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The ortho-para conversion in solid hydrogen is investigated at 12, 4.2, and 1.57 K in long-term
experiments up to 1200 h. The results are discussed in the light of the influence of molecular diffusion
on the conversion rate. At 4.2 and 1.57 K, the conversion rate shows that the diffusion coefficient is
D = 107%° cm?® sec !. This value is much larger than those predicted from an extrapolation of
experimental results at higher temperatures and from recent theoretical predictions. At 1.57 K, an
increase of the conversion rate with decreasing o-H, concentration is observed. Calculations show this
increase is due to clustering of o-H, molecules caused by electric quadrupole-quadrupole interactions
between them. The estimated diffusion rate is consistent with that found previously from the rate of

clustering.

Soon after the discovery of the two hydrogen mod-
ifications, the ortho-para (o-p) conversion in the
liquid state as well as in the solid state was in-
vestigated. The reaction was found to be autocata-
lytic and thus of second order!:2:

= _KX?
at - KX*,

where X is the o-H, concentration, and K is the
rate constant.

In liquid hydrogen the conversion reaction always
follows this equation. In solid hydrogen, however,
it was observed at temperatures between 11 and 14
K that with decreasing 0-H, concentration the con-
version rate decreased more than predicted by
Eq. (1). This deviation was explained by a change
in the distribution of the o-H, molecules, that is,
an increase in the number of isolated o-H, mole-
cules, whereas K was assumed to remain con-
stant.?

Essential for the autocatalytic reaction is the
mean number of nearest o-H, neighbors M sur-
rounding each o-H, molecule. That means the rate
of conversiondX/dt is proportional to MX.

Normally, the equilibrium distribution of o-H,
molecules is a binomial distribution. So the num-
ber of 0-H, molecules with » neighbors is given by
W,=X"(1 =X)*""(*2). The mean number of 0-H,
molecules surrounding each o-H, molecule is then
given by

12
M,=% nW,=12X . @)
n=0
For the normal equilibrium distribution, Eq. (1)

can thus be written

X __ M,
E?——K 12X.. 3)

For other distributions, that is, M # M, different
values of K result from Eq. (1).

The o-p conversion causes a deviation from the
equilibrium distribution which at sufficiently high
temperatures is balanced by the diffusion of 0-H,
molecules. If at lower temperatures the rate of
diffusion becomes small compared to the rate of
conversion, however, the deviation from the equi-
librium distribution will increase with decrease of
the o -H, concentration.

Accordingly the observed deviations mentioned
above were used to calculate the upper limiting
value of the diffusion coefficient, which was found
tobe D =3x10"22 cm®sec! at 12 K.* Later NMR
measurements between 9 and 14 K yielded a value
of D =107'° ¢cm? sec™' at 12 K,*® which means that
no deviation from Eq. (1) should occur at this tem-
perature. An extrapolation of D to lower temper-
atures shows, however, that a deviation should be
expected at temperatures below 4.5 K (curve 1 in
Fig. 1). Calculations of D considering tunneling
mechanisms lead to yet higher values of D (curve
2 in Fig. 1),” and accordingly deviations from the
equilibrium distribution should occur only below
3 K.

Besides being influenced by the o-H, diffusion,
the equilibrium distribution can be altered by the
electric quadrupole-quadrupole (EQQ) interaction
between 0-H, molecules. With decreasing temper-
ature this interaction leads to the formation of
“clusters” of 0-H, molecules. That means the
equilibrium distribution changes as a function of
the temperature, and the mean number of 0-H,
molecules surrounding each o-H, molecule exceeds
M,.2

In view of these differing results and theoretical
predictions, new long-term measurements of the
o-p conversion in solid hydrogen seemed to be of
interest. Temperatures above 4.2 K were obtained
with a continuous flow cryostat, whereas at lower
temperatures a bath cryostat with an automatic re-
filling device was used.'® The o0-H, concentra-
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FIG. 1. Diffusion coefficient of solid hydrogen as a

function of temperature according to the literature
(Refs. 6 and 7).

tion was measured by NMR, which allows continu-
ous measurements without influencing the sample.
A commercial NMR system for magnetic field mea-
surements with a high-frequency coil of four wind-
ings and a magnetic field sweep of 50 Hz was used.
The measurements were performed at a frequency
of about 29 MHz. It was found to be necessary to
calibrate the analyzing system with samples of
known o -H, concentration.!’ For the samples
(about 1 cm?®), pure n-H, gas (75% o-H,) was con-
densed, which took about 1 min.

The integration of Eq. (1) leads to the expression

1 1
XX, =Kt, )
which can be used for plotting the experimental re-
‘sults. As Fig. 2 shows, the values measured at 12
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FIG. 2. Experimental results for the o-p conversion in
solid hydrogen at 12, 4.2, and 1.57 K.

and 4.2 K can be represented by the same straight
line. At 1.57 K, however, only the values obtained
during the first 200 h, which means at high o-H,
concentrations, can be fitted by this straight line.
With further decreasing o-H, concentration, de-
viating values are obtained.

From the slope of the straight line, the rate con-
stant results as K =0.019 +0.0003 h~!. As Table I
shows, this result is in good agreement with most
of the values given in the literature. It should be
noted that most of these values were obtained by
analyzing gaseous probes taken from the sample.
This method yields values of the 0-H, concentra-
tion which are somewhat too high owing to the dif-
ferent vapor pressures of o-H, and p-H,, or owing
to a conversion to higher o-H, concentrations in the
gaseous state. The discrepancy of one of the re-
sults obtained by NMR measurements'® must prob-
ably be explained by the fact that the analyzing
system was not calibrated. Impurities can scarce-
ly be assumed to be the reason, since the solubili-
ty of O, in liquid H, is less than 0.2 ppm,'” and
since during condensation of solid H, from the gas-
eous phase, O, and other impurities will be solidi-
fied at temperatures far above the triple point of
H,. An acceleration of the o-p conversion in the
presence of O, impurities'® can only be explained
by a reaction during the evaporation of the solid
H,. To be sure of the influence of O, experiments
with amounts of up to 20% O, were performed dur-
ing this investigation. They yielded no accelera-
tion of the conversion.

The straight line obtained for measurements at
12 K and 4.2 K indicates that the o-p conversion is
not influenced by the o-H, diffusion at these tem-
peratures. Thus the lower limiting value of the
diffusion coefficient D can be estimated.

Figure 3 shows a number of curves which were
calculated assuming the indicated different values
between 10'° and 1072 ¢cm? sec™! for the diffusion

TABLE I. Rate constant K for the o-p conversion in
solid hydrogen.

Duration of
103 K experiment Experimental
h) () method Source
19 250 HC 2 (gas) Ref. 2
19.4 cee Theory Ref. 12
18.3%1 12 HC (gas) Ref. 13
18.2+0.1 7 HC (gas) Ref. 14
368 7 NMR(solid) Ref. 15
191 cos HC (gas) Ref. 16
18.5x1 (RN HC (gas) Ref. 8
19.0+0.3 900 NMR(solid) This
investigation

2 Heat conduction,
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FIG. 3. Calculation of the o-p conversion in solid
hydrogen assuming different values for the diffusion
coefficient D [cm? sec™!] given as parameters (Ref. 9).

coefficient D (for details see the Appendix).® It
can be seen that deviations from a straight line
should occur with D <107%° ¢m? sec™!. The experi-
mental results indicate a larger value of D down

to 4.2 K.

To explain the experimental results at 1.57 K
given in Fig. 2, the influence of the EQQ interac-
tion on the equilibrium distribution of the 0-H,
molecules at this temperature as well as at 4.2 K
was calculated. Such calculations can only be
made for low o-H, concentrations at which mainly
clusters of two or three o-H, molecules must be
considered. The neglect of o-H, molecules with
more than two neighbors yields values of M which
are too small. The energy levels needed for the
calculations as well as the calculation method
were taken from the literature.®'®

Table II shows the calculated concentrations of
single o-H, molecules (ng), 0-H, molecules with
one neighbor (r,), and those with two neighbors
(n,) for high temperatures (T - 14 K, no EQQ in-
teraction), for 4.2 K, and for 1.57 K. m =n, +2n,
is the mean number of o-H, molecules surrounding
each 0-H, molecule resulting from the calculations.
M, was evaluated using Eq. (2). A comparison
with m,, the value of m at 14 K, shows agreement
of the values only for o-H, concentrations up to
0.05, whereas at higher concentrations the devia-
tion is increasing. This is due to the neglect of
clusters with higher numbers of 0-H, molecules.

To enable an approximation of the mean number
of 0-H, molecules in the neighborhood of each o-H,
molecule M for concentrations up to 0.15 at lower
temperatures, it was assumed that the deviation

the mean number

TABLE II. Calculated concentrations of single o-H, molecules (), o-H, molecules with one neighbor (n,), and those with two neighbors (n,):

=mMy/my).

ny,+2n, and M

of 0-H, molecules surrounding each o-H, molecule is m
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is of the same order at all temperatures, that is,
M =mM /m,.

The curves shown in Fig. 4 correspond to the
values of M, and M given in Table II. As the slope
of the experimental curves shown in Fig. 2 is given
by M/M K, it is even possible to evaluate M from
the experimental results. The points in Fig. 4
represent these values for 1.57 K.

It can be seen that M, is smaller than M ., .
The calculated curve for 4.2 K, also lies, some-
what higher than the curve for high temperatures,
though no such difference can be seen in Fig. 2.
This suggests the conclusion that the diffusion ve-
locity is not quite sufficient to compensate com-
pletely the deviation from the o -H, equilibrium
distribution caused by the o-p conversion. It
seems reasonable to assume that the above-men-
tioned lower limiting value D =1072° ¢m?® sec™ is
really valid at 4.2 K and even at lower tempera-
tures. According to the results given in Fig. 3,
the deviation to a lower conversion rate corre-
sponding to this value of D would just compensate
the deviation to a higher conversion rate occurr-
ing at 4.2 K according to Fig. 4.

That means that the diffusion coefficient between
1.5 and 4.2 K is of the order of 102° ¢cm?® sec™?,
which is in contradiction with the strong temper-
ature dependence of the calculated and extrapolated
values of D given in Fig. 1. Furthermore, the ex-
trapolated and calculated values of D become lower
at temperatures lower than 4.8 and 3.4 K, respec-
tively. Similar results concerning the diffusion in
solid hydrogen were found by experimental and
theoretical investigations of quantum diffusion.?* 2!
In these experiments the reaction-time constant
was measured® from which the diffusion coeffi-
cient can be calculated using equations assumed
by Oyarzum and Kranendonk.?! One obtains D
=4x1072° cm® sec™! at 1.5 K and an 0-H, content

M i
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FIG. 4. Calculated values of the mean number of o-H,
molecules in the neighborhood of each 0-H, molecule
M (see Table II) in comparison with the experimental re-
sults.

of 0.05. A weak temperature dependence of a fac-
tor of 2 between 1 and 4 K was measured for D,
but this is too weak to be measurable using the
o-p-H, conversion constant as was done with this
work.

APPENDIX

The 0-p-hydrogen conversion for different rates
of diffusion as given in Fig. 3 is now calculated.
For this calculation the influence of the EQQ was
neglected. Thus the results are valid only for tem-
peratures above 4 K.

As was mentioned before, the conversion follows
the equation

ax M

T -K ﬁX . (3)
M, the mean number of nearest o-H, neighbors
surrounding each o-H, molecule, is influenced by
the conversion as well as by the diffusion of 0-H,.

Since the conversion of a given 0-H, molecule is
proportional to the number of nearest o-H, mole-
cules, the conversion itself reduces M to values
smaller than M, which is the equilibrium distri-
bution. Moreover, the concentration X is changed
by the conversion. So the changes in MX must be
studied.

By the conversion of one 0-H, molecule with »
nearest o-H, neighbors, MX is diminished by 2.
The probability for such a conversion is 5aW XK.
Thus it results that

dMX)_ K 2
e X > amPw,, ()
and, considering Eq. (3), it follows that
aM _K (41 2 )
S TaRE D) <M -2 ) nw, ). ®)

This deviation in M is reduced by the diffusion.
It can be assumed that the exchange of sites is in-
dependent of the ortho or para state of a molecule.
The exchange frequency is 2D/d? where D is the
diffusion constant and d is the distance between two
nearest molecules in solid H,.

By the exchange of sites between an o-H, mole-
cule with » 0 -H, neighbors and one of the surround-
ing p-H, molecules, on the average 14n/11 0-H,
molecules lose one neighbor while 14 X 0-H, mole-
cules gain one neighbor. Since the probability for
such an exchange of sites is proportional to
W,(1 =% n), the change of M due to diffusion re-
sults as

WET(-g)m(i-f) o

From Eqs. (3), (6), and (7), the numerical values
of the curves shown in Fig. 3 can be calculated in
small steps.
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