 100°, 160°, and 220°
respectively. Golik et α1.1ΒΛ give data for the heat of eva-
poration of solutions of DgO in I^O which show that such
solutions depart from ideal behaviour.

The same temperature of 3.82° was obtained for the
melting point of D2O in several investigations 1 8 8~ i a 7»1 8 e;
other determinations have been made 1 5 9» 1 8 0» 1 8 8. The p r e s -
sure corresponding to the triple point is 5.06 mm Hg. The
derivative dT/dP for DgO, which measures the variation of
its melting point with pressure, is about 93% of the c o r r e -
sponding value for HjjO.185»187»190 The following formula is
given by LaMer and Baker 1 9 1» 1 9 2 for the freezing point of
solutions of D^O in H2O.

t» (°C) = 39.42 ApS—38.8 (Δρ£)2, (52)

where Δρ§§ = p | | — 1 , pfj being the density of the solution at
25° relative to H2O at the same temperature.

According to P r i c e 1 7 8 , the mean values of ΔΗβ over the
range 25°-75° are 10900, 10 600, and 10300 cal mole" 1 for
HTO, D2O, and HjO respectively, the uncertainty being
±100 cal mole" 1 in every case.

Libby and Cornog 1 9 3 concluded from their data on the
vapour pressure of solutions of HTO in HaO (numerical
values of which are not given in the paper) that the normal
boiling point of pure HTO is lower than that for HgO. How-
ever, in view of the facts that (as shown by P r i c e 1 7 9 ) at
about 70° the vapour pressure of HTO is 10% lower, and
its heat of evaporation 600 cal mole" 1 greater, than those
of H2O, and also in the light of the isotope effect and its
temperature dependence in the vapour pressure of DjO, the
above conclusion 1 9 3 must evidently be regarded as erroneous.

It has been calculated 2 6 from the vapour pressure that,
compared with H2

1 6O, the boiling point of H ^ O is 0.09°
higher and its mean heat of evaporation between 15° and
100° is 16 cal mole" 1 greater; similar results have been
obtained elsewhere 1 6 4» 1 8 5 . From data on the separation of
H2

1 8O and H2

1 6O by the fractional crystallisation of water,
the melting point of the former is 0.05° ± 0.008 V 9 4

Giguere 1 8 3 made calorimetric measurements of heats of
evaporation over a wide range of concentrations in the sys-
tems heavy water-deuterium peroxide and ordinary w a t e r -
hydrogen peroxide. Extrapolation of the curves to 100%
peroxide showed that the heat of evaporation of DJJC^ at 25°
(12 510 ± 50 cal mole" 1) is greater than the corresponding
quantity for H2Oa by 170 cal mole" 1 .

The isotope effect in the vapour pressure of deuterium
cyanide appears 1 9 5 to be somewhat unusual. The following
equations were suggested 1 9 5 ( P in mm Hg):

log Ρ (KCNL) = 7,795—1467/Γ,
log Ρ (HCNS) = 9.372—1877/7".

log Ρ (DCNL) = 7.695— 1440/Γ — 175/Γ*.
log Ρ (DCNS) = 9.476-1907/T.

/ro\

It appears from Eqns. (53) and (54) that the ratio ΡΌ/ΡΗ for
the solid state increases from 0.93 at 225 °K to 0.97 at
258°K, but for the liquid state, on the other hand, the ratio
decreases from 1.01 at 261 °K to 0.93 at 298°K. Conse-
quently there should be a maximum ratio at about the

melting point, which according to Lewis and Schutz 1 9 5 is
approximately 259 °K for HCN and 261 °K for DCN.

(b) Isotopic Compounds Which Are Strongly Associated in
Both Liquid and Gaseous Phases (Hydrogen Fluoride,
Carboxylic Acids)

It is clear from the above account that, in the case of
liquids in which the association complexes decompose com-
pletely or almost completely on evaporation (water, alco-
hols, ammonia, etc.)t, substitution of deuterium for
hydrogen forming a hydrogen bond causes a decrease in the
vapour pressure . At the same time, several papers have
shown that the opposite isotope effect is observed when
association persists in the gas phase. As early as 1934
Claussen and Hildebrand 1 9 8 represented the vapour pres-
sure of the liquid isotopic hydrogen fluorides over the range
5-760 mm Hg by the equations:

(HF) =7.3739-1316.79/Γ
(DF) =7.2026-1261.16/7'.

(55)

It follows from Eqn. (55) that the ratio P(DF)/JP(HF) is
greater than unity and decreases steadily from 1.150 at
240° to 1.040 at 290 °K, the boiling points being 293.07° for
HF and 291.81 °K for DF.

Lewis and Schutz197 who were the first to study the vapour
pressure of deuteroacetic acid CH3COOD, found that at 50°
it is 7.5%, and at 90° 3% greater than the vapour pressure
of CH3COOH§. The vapour pressure of CD3COOH is 2-4%
greater (at 35°-85°)235 than that of CH3COOH. Since this
isotopic substitution has practically no influence on the
association, the isotope effect observed has the same sign
as in the replacement of hydrogen by deuterium in the
methyl group of methanol or in unassociated compounds at
moderate temperatures. The difference in vapour pres-
sure between CD3COOD and CH3COOH should equal the sum
of the positive isotope effects produced by substitution in
the methyl and in the hydroxyl groups. Among experimen-
tal investigations of the effect of the complete deuteration
of acetic acid on its vapour pressure1 9 9"2 0 1, Wilson200 des-
cribed his data by the equation

log Ρ (CD8COOD)/P (CH3COOH) =3.94/7" +0.0106, (56)

from which it follows that Ph/Ρι decreases steadily from
1.06 at 20° to 1.05 at 100°. Halford and Anderson201 show
the isotope effect to be considerably lower, but Wilson's
results 2 0 0 were confirmed within the limits of error of their
measurements by Potter and Ritter1 9 9, who give the follow-
ing equations for the vapour pressure of the two isotopic
acids:

log Pmm (CHgCOOH) =7.4275—1558.03/(7 —48.37),

log P m m (CDSCOOD) =7.4397—1556.17/(7" — 48.34).

(57)

The most accurate value for the melting point of CD3COOD
is apparently 15.92°,19e which is 0.68° below the melting
point of CH3COOH.

t In the vapours of alcohols, for example, only a few per
cent of the molecules are associated152.

I No exchange was detected19T between the hydrogen of the
carboxyl and of the methyl groups in CH3COOH. Such an exchange
was shown later 1 9 8 ' 1 9 9 to be possible, but it is very slow199 even
at 100°.
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Rabinovich et al.ul investigated how vapour pressure is
affected by the substitution of deuterium for hydrogen in the
carboxyl group of acetic, butyric, isobutyric, and iso-
valeric acids. Over the temperature ranges investigated
(Fig. 11) all four acids showed a positive isotope effect
ΡΌ/ΡΗ, but an interesting feature was observed with
acetic and butyric acids, for the curves showing the tem-
perature dependence of the ratio passed through maxima.
Since with the other two acids the ratio increases with rise
in temperature over the ranges investigated, it can be sup-
posed that at higher temperatures a maximum in the vapour
pressure ratio will be observed in these cases too. The
numerical values of the vapour pressures of the acids are
represented by equations of the type

log Ρam= A+ B/T + C (58)

the constants in which are given in Table 27. According to
our results the isotope effect amounts to a few per cent,
and for CH3COOD in particular it is about half the value
found previously197.

It is interesting that, as DawberandWyatt208 have shown,
the vapour pressure at 0° of deuteronitric acid DNO3

(84.37% of N2O^ in D2O) is 7% higher than that of HNQ,.
Since this effect is opposite in sign to the isotope effects
with EXjO, ND3, and CH3OD, but the same as that with
CH3COOD, these results2 0 B may perhaps mean that at about
0° nitric acid is associated to a considerable extent even
in the gas phase.

lose

uee
SO 70 SO t, ° C

Fig. 11. Effect of replacement of carboxyl
hydrogen by deuterium on vapour pressure of:
1) acetic acids; 2) butyric acids; 3) iso-
butyric acids; 4) isovaleric acids.

in

V»

m

m

ιοζ

wo
tso m 300 3S0 Τ, °κ

Fig. 12. Positive isotope effect in vapour pressure of
non-associated substances (hydrogen bonds absent):
1) C6D12/CeH12; 2) B5D9/B5H9; 3) CD3I/CH3I;
4) CD3CI/CH3CI; 5) CD3Br/CH3Br;
6) CD3CSCCI/CH3CSCCI; 7) CeDg/CgHe;
8) uBF 3/ 1 0BF3; 9) 11Bas/

10BCl8; 10) ftCCl4/
12CCl4.

400 iiO S00 T,°K

Fig. 13. Isotope effect in vapour pressure of substances
which are associated by hydrogen bonds:
1) DF/HF; 2) DNO3/HNO3; 3) CD3COOD/CH3COOH;
4) CD3OH/CH3OH; 5) DCN/HCN; 6) 15NH3/

14NH3;
7) H2

lSO/H2

16O; 8) CH3OD/CH3OH; 9) ND2CH3/NH2CH3;
10) HDO/H2O; 11) D2O/H2O; 12) HTO/H2O;
13) ND3/NH3.

TABLE 27. Constants of Eqns. (58) (H = ordinary acid;
D = its analogue containing 99% D in the
carboxyl).

Acid

Acetic-H
Acetic-D

Bntyric-H
Batyric-D

Isobutyric-H
Isobutyric-D

Isovaleric-H
Isovaleric-D

A

15.5817
16.9093

12.0505
12.0505

8.8195
9.9223

11.6256
12.1938

-B

2480.4
2542.0

2828.0
2821.8

2532.7
2615.0

2972.1
2982.6

-C

2.4528
2.9016

1.0168
1.0154

0.0068
0.3379

0.7826
0.8621

Temp,
range,

°C

20-118

50-115

50—90

50—110

Fig. 12 summarises the experimental data on the positive
isotope effect in the vapour pressure of unassociated sub-
stances, and Fig. 13 illustrates the effect on vapour pres-
sure of replacing hydrogen by deuterium in various cases
of association involving a hydrogen bond.

B. CALCULATIONS AND INTERPRETATION OF THE
ISOTOPE EFFECT IN VAPOUR PRESSURE

1. INTRODUCTION

From the point of view of classical mechanics, the
forces of interaction between isotopic atoms or molecules
are identical. We therefore find that, to the degree of
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approximation of classical statistics2 0 3, the chemical poten-
tials of isotopic substances should differ only by a constant
multiplied by the temperature

(59)

where μ is the chemical potential for a single molecule,
Μ is its mass, the subscripts h and 1 refer to the heavy
and the light isotopic varieties respectively, and k is the
Boltzmann constant. When the phases are in equilibrium
we have

(60)

(61)

where the superscript c and g denote the condensed and gas
phases respectively. Further, if the vapours obey the ideal
gas laws, we also have

(62)
(63)

where μ5"»0 is the part of μ*" which depends only on the tem-
perature. Since the chemical potential of the condensed
phase is little affected by pressure, substitution of Eqns. (62)
and (63) in (60) and (61), with T h = T\ = T, yields

1πτΛ=—h —ττ* *—· (64)

Since the difference (59) is the same for all phases of a
given substance, and since for the gas phase this difference
is represented by the difference between μ if'0 and μf'0, it
follows from Eqn.(64)that Ph = P i . Thus within the limits
of classical statistical mechanics, isotopic substances have
the same vapour pressure. The incompatibility of this
conclusion with the experimental data is a result of quan-
tum-mechanical effects. Quantum statistics would lead to
an isotopic difference in vapour pressure even if the inter-
molecular forces in the isotopic substances were equal.
This difference cannot in general be calculated for any
given substance, but approximate solutions are available
for the simplest cases. Thus in the case of a monatomic
substance we have according to Landau and Lif shits 2<B

(65)

including terms of the order of h?, where h is Planck's
constant, and

\dx
(66)

is the mean square force in the condensed phase exerted
on one atom by the remaining atoms, U is the potential
energy, and*, y, ζ are coordinates. For a gas the chemi-
cal potential retains its classical value, since interaction
between the particles can be neglected in this case. Sub-
stituting Eqn. (65) in (64), we therefore obtain

" P 24 (ftT)*

1 Μ. (67)

to know how F* depends on the temperature. However,
this formula explains qualitatively the lower vapour pres-
sure of the heavier isotope in the cases of monatomic sub-
stances described above.

Lif shits and Stepanova204 have suggested an approximate
formula for the isotopic difference in vapour pressure of
monatomic solids which can be used for actual calculations.
They started from Eqn. (64) and employed the quantum ex-
pressions for thermodynamic functions derived from the
Debye theory of solids. Introduction of φ = μ\,. -μι converts
Eqn. (64) into

Ik (69)

The quantity φ is expressed in terms of the classical re-
lation (59), so that for a small difference in isotopic masses
(AM/M « 1) we have

3
= —%-ΚΓ

ΔΛί (70)

The free energy of a solid whose atoms perform small
oscillations about an equilibrium position is

(71)

where NU0 is the interaction energy of all the atoms in the
solid in the equilibrium position and va is a characteristic
frequency of their oscillations. If the isotopes are assumed
to have the same value of Uo, the isotopic difference in free
energy in the solid phase will then be

kTlnl l—e
AM
2M U,

where

and
ΔΛί

'2ΛΓ

(72)

(73)

(74)

The inverse proportionality between va and Ml/2 arises
from the assumption that the oscillations of the atoms in
the lattice are harmonic. In Debye's approximation the
energy U is represented by the formula

(75)

where θ = hu-o/k is the characteristic temperature, vo the
Debye (maximum) frequency of the atomic oscillations, and
UO(6/T) is the Debye function

(76)

From Eqns. (72) and (75) we have

or in the case of a small difference in pressure (ΔΡ/Ρ « 1), «* _ / aAf \ = _±.±M_kT[±_±_ , υ /JLYj (77)

A/'iso = ?h-Pi = ''class JJSji • \Wh-W[)' <68) Hence, using Eqn. (70) we find that

where Pcu$j is the common classical value of Ph and Pi.
In order to calculate AP l s o from Eqn. (68) it is necessary (78)
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where
(79)

Substituting Eqn. (78) in (69), we obtain for small iso
topic differences in vapour pressure

¥•---&•"»(+)·

It is interesting that, with the monatomic substances
discussed above, Eqn. (80) gives a qualitatively correct
result for the liquid-gas equilibrium as well.

2. CALCULATIONS OF THE ISOTOPE EFFECT IN VAPOUR
PRESSURE AT THE TRIPLE POINT BY LINDEMANN'S
METHOD

(a) Monatomic Substances

By a different approach Lindemann205 arrived at a rela-
tion fundamentally similar to Eqn. (80) as early as 1919,
when he was examining the difference in vapour pressure of
the isotopes of lead. Keesom and Haantjes57 applied Linde-
mann's method to the isotopes of neon, and Clusius and
Meyer17 to argon. These workers also employ Debye fs
approximate theory of solids, but start from the Clausius-
Clapeyron equation instead of the relations (60)-(64). The
approximate form of this equation is used, in which the
volume of the condensed phase is neglected, and the heat of
evaporation AHe is expressed, according to Kirchhoff's
equation, in terms of its value at the absolute zero ΔΗβ)0

and the heat capacities of the vapour Cg and the solid Cs.
Integration of the appropriate expressions for the isotopic
substances yields

P RT

where i is the vapour pressure constant and α is a correc-
tion for the deviation of the vapour from ideal behaviour.

Further, the isotopic difference in heat of evaporation
can be written

(AHe, h - Δ//,. i ) e = — (i/.. h - Uo, l) - (£,. h - £., 1),

where Uo is the potential energy of interaction between the
atoms at Τ = 0, and 2f0 is the zero-point (kinetic) energy of
the atomic oscillations. It is also postulated that UOfh = f/0,i·
The zero-point energy is expressed, after Debye, in terms
of the characteristic temperature: Eo = 9R6/S, the term
(ih -i\) in Eqn. (81) is replaced by 1.5 ln Mh/Mi, and the
difference (ah-αϊ) is neglected. In addition, the heat
capacity at constant pressure Cp is introduced into Eqn. (81).
It is related to the heat capacity at constant volume Cv by
the well-known formula

Co = C0 + (82)

where V is the atomic volume, a the (volume) coefficient of
thermal expansion, and β the isothermal compressibility.
On the hypothesis that the van der Waals forces are equal
in isotopic substances, the latter are assumed to have iden-
tical values of V as well as of β, and very similar values

of a. Under these conditions the isotopic difference in the
second term on the right-hand side of Eqn. (82) can be neg-
lected, so that we find that

C p ,h—C p , ι = C e > h — Cv.1. (83)

In view of this, we can introduce into Eqn. (81) the Debye
function representing the free energy

\<L\CsdT = - ^ . (84)
0 0

Hence we finally obtain

ΐ ητΓ=-8Γ^- θι)+4τ( / 7 ϋ · ΐ ι- / ? ϋ · ι)+4- ΐ η^τ· ( 8 5 )

The value of FO/T for a given value of θ/Τ is found from
tables of Debye functions206. Since it is accepted that
characteristic temperatures are inversely proportional to
the corresponding values of M1/a, the value of θ for one of
the isotopic varieties is sufficient to calculate the ratio
Ph/P\ by means of Eqn. (85). It is easily shown that
Eqns. (80) and (85) differ only in the presence in the latter
of the additional term 9(0h-0i)/8T, which represents the
isotopic difference in zero-point energy of the atomic
oscillations.

Table 3 gives a comparison of experimental results ob-
tained by Keesom and Haantjes57 on the isotopic effect in
the vapour pressure of solid neon with values which they
calculated by means of Eqn. (85) using the value of 0i = 63.O°
found by Clusius207. According to the experimental data,
the vapour pressure of 22Ne between 20° and 24°K is 7.5-
5.5% less than that of 20Ne, while the calculated difference
is 6.5-4.5%. Thus, in spite of the number of approxima-
tions introduced into the calculation, the results in this
case show satisfactory agreement with experiment.

For the argon isotopes 40Ar and 36Ar, Clusius and
Meyer17 obtained a value between 0.9916 and 0.9950 for
P40/P3e at the triple point using Eqn. (85), while their
experimental results gave 0.993-0.995.

With xenon, however, calculation gives an incorrect
result. As mentioned above, two isotopic mixtures of
xenon differing in atomic weight by 3 units of mass have
identical vapour pressures (to within 0.02 mm Hg)57 at the
triple point (161.4°K), whereas according to calculation
they should differ by several tenths of a millimetreil.

(b) Calculations for the Isotopes of Hydrogen

With the aim of obtaining a rough approximation, Urey
et al.s used the Debye theory of specific heat to calculate
the isotope effect in the vapour pressure of hydrogen. The
solid-vapour equilibrium is considered at the temperature
of the triple point of ordinary hydrogen (13.95°K), and the
following postulates are made.

1) Hydrogen molecules are capable of free rotation in
the crystal; the energy of this rotation and that of the
atomic oscillations remain unchanged during evaporation,
and are therefore disregarded.

IT For calculations on the isotopes of Ne, Ar, Kr, and Xe, see
G.Casanova, R. Fieschi, and N.Terri, Nuovo cim., 18̂ , 837
(1960).
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2) In the equation for the free energy of the vapour Gg'.

Gg = Ug + PVg — TSg, (86)

the internal energy Ug and the entropy Sg are represented
by the corresponding expressions for an ideal monatomic
gas.

3) The free energy of isotopic substances in a real solid
is calculated on the basis of the Debye theory. The follow-
ing expression is used for the free energy G s :

(87)

where, as above, Eo is the zero-point energy, and Fv/T is
the Debye function for the free energy. Further, since a
phase equilibrium is being considered, the right-hand sides
of Eqns. (86) and (87) are equal. The term PVS is neg-
lected, since it is small compared with PVg, and the latter
is replaced by RT. Hence we obtain for the vapour pres-
sure

l n P = ^ + Z!l + _LinM+^-lnr--^+const. (88)
8T RT 2 2 RT8T RT RT

Here ΔΗ0' is the heat of evaporation at Τ = 0 when the
translational energy of the molecules in the vapour and the
zero-point energy of their vibrations in the solid are
ignored. Under these conditions the heat of evaporation is
a measure of the van der Waals interaction energy, which
is regarded as identical for isotopic substances. The con-
stant in Eqn. (88) is independent of the molecular mass.
Hence it follows from Eqn. (88) that, with the approxima-
tions made by Urey et al.3, Eqn. (85) can be applied to the
isotopes of hydrogen at the temperature of the triple point.
With θι = 91 °,83 calculation based on Eqn. (85) for HD and
H2 at 13.95°K indicates that Ph/Pi = 0.45, the correspond-
ing experimental value74»75 being ~0.30.

Several refinements were introduced into the above cal-
culation by Scott et al.™, but make no fundamental differ-
ence to the calculations, which remain, as before, in the
nature of an extremely rough approximation. Thus the
value of Ph/Ρι calculated by these authors for D2 and H2

at 13.95°K is 0.30, whereas the corresponding experimen-
tal value is ~0.09t.

(c) Calculations for Some Complicated Substances

The above principles for calculating the isotope effect
in vapour pressure at the triple point have also been
applied as approximations to some more complicated sub-
stances, it being assumed that various rotational terms
should be introduced in addition to the terms for vibrational
motion. In calculating the Ph/Pi ratios for «C i eO-1 2C i eO,
i2Ci8O_i2CieO> and 13CH4-

12CH4, therefore, Johns91 intro-
duced the following additional postulates: (1) the heat capa-
city is the sum of the corresponding Debye and Einstein
terms; and (2) the frequencies of rotation, and conse-
quently also the Einstein characteristic temperature, are
inversely proportional to the square root of the moment of
inertia of the molecule. On this basis the following equa-
tion was obtained91:

In
RT r-

(89)

t It has been shown74 that experimental data on the heat
capacity Cv for H2 and D2 give values of Q\ = 105° and <?h = 97°
Hence it follows that the postulated proportionality between 0
and M~l 2 is incorrect for the isotopes of hydrogen.

where Eg is the energy of mutual attraction of the mole-
cules, θΌ the Debye characteristic temperature, HE the
number of possible rotational and torsional degrees of free-
dom, 0#the corresponding Einstein characteristic tem-
peratures, Μ and / are the masses and moments of inertia
of the molecules, and the subscripts h and 1 denote the
heavy and the light isotopic substances. Although the iso-
topic difference in the van der Waals energy is shown here,
in actual calculations the corresponding term in Eqn. (89)
is omitted, since no data are available for estimating this
difference. For 13C16O-12C16O the calculated numerical
values of (Ph-Pi )/Pi are about 20% smaller than the cor-
responding experimental values obtained by the same inves-
tigator91; with 12C18O-12C16O, on the other hand, the cal-
culated values are 35% greater than the experimental;
while in the case of 13CH4-

12CH4 the calculated are about
double the experimental results.

Kirschenbaum208 calculated the vapour pressures of 15N2

and 14N2 for several possible models of solid nitrogen. The
best approximation to the experimental data was obtained
with a model in which the molecules undergo oscillations
corresponding to restricted rotations.

Devyatykh209 employed the principle of Lindemann's
method to calculate the isotope effect in the vapour pres-
sure of 13C18O, 12C18O, 13CH4,

 12CD4, H2

18O, and D2

16O at
the temperature of the triple point; together with Shava-
rin 2 1 0 he made a similar calculation for ND3 and NT3. This
work was based on the chemical potential of a given isotopic
variety being the same in the solid and gas phases at equi-
librium, the potential being expressed in terms of compo-
nents due to the different forms of motion. Introduction of
the approximations characteristic of the method and also of
several other assumptions resulted in the equation

3 Mh !

2 1Π ΛΓ+ 2

(ABQh

*. h — 6*. 1

^f(Fk. h —Fh. ~(FB.h - FB, i), (90)
~

where A, B, and C are the principal moments of inertia
of the molecule, Δι;* is the change in the ith frequency when
a molecule passes from the vapour into the crystalline
phase, 6k and Fk are the characteristic temperature and
the free-energy function describing the lattice vibrations

TABLE 28. Comparison of calculated and experimental values
of Ph /Pi at the temperature of the triple point.

Isotope molecules

"CH4-"CH«

" C l 6 0 - " C " 0

" C " O - l 2 C " O

H."O-H."O
laCD. - "CH4

M N T 1 - M N H !
D , " O - H " O

Temp, of triple
point of light
variety, °K

90.7

68.1

68.1

273.2
90.5

195.4
195.4
273.2

- 100 (/>h-/>,)//>,

calc.

0.7

1.2

1.6

1.2
—0.4
21.1
25.6
15.3

ref.

209

210

209

expt.

0.5
1.1
1.1
1.2
1.3
1.9
1.1

—1.3
24.8

•
20.3

ref.

91
107
91
93
91

107
26

121
95

162

* No experimental data. It follows from the relation
P(ND3) = [P(NT3) xP(NH3)]1 / 2 that Ρ (ΝΤ3)/Ρ (NH3) = 0.566.
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of the molecules, and θ Β and FB a r e t n e corresponding
quantities for the librations of the molecules in the lattice.

The most representative quantity for judging the agree-
ment between calculated and experimental results is evi-
dently (Ph-Pi)/P\, the values of which based on calcula-
tions 2 0 9 ' 2 1 0 differ, in most cases in Table 28, by 10-30%
from the corresponding experimental values. With tetra-
deuteromethane, which shows a positive isotope effect, the
calculated value of this ratio is less than one-third of the
experimental value.

3. CALCULATION BASED ON EVALUATION OF THE PARTITION
FUNCTION BY HENKEL1 S METHOD

Johns2 1 1 has obtained good results in calculating the iso-
tope effect in the vapour pressure of solid neon by using
Henkel's method212 for calculating the partition function
Q of a solid. This method is a variant of the Einstein
treatment of the crystal lattice in which allowance is made
for the anharmonic character of the atomic vibrations.
Henkel assumed that the potential energy of an atom with
respect to another, identical atom at a distance r is of the
form

i/ = -4—A, (91)

and he expressed the partition function Q as a function of
r, n, A, and B. Agreement between calculated and ex-
perimental values is governed by suitable choice of values
for the last three quantities. For neon Johns took the
values: η = 14, A = 0.373 x 10"119 erg cm14, and Β = 0.90 χ
χ 10"58 erg cm8, which are close to values used earlier2 1 3.
The procedure for calculating the partition function has
been set out in detail211»212, and will be omitted here. The
free energy at constant volume A of a solid is calculated
from this function by means of the well-known formula

Λ =—RT\nQ. (92)

The solid-vapour equilibrium was then considered by
Johns2 1 1, the isotopic difference in free energy at constant
pressure for the solid phases being put equal to the corre-
sponding difference for the vapours. It was then postulated
that the deviation of the vapours from ideal gas behaviour
can be neglected, and that the difference in free energy at
constant pressure for the solids can be replaced by the cor-
responding difference in free energy at constant volume.
The isotope effect in the vapour pressure is then calculated
from the equation

I n — 2 - =
RT

(93)

It is seen from Table 3 that results obtained in this way
for the isotopes of neon agree far better with the experi-
mental data than do values calculated by Lindemann's
method. However, the Henkel-Johns method is applicable
only to monatomic solids, and moreover its application is
very restricted owing to the absence of data on the quanti-
ties n,A, and Β in the Lennard-Jones expression, Eqn.(91),
for the potential.

4. DE BOER'S METHOD

Another interesting, semi-empirical method of calcula-
tion has been developed by de Boer on the basis of his quan-
tum theory of corresponding states 8 1 4" 2 1 6, and used by him

to predict the vapour pressure of the light isotope of helium.
According to this theory, the field of two molecules is des-
cribed by a somewhat modified Lennard-Jones potential217

φ(/·)=4ε (—J —(—j Ι φΊ)

where r is the distance between the molecular centres, e
the absolute interaction energy at the minimum on the
potential-energy curve, and σ the intermolecular distance
when φ = 0. The quantities e and σ are used to express the
thermodynamic variables in "molecular units": tempera-
ture in the form e/k, pressure as e/σ3, and molar volume
as iVo3, where Ν is the Avogadro number and k the Boltz-
mann constant. Dimensionless reduced values of the tem-
perature, pressure, and volume are then introduced, these
being the ratios of the ordinary values to the corresponding
values in molecular units

Τ - T/(e/k), Ρ' = Ρ/(ε/σ3), V* = V/(a3N). (95)

An additional dimensionless quantity is introduced to take
care of quantum effects ~— the reduced de Broglie wave-
length

λ* = λ/σ = Λ/(εΜ)1/α,

where Μ is the molecular mass. The reduced equation of
state is of the form

f (P\ V, Γ, λ') = 0. (96)

This function is assumed to apply to all substances having
the same intermolecular force law. Since, however, its
form is unknown, theoretical calculation of vapour pressure
by means of Eqn. (96) is impossible, and a semi-empirical
method is therefore used. Values of P* are plotted against λ*
at constant F*and T* for a number of substances with known
vapour pressures having the same intermolecular force law as
the test material. The value of P* for the test material is then
found graphically from the known value of λ*, and finally Ρ is
determined from P*. In this way de Boer was able, by using
plots of P* against λ* for the inert gases, to calculate the
vapour-pressure curve and the boiling point of 3He a year before
the first work on its liquefaction. The experimental vapour
pressures obtained later 2 9 lay on the theoretical curve
within the limits of error of the measurements.

Hammel218 used the same method to predict the vapour
pressure of tritium, but in this case the calculated and
subsequent experimental72 values differed by 25%. Mas-
lan2 1 9 and also Devyatykh209 attempted to employ de Boer's
method to calculate the isotope effect in the vapour pres -
sure of oxygen, nitrogen, methane, carbon monoxide, and
several other substances, but obtained poor results. Evi-
dently this method can be used satisfactorily only in the
simplest case of the inert gases.

Friedman et al.220 remark that de Boer's method cannot
be applied to the isotopes of hydrogen, since their mole-
cules are not spherical, and hence cannot be compared in
thermodynamic properties with the inert gases. A still
more specialised empirical method was employed220 to cal-
culate the vapour pressures of HD and HT, based on the
hypothesis that the phase transformation temperatures for
all the isotopic varieties of hydrogen are inversely propor-
tional to the square roots of the molecular weights. Appro-
priate graphs plotted from experimental data for Ha, D2,
and T2 were used to determine the melting and boiling points
of HD and HT, and equations of the type log Ρ = A + B/T
were set up based on these values. Since the molecular
weights of HT and D2 are identical, identical values were
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obtained for the corresponding phase transformation tem-
peratures and vapour pressures. As, however, subse-
quent experimental results ffi showed that at ~ 20 °K the
vapour pressure of HT is about 45% greater than that of D2,
the method of calculation employed by Friedman et al.220 is
evidently unsound.

According to Babloyantz221 the difference in thermo-
dynamic properties between HT and D2 is due to the fact
that, while the total mass is identical, its distribution be-
tween the two atoms is different. Quantum-mechanical
calculation shows that the energy of the ground state is
greater for ensembles of heteronuclear molecules than for
those of homonuclear molecules, so that the corresponding
equations of state are different.

5. INTERPRETATION OF THE NATURE OF THE ISOTOPE

EFFECT

The calculations of the isotope effect in vapour pressure
by Lindemann's method discussed above also make clear
the corresponding interpretation of the nature of this
effect with monatomic solids. Since Mh > Mi and 0h /θ\ =
= (Mi/Mh)1/2,the term in Eqn. (85) representing the isotopic
difference in zero-point energies is negative, while the
integral involving the difference in heat capacities and the
logarithmic term in the equation are positive. Hence
according to Eqn. (85) a lower vapour pressure of the heavy
compared with the light substance is due to the effect of the
isotopic difference in zero-point energy and heat capacity
on the ratio Ph/Pi predominating over the direct effect of
the difference in mass. In other words, a negative isotope
effect in the vapour pressure of a monatomic solid is ex-
plained by a lower zero-point energy and a greater heat
capacity, and thus a greater heat of evaporation of the
heavy substance, the zero-point energy being the principal
factor at low temperatures.

As mentioned above, calculations by Lindemann's method
gave to a first approximation a correct result for the vapour
pressure of the isotopes of neon. Corresponding principles
and approximations proved to be applicable also to some
complicated substances in the solid state, such as varieties
of methane and carbon monoxide isotopic with respect to
carbon and oxygen. With deuterium and hydrogen at the
temperature of the triple point of the latter, however, cal-
culation led to a value of Ph /Pi which was about three
times as great as the experimental value. Calculation also
proved unsatisfactory for methane and tetradeuteromethane
(Table 28), an example of a positive isotope effect. It is
therefore clear that some important factors have been
ignored in the above explanation of the difference in vapour
pressure between isotopic substances.

An original interpretation of a positive isotope effect has
been suggested by Bradley2 2 2. He starts from the depend-
ence of vapour pressure on the entropy and the heat of eva-
poration, and considers only the translational entropy Stt of
the molecules in the vapour. The quantity (Sh-Si) is then
positive, since Mh > Mi. The difference in heats of eva-
poration (&Hh-&H\)e is also positive, since it is equated
to the corresponding difference in zero-point energies of
the quasi-oscillations in the liquid state with the opposite
sign [-(EOfh-EQfl)). Hence it follows from the equation

IRT, (97)

where S° is the entropy when Ρ = 1, that P h can be either

greater than or less than Pi depending on the ratio of the
absolute magnitudes of the entropy and enthalpy terms.

Bradley further assumes that the zero-point energy con-
sidered here can be represented as a sum of zero-point
energies of the quasi-oscillations corresponding to inter-
action between different pairs of atoms in two neighbouring
molecules. He also introduces the idea that, with com-
plicated molecules having a central atom, such as CC14,
CHCI3, and CH3OH, the intermolecular interaction is
governed mainly by the outer atoms, since the central atom
is screened by them. Therefore replacement of the cen-
tral atom by a heavy analogue, e.g. substitution of 13C for
12C in the above substances, produces an increase in entropy
of the vapour, but does not affect the intermolecular inter-
action. In such a case the isotopic difference in zero-
-point energies of the quasi-vibrations should, in Bradley's
opinion, be disregarded, so that the difference in heat of
evaporation between heavy and light varieties will be zero,
with the result that Ph > Pi .

In cases of the substitution of a peripheral atom by its
heavy analogue, for example, in the replacement of 36C1 by
37C1 in CHCI3 or CC14, however, the enthalpy term in
Eqn. (97) will, according to Bradley, be numerically greater
than the entropy term, so that Ph < Pi . The relative dif-
ference between these quantities is greater the lighter the
peripheral atom which is replaced and the stronger the
intermolecular interaction. An explanation on these lines
has been given222 for the experiments of Baertschi et al.143 on
the fractionation of CC14, CHC13, C6H6, and CH3OH reported
above, in which a positive isotope effect was observed with
respect to carbon, but a negative effect with respect to
chlorine and oxygen.

However, Bradley's treatment evidently cannot be re-
garded as satisfactory. Firstly, it does not agree with the
experimental results for a number of substances. Thus
the postulated decrease in vapour pressure when peripheral
atoms are replaced by their heavy analogues contradicts
the facts of an increase in vapour pressure when hydrogen
is replaced by deuterium in methane, silanes, germanes,
halogenated hydrocarbons, and the methyl group of metha-
nol; the assumed increase in vapour pressure when the
central atom is replaced by its heavy isotope does not agree
with the decrease in vapour pressure accompanying re-
placement of 12C by 13C in methane, ethylene, and ethane,
nor with the similar effect of substituting 15N for 14N in
ammonia. Moreover, in the case of substitution of the
central atom, when according to the above treatment
(A#h-A#i)e = 0, it follows from Eqn. (97) that the sign of
the isotope effect is independent of the temperature.
According, however, to published results 1 3 5, the vapour
pressure of "BClg is lower than that of 1OBC13 below 211.5 °K,
whereas above this temperature the opposite effect is ob-
served.

Secondly, neglect of the isotopic difference in entropy
of the liquid, and also of the isotopic difference in zero-
-point energies of the quasi-oscillations on substitution of
the central atom, has no theoretical basis. Finally, as
will be shown below, the difference in heats of evaporation
of heavy and light varieties of molecules cannot be re-
duced solely to a difference in the zero-point energies of
the quasi-oscillations.

Since the electron shells of isotopes are identical, it is
usually considered that the molecular interaction between
isotopic molecules is identical. In particular, this assump-
tion has been made in Lindemann's method of calculating
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the isotope effect in vapour pressure described above.
However, as has been shown114»223"228, the isotopic differ-
ence in the energy of intermolecular dispersion forces is
substantial. Baertschi and Kuhn114 consider that the dis-
persion energy should be smaller for heavy than for light
molecules, since the former show lower infra-red frequen-
cies for the intramolecular vibrations involving isotopic
atoms.

According to London230 the energy of dispersion inter-
action Ed between two molecules of different type is given
by the formula

3 h (98)

where vx>i and v2}k are the frequencies of the absorption
bands, and aifi and a2 )^ the corresponding polarisability
components, for molecules 1 and 2. Only absorption bands
in the visible and ultra-violet regions are usually considered,
since the contribution of other frequencies to the interac-
tion energy is much smaller. We therefore use the sim-
pler formula

ρ ±
d 2

3 αι,οα2,ο

r·
(99)

where ui>0 and v2 0

 a r e the mean sums of the optical fre-
quencies, the products hvQ being roughly equal to the ioni-
sation potentials of the given molecules, and ar 0 and a2 0

are the sums of the static polarisabilities associated with
the optical frequencies.

Baertschi and Kuhn114 assume that both these frequencies
and the corresponding electron polarisabilities have very
similar values in heavy and light varieties of molecules,
and can be regarded as identical. It is, however, neces-
sary to take into account the difference in infra-red fre-
quencies if isotopic atoms take part in the corresponding
vibrations. When such an infra-red frequency v2)R is
present in one of the interacting molecules, corresponding
to a polarisability a2}P, Eqn. (99) is replaced by

* — I - p ^ - ^ - + " - ; • " * ;••·;:·· ] - <ioo)

L 1.0 ' 2,0 ' 1,0 ^~ 2,/? -1

Since V2}R « vl)0 the second term on the right-hand side
of Eqn. (100) is proportional to V2,R- When the two inter-
acting molecules are identical and have an infra-red
absorption which is identical in frequency and intensity,
we obtain to a first approximation:

magnitude of the heats of evaporation, yielding after some
r e a r r a n g e m e n t

=8(Δ//ι), ·αι,Λ(νι,,« —ν.ι,*)/ν1ιβ <χ1ΐ0 • (102)

It is then assumed n 4 that at temperatures well above the
Debye characteristic temperature (θ = hv-o/k) the effects on
the value of Ph/Pi of all factors other than the isotopic dif-
ference in dispersion energy cancel out, and this ratio is
evaluated from the formula:

=-(Δί/ Η -Δ//!) β
(103)

Calculated and experimental values of (Ph-P\)/P\ differ
by a factor of 1.5-2. This discrepancy must be explained
by the crude approximations made in the calculations, in
particular the neglect of the isotopic difference in zero-point
energy of the molecular oscillations in the liquid lattice.
However, the fact that calculated and experimental results
agree in sign and order of magnitude is evidently an impor-
tant justification for the view that the main reason for the
higher vapour pressure of the heavy compared with the
light varieties of molecules is the smaller energy of dis-
persion interaction with the former (Table 29).

It is assumed114 that above the Debye characteristic
temperature a negative isotope effect caused by the differ-
ence in zero-point energy of the molecular vibrations de-
creases as T"2, whereas a positive effect, caused by a
difference in van der Waals interaction, decreases as T"1

at temperatures below hv\}R/k. Thus over the range
θ < Τ < hvx^/k the positive effect decreases with rise in
temperature more slowly than does the negative effect,
which explains several cases of a change in sign of the
isotopic difference in vapour pressure.

According to the treatment of Baertschi and Kuhn114,
the polarisabilities of isotopic substances are identical,
which applies to both atom and electron polarisabilities.
However, this does not agree with experiment. A differ-
ence between o?h and αϊ in gases was observed long ago by
Larsen2 3 1, and a similar effect has been established for
liquids by Rabinovich and Volokhova224.

The idea of a difference in the dispersion interaction of
heavy and light molecules has been developed by us 2 2 3 " 2 2 8

using a different theoretical approach to the problem from
that of Baertschi and Kuhn114, and we have been the first to
provide a broad experimental basis for this isotopic effect.
In particular, we have established that the decrease in dis-
persion interaction when hydrogen is replaced by deuterium
is responsible for the accompanying decrease in electron
polarisability224 and the critical temperature225 and the
increase in compressibility227.

(101)

Here Eh,d is the energy of dispersion interaction between
two heavy molecules, and vh,R is their infra-red vibration
frequency in question; the corresponding polarisability
<Xh,i? for the heavy molecule is regarded as equal to the
value OI\,R for the light molecule. For two light molecules
having an interaction energy of E\fd the quantity vhjR. in
Eqn. (101) is replaced by V\,R. It is further assumed that
the difference in the forces of attraction of heavy and light
molecules affects the equilibrium intermolecular distance,
and that this causes a difference in the energy of repulsion.
The isotopic difference in the quantity Ed is equated, with
suitable correction, to the isotopic difference in absolute

TABLE 29. Results of calculations based
on Eqns.(102) and (103).

Isotope
substances

"CC1 4 /"CC1 4
1 3CSj/"CS2
U BC1,/ 1 O BC1 3

" B F j / ^ B F ,
C6D,/C6H6

100 (Ph -P|)/P|
at normal b.p.

calc.
from

ref.lU

0.28
0.16
0.6
1.2

3.5

expt.

0.13
0.1
0.3
0.8

2.5

ref.

143

114

135

13

129
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The present reviewer has suggested the following inter-
pretation of the isotope effect in the vapour pressure of
liquids, which, although qualitative, does explain a number
of fundamental characteristics of this phenomenon.

It follows from the fact that the free energies of the
liquid (L) and the vapour (G) are equal that:

~ ^-[(s°h-S?)G-(S0

h-Si)Li>(104)

where the difference in enthalpy between the equilibrium
phases has been replaced by the heat of evaporation AHe,
and S° is the entropy at Ρ = 1. The heat of evaporation
can be regarded as the sum of the work of expansion and
the energy of intermolecular interaction (in absolute mag-
nitude) less the zero-point energy of the quasi-oscillations
of the molecules in the liquid phase Eo q . However, the
work of expansion is approximately wi for both substances,
and is eliminated from Eqn. (104). The interaction energy,
in its turn, is the sum of the dispersion, orientation, and
polarisation energies and in some cases also the energy of
association by means of a hydrogen bond (I7a$s)· As a re-
sult, Eqn. (104) becomes

l n (

(2)

(4) (5)

- α ΐ Ο - Uι) — J + ΊΓ

(6)

- (S°h

(3)

- S,°)L]. (105)

Here the dispersion energy (2) is expressed by the Slater-
Kirkwood formula229, with Κ' = (3β/ι/8π)(η/ηζ)1/2, h being
Planck's constant, e and m the charge and the mass of the
electron, η the total number of valency electrons belonging
to all the atoms in the molecule, a the static electron
polar is ability, andr the distance between the molecules.
Isotopic differences in the orientation (3) and polarisation
(4) energies are expressed by means of the appropriate
well-known formulae of Keesom and of Debye and Falken-
hagen: K" - -2df/3kT and K'" = -2df, where d is the
dipole moment, it being assumed that to a first approxima-
tion dh. - d\%. The individual terms in Eqn. (105) have the
following effects on the ratio Ph/Pi.

(a) The Quantity (Eo,h"-Eo,i)q

This quantity is always negative, which depresses Ph
relative to Pi . The effect of the van der Waals interaction
energy — terms (2)-(4)inEqn.(105) - depends on the iso-
topic difference in polarisability and the intermolecular
distance.

(b) Isotopic Difference in Polarisability224

Since replacement of a light by a heavy isotope involves
a decrease in the zero-point energy of the atomic vibra-
tions EQ, whereas the electronic potential energy curve and
the force constants of the bonds (/) remain practically un-
changed25»237, the polarisability is diminished. Thus in
the simplest case of a diatomic molecule it is found by
making certain approximations that the lowering of the
vibrational levels in the electronic spectra causes an in-
crease in energy of the electronic transitions (E*) from the

% The isotopic difference in the energy of repulsion of the
molecules is neglected.

ground (0) to an excited (i) level. By neglecting the dif-
ference in electronic energy between light and heavy com-
pounds at the same i levels, and also disregarding the dif-
ference in rotational energy, since its absolute magnitude
is small compared with the difference in vibrational energy,
we obtain

AEe = (£*)„., -(£.*) , . , =(£. . i - £ 0 . h ) „ - ( £ » . I -£o.h)/· (106)

For the isotopic difference in Eo we have approximately,
omitting terms of higher order25»237:

£o.i - £o.h = ViAvo..i (l - C) - ν.Αν,.1 x0 (l - C2) =

= £ ^ ν 7 ν · (Ο - 9 - τ - Ο - ζ2>]· ( 1 0 7 )

where μ is the reduced mass, x0 the anharmonicity constant,
and ζ = (μι/μη)- Hence it follows from Eqn. (106) that:

w-B-** - f/') • [(1 - C) - -2. (1 -<?)]. (108)

Since / 0 >/t-, (1 -ζ) and (1 -ζ2) are positive and of the
same order of magnitude, and x0 is of the order 0.01,25»237

we have from Eqn. (108):

Δ£ β > 0 or vf,h > vf. i, (109)

where vf is the frequency of the electronic transition. The
relations (109) are probably valid also for a polyatomic
molecule. This opinion was apparently held by Ingold et
al.i2a, since they used fundamentally the same arguments
as given above for a diatomic molecule, but in a cruder
form, to explain the decrease in the polarisability of ben-
zene observed when hydrogen is replaced by deuterium.
Urey and Teal 2 3 8 explained the smaller polarisability of
heavy water compared with ordinary water also by the
inequality vffh > ν|,ι. This relation is supported also by
spectroscopic data 239-243. The electron polarisability is
given by the formula244

(110)

where P\ are the probabilities of electron transitions, and
ν is the frequency of the incident light. Since the electron
shells of isotopic molecules are identical, p\th — Ρ|,ι·
From Eqn. (110) we obtain for the polarisability a,· at
level i:

di.\

vfj — vVv']
(111)

Since vt,\ < vf^, and for colourless substances v\ > u, it
follows from Eqn. (Ill) that a i }h < af,i. In view of this, it
is probable that in general

This has been confirmed experimentally: it has been
shown that replacement of hydrogen by deuterium in hydro-
carbons and their nitro- and halogeno-derivatives, water,
alcohols, and acids, produces a decrease in the electron
polarisability of a few tenths of 1%, depending on the num-
ber of atoms substituted224.

(c) and (d) Isotopic Difference in Intermolecular Distances22e

The decrease in the zero-point energy of the molecular
vibrations on replacement of a light isotope by a heavy iso-
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tope causes a decrease in molar volume, i.e. in the inter -
molecular distance r. This has been proved rigorously
by London245 for monatomic and diatomic substances in the
solid phase, and also by Schafer246 for solid hydrogen in
particular. The effect has been observed experimentally
with the pairs H 2 -D 2 , 7 4 6Li- 7Li, 2 4 7 6 LiF- 7 LiF, 2 4 8 NaH-NaD,
KH-KD, and LiH-LiD.2 4 9 An increase in mass of the par-
ticles should cause a decrease in molar volume in the liquid
phase as well, since here, too, vibrations play the main
part in molecular motion. The isotopic change in r should
be especially large for substances of low molecular weight
at low temperatures, e.g. for helium and hydrogen, with
which the zero-point energy of the quasi-oscillations and
also its isotopic difference form a large fraction of the
total energy of these vibrations*}. According to the experi-
mental data, the molar volume of 4He at 2 °K is 29% less
than that of 3He, and with D2 at 20 °K the molar volume is
17% lower than with H2.

2 5 0 On the other hand, since inter-
molecular dispersion forces depend on the electron polari-
sability, it may be supposed from Eqn. (112) that these
forces will become weaker when a light isotope is replaced
by a heavy one, and this will increase the distance between
the molecules. However, the isotopic increase in r evi-
dently predominates over its decrease only at elevated
temperatures, when the influence of the zero-point energy
of the quasi-vibrations of the molecules is insignificant.
Thus at about 300°K the molar volumes (V) of C6D6 and
C6D12 are still 0.2-0.3% smaller than those of C6H8 and
C6H12 respectively251.

With substances which are associated by hydrogen bonds
an additional factor enters into the isotopic change in r. As
pointed out by Samoilov253'254, even in solids, when the
closeness of packing of the atoms is low it can be increased
by introducing some disorder into their arrangement. Such
a phenomenon is especially probable with molecular liquids.
In them, formation of a lattice or other ordered arrange-
ment is evidently associated with increasing deviations
from the closest packing of the molecules, and consequently
with some expansion. Water represents a clear example
of such behaviour. Because of this, an increased degree
of association when the hydrogen forming the hydrogen bond
is replaced by deuterium can cause some increase in the
mean intermolecular distance. This is supported by the
experimental results: such substitution produces an increase
in molar volume in water162, hydrogen peroxide255, metha-
nol2 5 6, and other alcohols226 even in the vicinity of 300°K,
far below the corresponding critical temperatures.

(e) Isotopic Difference in Energy of Association236

Substitution of deuterium for hydrogen forming a hydro-
gen bond produces a decrease in the zero-point energy of
the vibrations corresponding to this bond. With a charac-
teristic frequency of 175 cm"1, for the OH ...O bond257, for
example, an approximate calculation shows that Δ£ο =
= EOfH - Ε0)Ό = 3 χ 10"16 erg per molecule. Further, very
roughly:

where η is the number of molecules remaining unasso-
ciated and U the energy of the bond. According to data of
Oster and Kirkwood258, the mean number of hydrogen bonds
linking a molecule in a chain is about 1.4 for monohydric
alcohols from methanol to pentanol; in the three-dimen-
sional network of water at about 300°K each molecule has
on the average ~ 2 hydrogen bonds2 5 9 '2 6 0. Assuming that
the number of "unruptured" bonds exceeds the number of
"ruptured" bonds by a factor of at most a few unitsli, we
find that replacement of hydrogen by deuterium produces an
increase in the energy of association of a few tens of calor-
ies per mole. On the basis of Swain and Bader's work252

it can be supposed that in several cases a considerably
greater difference in the intermolecular energy of isotopic
associated substances can be caused by a difference in the
rotational frequencies of their molecules. Statistical cal-
culation252 has shown that the difference in libration fre-
quencies of the molecules H2O (three frequencies each of
667 cm"1) and D2O (483 cm"1) corresponds to a difference
in enthalpy between these substances of several hundred
calories per mole. This is confirmed by the fact that the
heat of evaporation is about 100 cal mole"1 greater with
monohydric deuteroalcohols than with their hydrogen ana-
logues1 4 8 '1 5 0 '1 5 1 and it is 330 cal mole"1 greater with heavy
water than with ordinary water (at 25°)162. An increase in
the degree of association of alcohols on replacement of the
hydroxyl hydrogen by deuterium has been shown also by
cryoscopic measurements263, by data on the isotope effect
in viscosity236, and by spectroscopic data2 6 2.

(f) Entropy Component

The component entropies due to the various forms of
motion in the vapour and the liquid are increased when a
light isotope is replaced by a heavy isotope, since both the
masses and the moments of inertia of the molecule are in
creased, and the frequencies of the atomic and molecular
vibrations are decreased. However, entropy terms relating
to atomic vibrations can, to a first approximation, be eli-
minated from Eqn. (105) if the difference in frequencies
between identical atoms in the vapour and in the liquid is
neglected. In view of this, it can be supposed that the
isotopic difference in entropy of motion of the molecules in
the liquid has been subtracted from the corresponding
difference for the vapour phase in term (6)of Eqn. (105).
It is possible that, to a first approximation, these dif-
ferences have similar values, and practically balance one
another, as has been assumed114. However, it is also
probable that the isotopic difference in entropy is appre-
ciably greater for the vapour than for the liquid, and this,
according to Eqn. (105), will cause some increase in P^
relative to Pi.

The joint influence of the above factors (a)-(f), with
their varying dependence on the temperature, the nature of
the substance, the mass of the molecule, and the number
and mass of the isotopic atoms, results in the isotope
effect in vapour pressure manifesting itself in a variety of
ways. With substances of low molecular (atomic) weight
at low temperatures, when r^ is considerably smaller than
Π, the decrease in intermolecular distance on substitution
of a light by a heavy isotope affects the dispersion energy

§ The zero-point energy of liquid 4He is about 50 - 70 cal mole"1,
while its actual thermal energy at the critical temperature
(5.2°K) is only ~ 10 cal mole" The rather lower value of r^
compared with r\ is probably due to the fact that the vibrations
are less anharmonic with the heavy than with the light molecules.

f In water, for example, 10-15% of the hydrogen bonds
have already been ruptured on melting254>261, and the number of
ruptured bonds increases with rise in temperature.
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to a greater extent than does the decrease in polarisabilityf.
Therefore the terms (2)- (4) in Eqn. (105) are positive and,
like term (i), cause a decrease in Ph relative to Pi.

If the entropy term in Eqn. (105) is assumed to be small
compared with the enthalpy terms, a comparatively large
negative isotope effect in the vapour pressure (Ph < Pi)
should be observed with a low molecular weight at low tem-
peratures. This is confirmed experimentally in the cases
of hydrogen and helium (Tables 1 and 4). This also ex-
plains the negative isotope effect with other non-associated
substances at comparatively low or reduced temperatures.

Since at an absolute temperature of a few hundred
degrees rh - r\ or rh > *ϊ, 2 2 β it follows from Eqn. (112)
that the terms (2) and (4) in Eqn. (105) are negative, while
term (?) is negative or close to zero. Hence the terms
(2)— (4) and perhaps also (6) in Eqn. (105) cause an increase
in Ph relative to P i , whereas term (l), as before, affects
the vapour pressure in the opposite direction. Conse-
quently, at such temperatures the sign of the isotope effect
in the vapour pressure of non-associated substances depends
on the relative absolute magnitudes of terms (2)-(4) and (l)
in Eqn. (105), and both Ph > Pi and Ph < Pi are possible.
Since the role of vibrations in the thermal motion of mole-
cules in a liquid diminishes rapidly with rise in tempera-
ture}:, the relation Ph < Pi should be observed at lower
temperatures than Ph > Pi, with respect to the same iso-
topes in the same substance. Every substance should have
a temperature above which Ph > P i , provided that this
transition does not lie above the critical point. As has been
shown in section A of the present review, all this has been
established experimentally for a number of substances.

The above treatment of the isotopic difference in vapour
pressure can be used to give a qualitative explanation of the
occurrence of opposite effects for different isotopic sub-
stitutions in the same substance, such as the cases of
chloroform and carbon tetrachloride described above, in
which P h > Pi with respect to 1 2C-1 3C but P h < Pi with
respect to 35C1-37C1 (Table 20). With these substances,
isotopic substitution of a chlorine atom produces a change
in the zero-point energy of one atomic vibration, but sub-
stitution of carbon affects four such vibrations, each of
them being associated with a greater change in Eo than in
the case of the chlorine isotopes. In view of Eqns. (106)-
(111) it can be assumed that replacement of 12C produces a
greater decrease in electron polarisability, and hence a
greater reduction in the intermolecular dispersion energy,
a factor which tends to raise the vapour pressure. On the
other hand, the decrease in zero-point energy of the quasi-
-oscillations of the molecules, a factor tending to lower the
vapour pressure, is greater on isotopic replacement of 3BC1
than when 12C is replaced.

t As Schafer246 has shown, owing to the greater distance
between H2 molecules compared with D2 molecules, the interac-
tion energy at T= 0 is -460 cal mole"1 for H2, whereas it is
-520 cal mole"1 for D2 (its value at the potential-energy minimum
is -560 cal mole"1). If the zero-point energy of 9Rej)/8,
~ 235 cal mole"1 for H2 and ~ 215 cal mole"1 for D2, is added to
the above energy, almost correct values are obtained for the
heats of sublimation at Τ =0; 225 and 305 cal mole"1 for H2 and
D2 respectively.

% According to Frenkel'264, τ = TgU/kT, where τ is the dura-
tion of the vibrations of the molecule between two transitions
from one position of equilibrium to another, r 0 is the period of
the vibrations, and U the activation energy of the transition.

In another case, that of isotopic substitutions in liquid
methane, the experimental results relate to temperatures
of 9O°-11O°K, which are considerably lower than in the
cases of CC14 and CHC13. Therefore the decrease in the
zero-point energy of the quasi-oscillations of the molecules
plays a greater part with methane, and replacement of 12C
by 13C still produces a decrease in vapour pressure, but
this effect diminishes with rise in temperature. When,
however, a hydrogen atom is replaced by deuterium, the
decrease in zero-point energy of the corresponding atomic
vibration is much greater, while the decrease in zero-point
energy of the quasi-oscillations of the molecules is the
same as for the isotopic replacement of carbon, and
Ph < Pi up to about 97°K, whereas above this temperature
Ph > Pi- When all four hydrogen atoms are replaced by
deuterium, the relation Ph > Pi is already observed above
75°, up to the melting point (Table 11 and Fig.3).

It has been shown above that the energy of association,
term (5) in Eqn. (105), is increased by substitution of
deuterium for the hydrogen forming a hydrogen bond by
which a substance is associated in the liquid phase, while
its vapour is monomeric, and the heat of evaporation is
thereby increased by tens of calories per mole. This effect
is opposite in sign to the isotopic change in van der Waals
interaction energy, and can be shown to be several times
greater than the latter in absolute magnitude. In this way
term (5) affects the vapour pressure in the same direction
as term (l) and, taking into account the above remarks on
the role of the entropy term in Eqn. (105), we find that
Ph < Pi over the temperature range within which associa-
tion persists in the liquid phase. This explains the decrease
in vapour pressure when hydrogen is replaced by deuterium
in water, ammonia, the hydroxyl groups of alcohols, the
amino-group of aniline, and in other similar cases (Fig.13).
This interpretation is confirmed by the fact that substitu-
tion of deuterium for the methyl hydrogen in methyl alcohol
produces the opposite effect — an increase in vapour pres-
sure 1 4 8 .

With rise in temperature the degree of association de-
creases and consequently the influence of association on the
isotope effect should also diminish. This will explain the
fact that with heavy and ordinary water Ph < Pi only up to
225°, whereas the opposite relation is observed above this
temperature. It is evident that above 225° water is
hardly, If at all, associated. Similar temperatures at
which Ph > Pi as with non-associated substances, can
probably be found for alcohols and amines in which the
hydrogen forming a hydrogen bond is replaced by deuterium.
Bernal and Fowler265 have shown that in a number of cases
the dissolution of electrolytes in water has a similar effect
on its structure to that of a rise in temperature. It is now
clear2 5 4 that such electrolytes produce a decrease in the
activation energy for the passage of molecules from one
equilibrium position to another, which is equivalent to an
increase in the number of hydrogen bonds ruptured. Solu-
tions of these substances in ordinary and heavy water
should therefore have a lower temperature of intersection
of the vapour pressure curves than have the pure solvents.
In other words, dissolution of appropriate electrolytes
should lower the temperature above which the relation
Ph > Pi, characteristic of non-associated substances at
moderate and elevated temperatures, is observed for D2O
and H2O. Phenomena which confirm this experimentally168

have been described in section A of the present review. In
cases in which hydrogen forming a hydrogen bond is re-
placed by deuterium in compounds which show consider-
able association in the gas phase as well, consideration

76



Vol.31 No. RUSSIAN CHEMICAL REVIEWS January 1962

must be given to the combined effects of two factors:
(1) an increase in the energy of rupture of the hydrogen
bond, and (2) a decrease in the proportion of associated
complexes which decompose on evaporation. The first of
these factors, by increasing the heat of evaporation, pro-
duces a decrease in vapour pressure; whereas the second
factor, which is a consequence of the first, by decreasing
the heat of evaporation produces an increase in vapour
pressure. Since the proportion of aggregates decomposed
depends exponentially on the bonding energy, the effect of
the second factor should predominate. This is confirmed
by experiment: with carboxylic acids containing deuterium
in the carboxyl and with hydrogen fluoride it is found that
Ph > Pi at all the temperatures investigated. The fact that
the curve showing the variation with temperature of the
ratio Ph/P\ for acids passes through a maximum (Fig. 11)
can be explained by the temperature dependence of the
degree of association in the vapour§.

Such a treatment of the isotope effect in carboxylic acids
is also supported by the fact that, as Potter et al.2ea have
calculated from experimental data on the temperature de-
pendence of vapour density, the heat of dimerisation of
CDgCOOD is about 300 cal mole"1 greater than that of
CH3COOH, while the dimerisation constant in the vapour at
120° is 1.17 times greater in the former than in the latter
compound.
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