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The equilibrium isotope separation coefficient for hydrogen and potassium or sodium hydroxide 
crystals is measured. It is shown that a significant contribution to the separation effect is made not 
only by atomic oscillations in the hydrogen molecule or hydroxide ion, but also by oscillations due 
to interion interaction in the crystals. 

The statistical theory of thermodynamic isotope 
effects allows us to calculate very accurately the magni­
tude and temperature dependence of the equilibrium 
isotope separation coefficient for systems composed of 
ideal gases. The presence of a condensed phase in a sys­
tem makes it difficult to carry out such calculations 
since it is necessary to allow for the intermolecular 
and interionic interactions in the crystal or liquid in 
question, Therefore, it is necessary to use semiempiri­
cal relationships. [1J Since the energy spectra of the 
simplest crystals can be determined completely, it is 
possible to calculate the isotope separation coefficient 
for a system composed of lithium hydride and hydrogen 
with deuterium impurities [2J and to obtain good agree­
ment with the experimental data. [3J 

In order to refine and develop the ideas on the role 
of the isotopic defects in crystals, it would be very 
useful to extend the range of materials investigated ex­
perimentally, We shall consider crystals of alkali 
hydroxides because the isotopic effect is greatest for 
hydrogen. Moreover, a proton is a component of a 
hydroxyl ion and this is the simplest asymmetric ion 
that can be used to study crystals of noncubic symmetry. 

1. MEASUREMENT OF THE EQUILIBRIUM 
DISTRIBUTION OF ISOTOPES BETWEEN 
CRYSTALS AND HYDROGEN 

Many aspects of our experi:rpents were similar to 
those described in [3J . Hydrogen used in the isotope­
exchange experiments was generated in a laboratory 
electrolytic unit. The traces of oxygen were removed 
in a palladium catalyst and the hydrogen was dried in a 
liquid-nitrogen trap. Potassium and sodium hydroxides 
of the "chemically pure" grade were heated above the 
melting point and dehydrated by pumping for several 
hours in 10--2 torr vacuum. The hydroxide crystals were 
then ground in a dry chamber and sifted by a system of 
sieves. The isotopic composition was determined by 
passing hydrogen through heated cupric oxide. Water 
formed by vacuum distillation was used in a flotation 
analysis.[4J The isotopic composition of the crystals 
was determined using a float in water which was ob­
tained by the reaction 

MeOH + CO2 -+ Me,CO, + H20. 

The isotopic equilibrium was confirmed by comparing 
the results of experiments carried out using samples 
with different isotopic compositions of the two phases 
and by verifying that the results were reproducible. 

The experiments were carried out on KOH crystals 
below the polymorphic transition temperature (250° C) 
and on KOH' NaOH crystals (of eutectic composition). 
Table I lists all the experimental data which we ob­
tained. The relative error was not more than 5%. This 
error was mainly due to the errors in the determination 
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TABLE I. Experimental results and conditions 

Equilibrium isotopic 
Grain Size., Initial , Contact composition, at.% D 

mm conditions* time, h T. 'C 

Crystals Gas 

KOH·NaOH 

0.13-0.26 zo<Yo 170 ISO 2.79 1.53 1.84 
0.13-0.26 Xo < Yo 120 ISO 2.21 1.20 1.86 
0.13-0.26 $0> yo 170 125 I. 74 0.88 2.00 
0.05-0.13 Xo < yo 170 125 2.37 1.16 2.06 

< 0.05 Xo > yo 125 125 2.72 1.36 2.02 
0.05-0.13 Xo < yo 145 125 I. 74 0.85 2.07 

<0.05 xo> yo 15)0 10J 1.81 0.79 2.31 
< 0.05 Xo > yo 10JO 94 1.44 0.60 2.44 
< 0.05 Xo < Yo 1000 94 1.46 0.62 2.39 

KOH 

0,26-0,80 %0>1/0 400 250 2.56 1.63 1.57 
0,26-0,80 xo<Yo 400 200 3.18 1.84 1.75 
0,26-0,80 xo<Yo 400 200 3.37 2.01 1.70 
0,13-0,26 xo> yo 1000 150 3.07 1.58 1.97 
0,13-0,26 xo>Yo 1000 100 3.25 1.36 2.30 
0,13-0,26 %0> Yo 1000 100 3.16 1.40 2.29 

'Here, xo and Yo represent the isotopic composition of the crystals and gas at the 
beginning of an experiment. 

of the isotopic compositions of the phases, In both sys­
tems deuterium concentrated preferentially in the crys­
tals. An analysis of the results in Table I by the least­
squares method demonstrated that the values of the iso­
tope separation coefficient for the KOH-hydrogen system 
were 

C<KOH = (0.593 ± 0.02) exp (502 ± 30) / T, (1) 

whereas for the system KOH' NaOH-hydrogen the results 
obtained in the 94-150° C range were 

C<eut= (0.332 ± 0.04) exp (720 ± 50) / T, (2) 

where T is the absolute temperature and the quoted er­
rors represent the standard deviations, [5J 

2. DISCUSSION OF RESULTS 

It is evident from Eqs. (1) and (2) that the tempera­
ture dependence of the isotope separation coefficient is 
weaker for the KOH -hydrogen system than for the sys­
tem with eutectic crystals, Since both these systems 
contain the same gaseous phase (hydrogen), it is natural 
to assume that the experimentally observed differences 
in the isotope separation coefficient are due to the crys­
talline phase. The contribution of this phase to the 
separation coefficient can be found by using 

(3) 

where f3cr and f3g are the f3 factors of the crystal and gas 
(these factors represent the thermodynamic inequiva­
lence of the hydrogen isotopes in a crystal and in a 
gas [6J ). In the range of temperatures of interest to us. 
it follows from the treatment in [6, 7J that 

~g = 0.873 exp {408.6/ T}. (4) 

It is clear from Eqs. (1)-(4) that 
~KOH = (0.517 ± 0.016) exp {(91O ± 30) / T}, (5) 

~eut= (0.289 ± 0.024) exp {(1140 ± 50) / T}. (6) 
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Since the quantities given above differ considerably from 
unity, it follows that the thermodynamic inequivalence 
of the hydrogen isotopes in potassium and sodium 
hydroxide crystals is considerable. 

The values of the f3 factors obtained for crystals 
should be compared with the f3 factor of the hydroxyl ion 
OH- on the assumption that this ion can rotate freely at 
a lattice site. According to the infrared spectrometry 
results, the valence-vibrational frequency varies little 
on transition from a free hydroxyl ion to a corresponding 
ion in a crystal (Table II). [7-10] This makes it possible 
to calculate the corresponding partition functions from 
the formulas for ideal gases. In the 300-1000° K we 
have 

~OH = 0.727 exp {726 ! T}. (7) 

It follows from Eqs. (5)-(7) that the experimental values 
of the f3 factors of the crystals and of the hydroxyl ion 
are different and this is particularly true of the temper­
ature dependence. Consequently, the thermodynamic 
inequivalence of the hydrogen isotopes in these crystals 
cannot be entirely due to the valence vibrations of the 
hydroxyl ion. 

The ratio f3cr / f30H = f3lat can be called the lattice f3 
factor, which is understood to be the contribution of the 
interionic interaction to the thermodynamic inequivalence 
of the isotopes in a crystal. According to the experimen­
tal results (Table III), the value of f3lat tends to unity as 
the temperature approaches a phase transition point. In 
the case of eutectic crystals, this happens near the 
melting point of 172°C, whereas in the case of KOH 
crystals the same occurs near the polymorphic transi­
tion temperature. We can explain these observations by 
conSidering a phase transition as the' destruction of 
bonds in a given structure, including those responsible 
for the isotope separation effect. In the case of KOH 
crystals, these may be the hydrogen bonds between 
neighboring hydroxyl ions, whose presence is demonstra­
ted in [10]. 

Thus, the isotope separation coefficient of systems 
formed by hydrogen and potassium and sodium hydrox­
ide crystals is structure-sensitive. Its value is governed 
by quantum effects in the gaseous phase, the valence 
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TABLE II, Observed frequencies of O~ H valence vibrations 

Compound 

LiOR 
N.OR 

Crystal 

KOR 
KOR 
:.0R 
KOR 

T,"C I 
100 
150 
200 
250 

TABLE III. Values of i3lat 

~Iat I Error I Crystal I T,"C ~Iat Error 

1.17 0.04 KOR·N.OR 100 1.20 0,06 
LlO 0.04 KOR·NaOR 125 1.12 0.06 
1.06 0.04 KOR·N.OR 150 1,06 0,06 
1.00 0,04 KOR·NaOR 170 1.00 0.06 

vibrations in the hydroxyl ion, and the interionic interac­
tion in the crystal lattice. 
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