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ToM JONES AND ALBERT SHERMAN
University of Wisconsin, Madison, Wisconsin
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In part I, by means of statistical-mechanical theory,
equilibrium constants are calculated for exchange reactions
of the various isotopic forms of hydrogen, water and
hydrogen sulfide. The calculations are made over a range
of temperature and show the temperature dependence of
the reactions. Part II concerns itself with the calculation
of activation energies for these various reactions. The
computations show that the reactions fall into three main

classes. Hydrogen or deuterium, and water or hydrogen
sulfide, can be expected to react by a chain mechanism
at about 500°C. Water and hydrogen sulfide can be
expected to react by either a chain or bimolecular mecha-
nism around 400°C, and the isotopic forms of water or
hydrogen sulfide with themselves at 200 to 300°C by a
bimolecular mechanism.

INTRODUCTION

NE of the earliest and most interesting

applications of deuterium in chemical re-
search was the preparation of various isotopic
molecules and a study of the reactions between
them. Knowledge of the equilibria and rates of
such reactions is of importance as a preliminary
step towards an understanding of more general
reactions. Previously many authors! have calcu-
lated equilibrium constants alone, but these
computations are obviously incomplete in the
absence of any information concerning the rate of
attainment of the equilibrium. In part I of this
paper we calculate equilibrium constants from

* Contribution from the department of chemistry, Uni-
versity of Wisconsin, Madison, Wisconsin.

t Urey and Rittenberg, J. Chem, Phys. 1, 137 (1933);
J. Am. Chem. Soc. 56, 1885 (1934); Crist and Dalin, |
Chem. Phys. 2, 735 (1934); Farkas and Farkas, Proc. Roy.
Soc. (London) Al144, 467 (1934); T. Férster, Zeits. . physik.,
Chemie B27, 1 {1934); Farkas and Farkas, Trans. Faraday
Soc. 30, 1071 (1934); Urey and Greiff, J. Am. Chem. Soc.
57, 321 (1935).

statistical-mechanical theory, and in part II,
activation energies have been calculated for
many of these same reactions, and conclusions
are drawn concerning probable mechanisms.

Parr 1. EguiLiBriuM CONSTANTS

Procedure

Two methods for the theoretical calculation
of equilibrium constants from a knowledge of
molecular constant data have previously been
used. One method is indirect and involves calcu-
lating AE® from spectroscopic data and com-
bining it with a calculated AS® to obtain AF°,
and finally finding K by means of the relation
AF°=—~RTlog, K2

The statistical-mechanical calculation is much
more direct and elegant, and simply depends

2 See for example, Giauque, J. Am. Chem. Soc. 52, 4808
{1930); ibid. 52, 4816 (1930); 54, 1731 (1932); Urey and
Rittenberg, J. Chem. Phys, 1, 137 (1933); Johnston and
Long, ibid. 2, 389 (1934).
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upon the fact that an equilibrium constant is
expressible as a ratio of the product of the
partition functions for the product and reactant
molecules.® It has been used, for example, by
Crist and Dalin and Urey and Greiff’ and is the
method we shall use in this article.

All of the reactions we consider are stoi-
chiometrically bimolecular, with the same number
of reactant and product molecules. We may write

A+4+B=CH+D. (1)

A, B, C, and D denote di- or triatomic molecules:
and in every case C and D are merely different
isotopic species of A and B. We have
K=FyFy/FuyF(p). (2)

Here F denotes the complete partition function
for the molecule in question. In practice it is
easier to calculate a product of F ratios rather
than a ratio of products. Urey and Greiff' have
given equations for calculating the F ratios for
di- and triatomic molecules, but their equations
are quite special and only apply to isotopic
molecules of the same symmetry number. It is
perhaps of interest and importance to arrive at
their equations by starting with perfectly general
expressions, applicable to all kinds of molecules.

Itis assumed that it is a good approximation to
express the partition function of a molecule as a
product of translational, rotational, and vibra-
tional parts, i.e.,

From Eq. (3) we have, for diatomic molecules,

Fioy QumckT)IV 87IckT e(Fockeac)iT
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F(diatomic molecule)
= F(trans.) F(rot.) F(vibr.)gmin
QrmkT)V 8ntlkT
W oh?

e(Eo—-%hcmo)/kT

. Zmtm. (3
(1—exp — heewo/kT) @

The term ((2xmkT)*V)/k3 is the partition
function for three degrees of translational motion.
V is the volume in which the molecule moves, and
the other symbols have their usual meaning.

The expression (8x2IkT)/ch? represents the
partition function for two degrees of rotational
freedom. I is the moment of inertia of the
molecule and ¢ the symmetry number, or number
of orientations of the molecule which are physi-
cally indistinguishable. ¢ is 2 for molecules of the
type X, and 1 for molecules like XY.

The vibrational partition function is
(1 —ehewdkTy~1 where wp is the fundamental
vibrational frequency of the molecule.

The term exp (Eo— 3hcwo)/kT occurs because
the zero of energy is taken to be that of the atoms
at 0°K rather than that of the molecule. The
expression }hcw, is the zero-point energy of the
system, and E, the total energy. Eq— Shcw, is the
heat of formation of the molecule from its atoms
at 0°K.

gn 1s a weight factor arising from electron
states, and 1. a factor arising from nuclear spins.
All the molecules we shall consider are in singlet
electronic states, so that g=1 and need not be in
the expressions explicitly.

F(A) hd
(mc)% catc Ic (1 —e—(h”"’oA/kT)

ocia Ia (1—e=Vewoo)/kT)

where AE = (EOA - %hcwu) - (EOC - %hcwoc) .

ma

¢
och? (l_e—hcwoC/kT)

e—AE’/kT,

/(ZwmAkT)éV 8w 4k T e Eomthewo)/kT

14
Be gah? (1 —ehowoalkT)

(4)

For the case of isotopic molecules where Fos=Fo¢, AE simply becomes 1kc(woc—woa). If we con-
sider the special case where o4 =0¢ and f¢=144 Eq. (4) reduces to the equation given by Urey and
Greiff. (Their paper, Eq. No. (12).) In the case of H;, HD and D, we must use

BOACh Bochc
AE' = (EOA—%ChwoA-l- )— (Eoo—%waoc—l— 1 ),

4

3 See for example, R. H. Fowler, Statistical Mechanics (Cambridge University Press, 1929).
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TABLE 1. Molecular constants for diatomic molecules. TABLE 111. F ratios for various isotopic molecules.
. o
MOLECULE | M (g) | o | ¢ 5Ii/I2 wo Be T°K
RaTIO 273.1 298.1 | 373.1 | 473.1 | 573.1 | 1000
H, 2.01625| 2 | 4 | (D2/H2) =1.99877 | 43718 | 60.564¢
HD 302285 1| 6 | (D:/HD)=14997 |3786¢ 454396 D,/HD 10.4493| 8.9538| 6.4803| 4.8860| 4.0764| 2.8487
D 4.02045 2 | 9 3092.36(.30.312¢  HD/H, 33.375 | 20.397 | 22.352 | 17.603 | 15.114 | 11.137
Do/Hy 348.74 | 263.21 |145.05 | 86.008 | 61.611 | 31.726

D.O/HDO| 35.387 26.740 | 14.555 8.7650] 6.3324| 3.4323
1})1%014}80 318;.337 6?.;72 61.268 227.749 %0.725 1(1)‘7}9573
H H : . 18635. 609.39 43.21 131.6 .49
since the moments of inertia of the molecules are so DZS//Hf)S 11.223 0.3075| 6.1830] 4.4295| 3.5867| 2.4402

. . . HDS/H.S 57.150 47.190 31.010 22.050 17.460 | 11.850
small. The B, terms arise from the interaction be- 1)25/{1252 64139 | 43922 | 19173 | 97.670 | 62.624 | 28.916

tween rotation and vibration. Eq. (4) then becomes

Fay

- - e—AE’/kT‘ (5)

F(C) (mc)i (] iC’ IC (1—6—(hcwoA)/kT)
ogta Ia (1—6—(hcwoc)/kT)

my

The translational partition function for polyatomic molecules is the same as for diatomic molecules.
There are, however, now three degrees of rotational freedom, and the rotational partition function
becomes [872(8mABC)}(kT)3]/oh?, where 4, B and C are the three moments of inertia for the mole-
cule in question.

For a polyatomic molecule we therefore have in general,

(2amkT)AV 872(875A BC)H(RT)} e(FeishewnliT

F(polyatomic molecule) = 1. (6)
h3 o-h3 ,".i(l_e—hcwi/kT)
TaBLE 11. Molecular constants for triatomic molecules.
MOLECULE M (g) o i Ar/A Bi/Ban C1/Ca1t w1 w2 w3
(D:0)
H,0 18.0162 2 14 01,0) =1.798 1.998 1.929 1595.48 36008 3756.358
2
HDO 19.0228 1 6 ((I?f)%))=1.357 1.267 1.339 1380° 2810° 37200
D;O 20.0294 219 ' 11790 26662 2784¢
H.S 34.0162 2| 4 2323 =1.887 1.998 1.965 12361 261510 263210
2
HDS 35.0228 1 6 ((11{);)5%) =1.296 1.346 1.328 107810 19101 261910
D.S 36.0294 2 9 89810 1906 19401

4 Mulholland, Proc. Camb. Phil. Soc. 24, 280 (1928); Sutherland, ibid. 26, 402 (1930); Giauque and Overstreet, J. Am.
Chem. Soc. 54, 1731 (1932).

8 F, W. Aston, Nature 137, 357 (1936).

¢ Jeppeson, Phys. Rev. 44, 165 (1933).

7 Calculated.

8 H. Sponer, Molekulspektren (1. Julius Springer, 1935), p. 78.

9 H. Sponer, ibid., p. 144.

10 Bailey, Thompson, and Hale, J. Chem. Phys. 4, 625 (1936).

11 These ratios have been calculated from formulas derived from definition. For H,O and DsO we have, if « is the
angle between the O—H or O—D bonds,

By _ mmy, A0y _ moy+H2mm By, Cpg0y _ mo~+2mp sin® a/2 Apyon .

Bm,oy mam’ Ag00  moy+2m@y Ban,o' Cmyoy  mo2mmsin’a/2 Amyo)’

mu, mp, and mo are the masses of the hydrogen, deuterium and oxygen atoms, respectively. For H,0, a=104°40".
For H,S, a=111°30".
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TasLE IV. Equilibrium constants for isotopic exchange reactions.

RracTion CONSTANT AZw;{em™T) | 273.1°K| 298.1°K] 373.1°K 473.1°K| 573.1°K|1000.0°K
() He +D: =2HD K1 =FF((I?{I;)) 1;((1]{)];’)) 109 3.19, | 3.28 | 3.444 | 3.60: | 3705 | 3.9%
() Hi 4D:0 =HD -HDO | K» =P;(Ig?)) %L;jg)l 696 | 0.943:] 109 | 153 | 200s | 2.38 | 3.246
(3 HD +H:0 =H: +HDO | Ki =15<(}11{17))) %% —456 2.63: | 2375 | 1875 | 1.57¢ | 1.37s | 108
(4 My +DeS =HD -+HDS | K =‘;(§£)} %%%S)) 278 2.97¢ | 3.5 | 3.61: | 3.97, | 421 | 456
() HD +4+H.8 —H, -HDS | Ks =15<(}11{12))) Fp((i;zs%l ~291 1712 | 160s | 138 | 125 | 115 | 1.06
(6) Da +HDO=HD +D0 | Ks =";((1§3)) FI%%S% —587 3.38; | 2.98 | 2.24s | L9 | 1.55: | 1.20s
() D» +H:0 =HD -+HDO | K: =1;(g)13)) FF((LH?(?—))zxsz —347 840 | 7.79; | 6.45: | 5.67s | 505 | 414
(8) HD +D:S —D: +HDS | Ks =1f((1?12))) %“% 169 09310 0.9620| 1.050 | 1.10s | 1137 | 116y
(9) D: +H:5 =HD +HDS | K: =2‘§)}3’ % =K1Ks —182 5460 | 5.27¢ | 4770 | 451 | 428 | 4160
(10) D: +HO =H: +D:O | Ku iégg izgzgi Kl‘gf* ~1043 $.91; | 7.08 | 4201 | 2.82 | 2137 | 127
(11) Dr  +HsS 2H: +DsS Kn—;ggz ';Eg::; K;gf“ —460 1.83 | 1.66s | 1322 | 1.13s | 1.01s | 0.91L
(12) H:0 +D28 =D:0 ~+H:S Kw—iégzgg iﬁgg If;i: ~583 4.84s | 4248 | 3175 | 2.49 | 210 | 140
(13) DO +H:0 =2HDO K”:F;g)?g) I;S(H—H?g)l=K2Ks 240 2.48: | 2.60s | 2.877 | 3.165 | 3.28 | 3.43
(14) HDO+D:8 =D:0 +HDS | Ku =If((TD5%)5 %g;—g—fl =% 418 3.15; | 2.87¢ | 235 | 197s | 1765 | 140
(13) D:O +H,S —HDO -+HDS K15=FT<(H%.‘)2~P;(HT?SS%*K2K5 405 1615 | 1765 | 2.131 | 2515 | 275 | 345
(16) HiO +De§ —HDO +HDS Km=1;((iﬂ?§; %3 =KsKa —-178 7826 | 7.49s | 6771 | 6.26s | 5795 | 4.83
(17) H:O +HDS=HDO +H:S | Knr =%%?)“);((T}%Ss)‘)“§‘: ~165 153 | 147 | 135 | 125 | 119 | 0995
(18) DsS +H:8 —=2HDS Ku=’;§g)?ss’)) fﬁ((%?si)) =KiKs —13 500: | 5.070 | 5.01s | 497 | 4.86s | 4.85
Hence, for polyatomic molecules,
(2empkT)}V 8r2(8x34 pBpCp)H(kT)t e Fo—theZuoipl Ty
Fpy h3 oph? 7i(1 — g hewoiplkT)
Fay (QampkT)V 8x2(872A zBsCa)i(RT)} eEBotheTunimiiti,
X agh? mi(l— g—hewoinlkT)
mp\topin sApBpCp\?* (1 — g~ hewoig/kT)
=(__) —— ) I 6—~AEIRT’ (7)
Mmp

agp iB AB.BBCB

where AE = (Hop— $hcZwo;5) — (Fop— hcZwo;p).

For isotopic molecules Eog=Fos, and therefore AE=1kc(Zw,p— Zwo;z). For the cases when ez=0p
and ip=ip Eq. (6) reduces to the zone given by Urey and Greiff. (See their paper Eq. (13).)
We now apply Egs. (5) and (7) to various isotopic molecules. The molecular constants used in the
calculations are given in Tables I and II, and the F ratios in Table III.

"(1 —_ e—hcwu“)/k’z‘)
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The values in Table III may be used to calcu-
late equilibrium constants for various reactions,
as shown in Table IV,

The equilibrium constants given in Table IV
have all been calculated directly from the F
ratios shown in Table III. Obviously they are
not all independent. The first five, however,
may be taken as independent, while the last
thirteen may be shown to be expressible in terms
of the independent set. Other authors have
previously calculated some of the constants of
reactions involving isotopic hydrogen and water
molecules, but we have repeated these calcula-
tions for the sake of the consistency and com-
pleteness of Tables I1I and IV.

The temperature variation of all the equi-
librium constants is very largely determined by
the exponential term in Egs. (5) and (7). The
value of this exponential term depends upon the
differences in zero point energies of the products
and reactants. The column in Table IV headed
AZw; gives this difference in cm™. A study of the
table shows clearly that when the zero point
energy of the products is greater than that of
the reactants (AE, is positive) the reaction is
endothermic and the constant increases with
increase in temperature as is to be expected.
When the difference in zero point energy is
negative, the reaction is exothermic and the
constant is found to decrease with increase in

temperature. Reaction (18) is interesting in that

its change in zero-point energy is practically
zero and it is found to be practically independent
of temperature.

Crist and Dalin?? have calculated 1/K; at
various temperatures. They used slightly dif-

TABLE V. Constants used in constructing Morse potential
energy curves.

Bonp ro(A°) wolcm™1) D(kcal.)
H-H . 0.741¢ 43751 102.418
O—H 0.9716 366016 113.118
S—H 1.358 26008 87.017
0-0 1.3218 13041° 34.3%0
S-S 2.0818 510% 64.0%°
5-0 1.718 61219 71.0%
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ferent values for the molecular constants, but
their equilibrium constants are in rough agree-
ment with ours. Thus by interpolation we find
1/K;=0.43, 0.56, 0.66, 0.74, 0.82, 0.88, and 0.90
at 7'=2300, 400, 500, 600, 700, 800, and 900°K,
respectively. Crist and Dalin calculated for the
corresponding temperatures the values 0.35,
0.51, 0.60, 0.68, 0.74, 0.79, and 0.83. They find
experimentally 1/K3;=0.71 at 799°K.

Farkas and Farkas® calculated our K,=3.27
at 293.1°K in perfect agreement with our value.
They found experimentally our K3=2.67 at
293.1°K and K;=1.15 at 723°K, while Topley
and Eyring! calculate K;3=3.26 at 298.1 and
3.40 at 373.1°K. These values are decidedly
higher than ours, and the discrepancy must be
sought in a different choice of constants.

The large values for the equilibrium constants
at room temperature for reactions (7), (10), (16),
and (18) are of interest as well as the large
temperature coefficient of reaction (10). Classi-
cally the equilibrium constants should approach 1
or 4 as the temperature is increased. It is to be
noted that there is considerable departure from
the classical values at ordinary temperatures,
particularly in the case of reactions (2), (6), (7),
(10), (12) and (16).

Part II. ActivAaTiON ENERGIES

A knowledge of these constants given in part 1
is alone incomplete in the absence of any in-
formation concerning the rate of the reactions,
and we now proceed to calculate the activation

TABLE VI. Activation energies for reactions between hydrogen,
water and hydrogen sulfide.

REACTION AcTIVATION ENERGY
(1) D; +H,0 =HDO+HD 65.1 keal
(2) D, +H,S =HDS+HD 66.4
(3) D;O+H.S =HDO+HDS 49.3
(4) H:O0+D,0 ==HDO+HDO 29.3
(5) HsS +D.S =HDS +HDS 39.4
(6) D +H,0=HDO+H 4.9
(7) D +4H,S =HDS+H 3.5
(8) D +OH =HDO+4D 8.7
9) D +HDS=SH +D, 9.7

22 Crist and Dalin, J. Chem. Phys. 2, 548 (1934).

13 Farkas and Farkas, Trans. Faraday Soc. 30, 1071
(1934).

1 Topley and Eyring, J. Chem. Phys. 2, 217 (1934).

15 For references see Van Vleck and A. Sherman, Rev.
Mod. Phys. 7, 167 (1935).

16 R. S. Mulliken, Rev. Mod. Phys. 4, 1 (1932).

17 Calculated from data in Bichowski and Rossini’s
T hermochemastry.

18 Pauling, Proc. Nat. Acad. Sci. 18, 293 (1932).

19 Calculated.

20 Pauling, J. Am. Chem. Soc. 54, 3570 (1932).

2 D. Clark, Chem. Rev. 11, 231 (1932).
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energies in order to draw some conclusions about
the rates.

Calculations

The method of calculating activation energies
is the so-called semiempirical system of Eyring
which has been described elsewhere.’® We simply
give in Table V the constants used for con-
structing the various Morse curves.

Results

The reactions, with their calculated activation
energies are given in Table VI.

All of the reactions given in Table IV, except
number 1?2 are merely isotopic variations of
reactions (1) to (5) in Table VI, and their
activation energies will differ only slightly from
the values given for the above reactions due to
small differences in zero point energies.

For each of the above reactions (1) to (5) we
must now consider, in addition to a bimolecular
mechanism, a chain mechanism.

Reaction (1): D.+H,O0=HDO+HD

If the mechanism of this reaction is bimolecular
the activation energy is as given in Table VI.
However, the following chain mechanism appears
plausible:

D,=2D, (1)
D+H.0=HDO+H, (2)
H+D;=HD+D. 3)

By the usual methods? it may be shown that
for this mechanism the over-all activation energy
for reaction (1) is equal to the activation energy
of reaction (2), plus one-half the heat of dissocia-
tion of Dy, or A =52.3+4.9=57.2 kcal. Reaction
(1) is the thermal dissociation of deuterium.

Reaction (2): D;-+ H.S=HDS-+HD
If this reaction is kinetically bimolecular the

activation energy is as given in Table VI. The
following chain mechanism is also possible:

H,S=H-+HS, 1)
H+D,=HD+D, (2)
D+H,;S=HDS+H. (3)

2 Reaction (1) of Table IV is not included in Table VI be-
cause it has been thoroughly studied previously. See
Hirschfelder, Eyring, and Topley, J. Chem. Phys. 4, 170
(1936), and L. Farkas and E. Wigner, Trans, Faraday Soc.
32, 708 (1936).

# Cf. Sherman, Quimby and Sutherland, J. Chem. Phys.
4, 732 (1936).

JONES AND A.
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For this mechanism 4=1Ds u5+4.=43.5+9.1
=352.6 kcal. Dg_xu signifies the heat of dissocia-
tion of the S—H bond. The thermal dissociation
of H,S rather than D; is considered because the
S—H bond is weaker than the D —D bond.

Reaction (3): D.O-+H.S=HDO+HDS

The activation energy for the bimolecular
mechanism of this reaction is given in Table VI.
The following chain mechanism must also be
considered.

H,;S=H+-HS, 1)
H+D:0=HDO+D, (2)
D+H,S=HDS+H. 3)

Here A=1Ds_n+A4,=43.54+6.3=49.8 kcal.
Reaction (4): H, 0+ D,0=HDO-+HDO

The activation energy for this reaction, if it is
kinetically bimolecular, is given in Table VI.
The following chain mechanism, however, also
suggests itself,

H,0=H+OH, (1)
H+D,0=HDO+D, )
D+H,0=HDO+H. 3)

Here A=1Do_g+A45=56.646.3=62.9 kcal.
Reaction (5): H.S+D.S—=HDS-+HDS

The activation energy for this reaction, if it
has a bimolecular mechanism, is given in Table
V1. However, the following chain mechanism is
also possible.

H,S=H+HS, (1)
H+D,S=HDS+D, (2)
D-+H,;S=HDS+H. (3)

A=%1Dg g+ A,=43.5+4.4=47.9 kcal.
The preceding results are summarized in
Table VII.

Discussion

The energies given in Table VII lead to some
interesting conclusions. Thus, we see that the
reactions between D, and H,0, or D; and H.S,
both involve high activation energies, and both
would be expected to go via a chain mechanism
in the vicinity of 500°C because in forming the
activated complex in the bimolecular mechanism
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TABLE VII. Activation energies for molecular and chain

mechanisms.

ACTIVATION ENERGY (kcal.)
Bimolecular Chain

REACTION Mechanism | Mechanism
(1) D, +H.0=HDO+HD 65.1 57.2
(2) D, +H,S=HDS+HD 66.4 52.6
(3) D:O+H:S—=HDO+HDS 49.3 49.8
(4) H,0+4D,0O=HDO+HDO 29.3 62.9
(5) HsS +D.S=HDS +HDS 39.4 47.9

the hydrogen atoms are very close together,
hence the repulsions are very large, necessitating
a high energy requirement for its formation.

The reaction between D:O and H,S would be
expected to proceed at a somewhat lower tem-
perature, around 450°C, and as far as the calcu-
lations can show, both the bimolecular mecha-
nism and the chain mechanism are about equally
probable.

The exchange reactions between light and
heavy water or light and heavy hydrogen sulfide
should occur around 200 to 300°C and the
bimolecular mechanism leads to a much lower
activation energy than the chain mechanism
proposed.

In view of the comparative scarcity of kineti-
cally bimolecular reactions now known, reactions
(4) and (5) are especially interesting. It is of
interest to point out qualitatively the factors
which lead to low activation energy for a
bimolecular reaction. In both reactions (4) and
(5) the H and D atoms are small compared to the
O and S atoms. This means that in the activated
complex, the H and D atoms are comparatively
far apart, and hence the repulsion between them
is small. Also, the O—0O and S—S bonds are
rather weak, so that the repulsions between these
atoms are also rather small. These small re-
pulsions lead to a comparatively stable activated
complex, and hence a low activation energy.

It must be remembered that the above con-
clusions are really valid only under rather special
conditions. The calculations apply to the reac-
tions when they are carried out in the gas phase
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in the absence of catalysts such as walls, oxygen,
moisture, light, impurities, etc. Also, the con-
clusions concerning mechanisms apply only
when the reaction is far removed from equilib-
rium—i.e., at the beginning of the reaction.
Moreover, the particular radical mechanisms
suggested, although the most plausible, are not
necessarily unique. For example, in reaction (5),
it might be possible to postulate a free radical
mechanism which leads to an activation energy
lower than 39.4 kcal., although no such mecha-
nism yet suggests itself.

There are several experimental studies of
exchange reactions between deuterium and
water, and between light and heavy water, but
these have all been carried out catalytically.?

Conclusions

Equilibrium constants for wvarious isotopic
exchange reactions between hydrogen, water and
hydrogen sulfide have been calculated. In the
gas phase and in the absence of catalysts the
various types of reactions considered fall into
three classes:

1. The exchange reactions between isotopic
species of hydrogen and water, and hydrogen
and hydrogen sulfide will occur at high tempera-
tures (500°C) and via chain mechanisms.

2. The exchange reactions between isotopic
species of water and hydrogen sulfide will
occur around 400°C and via a bimolecular and
chain mechanism,

3. The exchange reactions between various
isotopic species of water, and of hydrogen sulfide
will occur around 200 to 300°C and via a bi-
molecular mechanism.
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