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THE EQUILIBRIUM H.,O + HD = HDO + H,.
By L. Farkas anD A. Farxkas.
Received 4th September, 1934.

The equilibria of chemical reactions involving light and heavy hy-
drogen (H and D) of the type

AH 4 BD = AD 4 BH

were first discussed by Urey and Rittenberg ! who showed that in general
the equilibrium constant of such reactions

[AD] [BH]
K = &ar D)

will differ from unity on account of the different zero point energies,
masses and moments of inertia of the corresponding ““light”” and ‘‘ heavy ”’
compounds.

The present paper deals with the equilibrium

H,0 + HD = HDO + H,.

Bonhoeffer and Rummel 23 found the equilibrium constant of this
reaction to be 3-8 at room temperatures and we obtained 4 in some

1 Urey and Rittenberg, J. Chem. Physics, 1, 137, 1933.

2 Bonhoeffer and Rummel, Naturwiss., 22, 45, 1933.

3 Bonhoeffer, Z. Elektvochem., 40, 469, 1934.

4 Farkas and Farkas, Proc. Roy. Soc., A., 140, 623, 1934.
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1072 THE EQUILIBRIUM H,O + HD = HDO + H,

preliminary experiments * nearly the same value at this temperature and
about 2 at 100° C. The importance of this equilibrium which was
pointed out in a preceding paper,® however, suggested a more accurate
study. We have carried out this investigation in the following way,
making use of the fact that the exchange reaction between water and
hydrogen takes place in the presence of certain catalysts®:—

(1) Heavy water of known D-content was brought into contact with
hydrogen in presence of a catalyst and the change in the D-content of the
hydrogen was followed until equilibrium was reached. Since in these
series of experiments the heavy water was present in large excess, its
D-content is relatively unaffected, thus permitting a high degree of ac-
curacy in the determination of the equilibrium constant.

(2) Heavy steam of known D-content and light hydrogen were mixed
in certain proportions in the presence of a catalyst, and again the equilibrium
concentration of D in the hydrogen was determined. This method was less
accurate than the former, because small errors in the determination of the
D-content of the hydrogen evidently affect the equilibrium constant con-
siderably.

For both methods the experimental arrangement was very simple.
After having filled the reaction vessel of volume 8 c.c. with o-5 g. heavy

water f and
' 385 with  several
e e ~ mgm. of palla-

dium or plati-
30 ~

num black and
/ ( the air ex-
20 hausted, hy-

drogen was

[ added to 10-20
10 mm. pressure.
Then from time
to time samples

20 40 60 60 mintes  of  hydrogen,

Fre. 1 about o-oo4 c.c.

T at N.T.P. were

withdrawn from the reaction vessel by means of a capillary lock (volume

o-2 c.c.) and their D-content determined (after having frozen out the water

vapour) by the microthermo-conductivity method.” The time required for

the attainment of the equilibrium varied with temperature, activity and

amount of the catalyst used, but was usually less than one or two hours.

Fig. 1 shows the change of the D-content of the hydrogen with time when

in contact with 66-8 per cent. heavy water at 20° C. Practically the same

concentration, namely, 38-2 per cent. D was reached, starting with go per
cent. D, instead of H, and 66-8 per cent. heavy water.

Table I. shows the equilibrium D-content in the hydrogen in per cent.
(= Gp, column 2), and the D-content of the water (= Wy, column 1) in
equilibrium at 20° C. In column 3 the ratio

(é‘;—'g%, Gg = 100 — Gy, Wy = 100 — Wy

* In fact, the present investigation will show that the equilibrium constants
reported in previous papers were somewhat too high. The equilibrium constants
given in our joint paper with Yudkin (Proc. Roy. Soc., 11§B, 373, 1934) were
obviously not very accurate, as indicated by their variation in different experi-
IX .

en{’c S'I‘he D-content of the water was determined by density measurements, and
checked by the micro-thermoconductivity method, the water being decomposed
on a hot tungsten filament to hydrogen and tungstic oxide.

5 Farkas and Farkas, J. Chem. Physics, 2, 468, 1934.

¢ Horiuti and Polanyi, Nature, 132, 819, 1933.

7 Farkas and Farkas, Proc. Roy. Soc., 144A, 467, 1934.
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is given. This ratio is related to the equilibrium constant of the reaction
H,;0 + HD = HDO 4 H,, as will be seen below, and is practically in-
dependent of the D-content of the water.

The temperature dependence of the equilibrium was investigated at
3° 40°, 65°and 100° C. At 65° and 100°, however, the hydrogen samples
were not extracted dur-
mg the establishment TABLE I.—TEMPERATURE 20° C.
of the equilibrium, but

the vessel was sealed up )
after having been filled, (D-Content of the | | D-Lontent of the ot
ter in Per . rogen in Per Cent. .

heated for one or two ae“nn. ent. (Hydrog G i
hours, and then the D*"H
whole hydrogen was
taken out by breaking

A 20 7 22
a suitable glass peak by 2 5.3 é§ 2.2 I
means of an electro- 410 17°0 319
magnet. (The results 66-8 385 322
obtained are given in 736 468 317
Table 1V.)

The second series of ] ]
experiments were carried out at 450° C. in a quartz vessel in which the
hydrogen was mixed with heavy steam. In order to accelerate the ex-
change reaction again a catalyst was used. In this case a thin platinum
wire o-1 mm. diameter and 10 cm. long was substituted for the platinum
black since the use of the latter implies the danger of hydrogen ab-
sorption, and thus the alteration of the original ratio of water : hydrogen.*
The data for these experiments are given in Table II.

TABLE II.—TEMPERATURE 450° C.

Original Mixture. Equilibrium Mixture.

Ratio

S Gy ¥y

Per Cent. D. Hydrogen team .
Hydrogen Steam “in the Per Cent. D. | Per Cent. D. Gp-Vy
Hg. mm. Hg . Steam. Gy (V)

81 18-0 19°4 12+7 137 1:09
10'0 17-8 19°4 11-8 128 I-1I0
7:0 185 70°8 46-9 53°I 1-29

The Calculation of the Equilibrium Constants.

The equilibrium between the six molecular species Hy HD, D,, H,0,
HDO and D,0 in the gaseous state is given by the equilibria

H,+ D,=2HD K, = fI—[I_Ij?lTi] . . (1)
H,0 + D,0 & 2HDO K, = [—H[z—(};?—[———«(l))]:o] . . (2)
H,0 + HD = HDO + H, K, — %% @)

These three equilibria define completely all other equilibria involving
these molecular species, and the constants of all other equilibria can be
expressed in terms of these three constants, e.g.

* Such an absorption of gas did not matter in the first series of experiments
when water was used.


https://doi.org/10.1039/tf9343001071

Published on 01 January 1934. Downloaded by University of Toledo on 1/3/2020 5:49:29 AM.

View Article Online

1074 THE EQUILIBRIUM H,0 + HD = HDO + H,
_ [D:0] [Hy] _ K4'K,

Hzo + D, = D,0 + Hy, K,= [H,0] [Dy] = K, . (4)
HDO] [HD
H,0 + D, = HDO + HD, K;— [TIEO_—_M — KK, . (5)

D,0] [H K
HDO + HD = D,0 + H,, K,=[—I[q%]=[—{: . (6)

_[HDO] Dy K,
"= DO D] T KK, -

It is possible to derive the constant K from the experimental results,
provided K, and K, are known, in the following manner.

In a temperature region in which the rotational motion of the mole-
cules is fully excited and the vibrational motion is not yet excited the
equilibrium constants K; and K, are given by

D,0 + HD « HDO + D,, K

2 12
_ __2€HD — €Hy — €D, _ 3 My _ HD
In K;= RT > S a M, P im Iy, 4 @)

M2HD0 1 12HD0

—In K,—2SHDO—€H:0—€D,0 —In
2 Mau,o . Mpo In,o - Ino

2

M and I designating the masses and moments of inertia of the corres-
ponding molecules in the case of water I represents V1, . Iy . I, where
1,, Iy and I are the three moments of inertia of the water molecule
and e the zero point energy given by

€ = he (3o — }owyx) . . . (10)

k = Planck’s constant, ¢ = velocity of light, w = vibrational frequency
and wx = the anharmonicity constant; in the case of water we have to
consider the three vibration frequencies w,, ws ws and put for the zero
point energy :

€ = he [(§w, — dwg%s) + (Jwa — dwnra) + (Jos — twsxs)

— $Won¥on — }wes%es — Fwns¥ne] (10a)

The term In 4 is introduced since symmetrical molecules are transformed
into unsymmetrical ones.

K, was derived by Urey and Rittenberg! using the known mass,
zero point energy and moment of inertia of Hy and the values for the
molecules HD and D, calculated from the mass of D according to the
general formula for the isotopic effect in molecular spectra. The formula
obtained

log Ky = — §Yi'+ 06276 . . . (11)
2€Ap — €H, — €p, = AE; = — 155 cal,,

using the numerical values, was proved experimentally by Rittenberg,
Bleakney and Urey.?
The constant K, was calculated by Topley and Eyring ? using a set

8 Rittenberg, Bleakney and Urey, J. Chem. Physics, 2, 48, 1934.
® Topley and Eyring, J. Chem. Physics, 2, 217, 1934.
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of frequencies and moments of inertia for the molecules HDO and D,0
derived half-empirically, and is given by

°I
logKy=— 2406231 . . . (19
2€HDO — €H.0 — €D:,0 = AEz = — 156 cal.

Whereas there is very little doubt that the constant K, is correct
within a few per cent. the uncertainty in the constant K, is somewhat
greater, since both the vibrational frequencies and the anharmonicity
constants for the molecules HDO and D,O are not well known. Never-
theless we will see that the values for K, employed must be nearly the
correct ones.

In order to obtain the equilibrium constant K, for the gaseous phase
we have to calculate the D-content of the water vapour Vp from the D-
content of the water Wp which is different from the former owing to the
different vapour pressures of H,O and DyO. To calculate Vp from Wp
we can assume as first approximation that the vapour pressure of HDO *
will be the algebraic mean between that of H,O and D,O ?.e., the vapour
pressure of mixtures of HyO and D,0 varies linearly with the concentra-
tion of the components. Then

Vp=—D2 (1)

WekEO 4y,
PDs0

pmy0 and pp,o designating the vapour pressures of pure H,O and pure
D,O.f According to Lewis and
Macdonald 10 the ratio pm,0/pp,0 has

the values opposite. Temperature P IP
The actual calculation of the e 5,0/7p,0

equilibrium constant K, is shown in

Table III. Column 2, the D-content 3 118 ¢
of the vapour Vp, has been obtained 20 II5
by equation (13). The percentage of & ;:(1)35
the molecules sz HD, Dz, HZO, 100 1057
HDO and D,O in the gaseous phase

has been calculated using the rela-
tions

K «/ Ky VL 4K
[HD] = "+ (4_K1) + G 6r . ()

4 R
[D,] = Gp — ${HD] . N 1)
[H)=Gg—3HD] . . . . . . . (16

* This compound does not exist alone in the liquid phase, since the equilibrium
H,0 + D,0 = 2HDO is immediately established by ionisation.

t Practically the same result is obtained if one assumes, ¢f. Topley and Eyring,®
that the vapour pressure of HDO is the geometric mean of those of H,O and D,0
and the vapour pressure of a mixture of H,D and D,O is given by

P = rbo [(HyO)pg,0 + (HDO)pEDO + (P20)fD,0]:

the distribution of the molecules H,0, HDO and D,O in the liquid being governed
by the same equilibrium as in the gaseous phase, namely, by the equilibrium 2.
t Extrapolated.
10 T ewis and Macdonald, J. Amer. Chem. Soc., §5, 3057, 1934.
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1076 THE EQUILIBRIUM H,0 + HD = HDO + H,

TABLE III.—TEMPERATURE 20° C,

Per Cent, D in the

—_— Water. Vapour. Gas.
Water. Vapour. Gas.

Wy Vo Gpe {(HDO). (H;0). (Ds0).| [HDO). [H;0). [DgO}. | [HDL. [Hyl. [Dal | Ky | K.

205 184 741314 638 48 1291 6770 39 |135 8585 065! 312{276
25'9 232 98368 557 75 {34'3 5965 605[17:3681'52 1-12|3-10 | 2°70
410 37'5 17°9 {45°9 36°I 18'0 | 446 402 152 |28'5 6785 365| 302264
668 636 38'5 |[42:2 12T 45'7 [ 440 I4'4 416 |[452 389 159 | 301|263
736 708 46'8 |37:2 78 550 |39'5 9'4 5I'T (472 296 232 |2:99]|2:64

Mean | 3-05 | 2:67

with K, = 3-27 at 20° C., and the analogous relations for HDO, D,0
and Hy0 with K, = 3-22 at 20° C.* In a similar way the equilibrium
concentrations of HDO, D,0 and H,0 in the liquid have been calculated,
assuming the same equilibrium constant K, for the liquid as for the
gaseous phase. The equilibrium constants for the gaseous reaction
H,0 + HD « HDO 4 H,
&, — [HDO] [Hy]
o (H:O] [HD]
are listed in column 5.
together with the equilibrium constant
HDO) [Hy]
k=480 H)
_ *= (F,0) (D] ()
of the reaction
(HeO)iq. + [HD]gas = (HDO)ug. + [Hygas - . (170)
100 As it will be observed the
equilibrium constants calculated in

P this way are very nearly independ-
e 7 gaseous system and 3-05 for the
y / water-hydrogen system at 20°C.
40 L In Fig. 2 the D-content of water
/ brium with water of different

i D-content is shown graphically.
- % 40 60 Aw @Jg peratures up to 100° C. have been
%0 inthe water ~ €valuated in a similar way. The
(a) Water vapour; (b)) Hydrogen. present means of the values ob-
tained in different series and with

[ ent of the concentration, and give
/ the mean value of 2:67 for the
: / /o vapour and of hydrogen in equili-
20 7
”‘/ The experiments at other tem-
Fi6. 2. constants listed in Table IV. re-
samples of water of different D-content

* As an elementary calculation shows, K, is identical with the ratio gn - IT:D

p. Ve
if K; = Kq = 4. That the values for this ratio listed in Table I. are nearly
independent of the concentration is explained by the fact that K, and K, do not
differ much from 4.
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Table V. contains the results obtained at 450° C. when the vapour
of heavy water was mixed with hydrogen.
The theoretical formula for the equilibrium constant Kj is given by

€EpoteH,—€H,0—€HD_ 5 MHDO-MH,_I Igpo . Im, 18
2:3 RT TOgMH,o.MHD Oglnao.lnp ( )

For the sum of the second and third term in this expression we obtain
— 01335 (using decimal logarithms) if we assume that the geometric
configuration of

the water mole- TABLE IV.

cule is not

—log K3=

changed when Ratio

the H-atom is  Temperature Gy W, Ko Ky
replaced by a C Gy Wy '

D-atom.  The

value of AE; 6 46 .
= €mpo + e, — I 38 s A
€H,0 — €D Can 65 2+6 2:57 2-37
be derived by 100 22 213 2:00
comparison  of

the theoretical
formula (18) with the experimental values for Kj listed in Tables IIL.,
IV., and V. The AE, values calculated in this way vary somewhat about
750 cals. Fig. 3 shows that the equilibrium constants calculated on the
basis of the formula

log K3 = 750 _ 01335 . (18a)

37 2.3RT ) :

are in very good agreement with the experimental values. Thus the
heat of reaction of (3) is 4+ 750 cals. at absolute zero and the free energy
change AF° at 298-1° abs. 568 cals.

TABLE V.—TEMPERATURE 450° C.

Water Vapour. Hydrogen.
K.
Ci;rt. Cr;e;t CP;;:rt. C}:irt Per Cent. Per Cent. Per Cent.  Per Cent. *
D.. HDO. HO. D0 D. HD. Hy Ds

I3'7 23'4 746 20 127 22°0 763 17 1-09
128 222 761 1+ 11-8 207 77°85 145 110
53'I 490 22°4 286 469 492 285 223 1-26
Mean 115

From AE,; = 750 cals. we obtain for eg,0 — empo = 750 + 817 = 1567
cals. as the difference in the zero point energies of the two water species
H,0 and HDO. This difference in the zero point energies can also be
calculated from spectroscopic data according to the formula 10a.
Bartolomé and Clusius I* have recently investigated the infra-red spec-
trum of the molecules D,O and HDO. The harmonic frequencies (in
cm.™1) deduced from the observed frequencies are listed in Table VI.

11 Bartholomé and Clusius, Naturwiss., 22, 420, 1934 ; Z. Elektrochem., 40,
529, 1934.
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together with some frequencies calculated according to theoretical
formule of Teller * 12 (in brackets).

The six anharmonicity constants wx for the HyO molecule are known
from Mecke’s 12 analysis of the infra-red spectrum to be 40, 72, 20, 100,
20 and 20 cm.™?, respectively. Assuming that wx varies with the square
of the frequency in the isotopic molecule, as it is the case in diatomic

Lk

a6

\\
02 T~

\

35 30 25 20 15 Yt
F1c. 3.

T~

molecules, the anharmonicity constants can be calculated for the HDO
and D,0 molecules. With these figures we obtain
em,0 = 13097 cals., empo = 11393 cals., ep,0 = 9527 cals.
and thus for the difference em,0 — €mpo = 1704 cals. )
This value does not differ very much from the experimental value
of 1567 cals. The discrepancy of 127 cals. which is, however, certainly

larger than the experimental error may be due to several causes: to
the somewhat uncertain calcula-

TABLE VL tion of the zero point energy
from the first vibrational fre-

’ wge | . wg. quencies, to small errors both in
the determination of the vibra-
tional frequencies of HDO and in
gﬁ% ggzi égzg) iigi the experimental measurements
D,0 2850 (2707) 1218 of K4 and to the incorrectness of
the assumption that the binding
energy in a molecule does not
change replacing a H-atom by a D-atom which has been made in the
calculation of the equilibria. That the binding energy in the isotopic
molecule may actually change was pointed out by Topley and Eyring ?
for the water molecules and is made probable by the large isotopic shift
observed in the electronic levels of OD by Johnston 14 and in those of
HD observed by Jeppesen.l®

* We are indebted to Dr. Teller for the calculation of these frequencies.
12 E. Teller, Det. kgl. Danske Videnskabernes Selskab, 1934.

13 Mecke, Z. Physik, 81, 313, 1933.

14 Johnston, Physic. Rev., 45, 79, 1934.

15 Jeppesen, Physic. Rev., 45, 480, 1934.
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On the other hand we have no explanation for the discrepancy
between the equilibrium constant K’y = 3-8 found by Bonhoeffer and
Rummel 3 and the value K’y = 3-05 (at 20° C.) found in this investigation
although the former is the value in agreement with the zero point energies
given above.

In addition it may be mentioned that the evaluation of Kj is based
upon the values of K, obtained from formula 12 which are to a certain
«degree unreliable. The value of Kj is however not very sensitive to
an alteration of K, and the actual calculation shows that smaller values
for K, (e.g., 2:6, AE, = — 280 cals.) would lead to a smaller K (higher
values for K, are very improbable) but that in this case the calculated
K, constants would show a marked shift with concentration. For this
reason it is very likely that the values of K, actually used were nearly
correct the more since the data of Table VI. give AE, = — 162 cals.
The limit of error for AE; cannot exceed - 50 cals. even if we allow for
the uncertainty in the value of K,.

We are very much indebted to Professor E. K. Rideal, F.R.S., for
his interest in our work and to the Central British Fund for German
Jewry and to Imperial Chemical Industries for a financial grant.

Summary.
The equilibrium constant of the reaction H,0 + HD = HDO 4 H,
%,  [HDO] . [H)
* 7 [H,0] . [HD]
has been determined over the temperature range 3 to 450° C. The equi-
librium constant in the gaseous state is 2'61 at 25° C. and varies with
temperature according to the formula

750 ,
23RT  O133%

log K3 =

Laboratory of Colloid Science,
University, Cambridge.
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