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Observation of spin conversion in solid *CH;D by NMR *
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The temperature dependence of the proton magnetic susceptibility in *CH;D has been measured throughout
the temperature range from 1.6 to 95 K by cw NMR techniques. The observations were calibrated by an
internal '’C spin thermometer. At 1.8 = 0.3 K the mean-squared angular momentum of the protons ( I(1 + 1)}
was 2.71 £0.07. This value was significantly larger than the classical value of 2.250, due to nuclear spin
conversion. At 11.4 K the conversion time constant was estimated to be ~ 30 h.

Methane and its deuterated forms exist as mo-
lecular crystals at low temperatures. Many of the
properties of the methanes can be understood by
analogy with those of the solid hydrogens, as dis-
cussed in a recent review.! Until now, the ob-
servation of spin conversion at 4 K has been lim-
ited to H,, D, and CH,. Of the deuterated meth-
anes, CH,D is the one most likely to exhibit spin
conversion. The nuclear spin-wave functions of
CH,D must be invariant under rotations of 21 about
the C-D bond, since all three protons are equiva-
lent. This requirement results in four of the eight
spin-wave functions belonging to a one-dimensional
representation (A) with I=3 and the remaining four
belonging to two two-dimensional representations
(E) with I= 3.2

The wave function § contains a sum over terms
of the form ¢,(J,K)x,(I), where ¢.(J,K) is a linear
combination of rotational (or orientational) wave
functions for a symmetric top, J is the angular
momentum, and K is the projection of the angular
momentum along the direction defined by the C-D
bond, x,(/) is a linear combination of spin-wave
functions with spin I, and £ and £ are symmetry
labels. The total wave function has to be of A-type
symmetry in order for Fermi-Dirac statistics to
be obeyed. As a result, only certain combinations
of the ¢,(J,K) and x,(I) are allowed.

Using a quantum-mechanical extension of the
James-Keenan model,? based on the octopole-octo-
pole intermolecular interaction, an approximate
energy-level scheme has been calculated by Yama-
moto and his co-workers. Ignoring the effect of
spin conversion and limiting the calculations to the
subspace J <4, the energy levels contained in Fig.
1 have been obtained.* The average value of I(I+1)
can be calculated from the expression

II+1)y=¥ p,+it5, 1)

where p, and p are the respective probabilities
of the A and E levels being occupied, as given by
Boltzmann statistics and where ¥ and § are the
values of I(+1) for the A and FE states, respec-

tively.

Calorimetric measurements®” have indicated
that p, probably increases beyond its high-tem-
perature value of 3 for T <2 K. However, no pre-
vious experiment has conclusively demonstrated
such a change in p,. It is this change in spin iso-
mer concentration which is called spin conversion.
In the present experiment, (I(I+1)) for the protons
was measured by a direct comparison with (I(Z+1))
for !3C. Since the integrated signal intensity S in
a cw NMR experiment is proportional to the mag-
netization, the value of {/(I+1)) can be determined
from the relationship®

<I(I+ 1» ZQ(%) (}’CSP/YPSC) ’ (2)

where ¢ is the fraction of CH,D molecules having

the 3C isotope, 7y is the gyromagnetic ratio for

3C and v, is the gyromagnetic moment for H.
The NMR spectrometer employed a Q-meter
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FIG. 1. Energy-level scheme for CH;D (Ref. 4). The
number attached to the left of each level shows its total
degeneracy. The numbers to the right of each level are
the quantum numbers (J, K).
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FIG. 2. Typical measurement of S,/S; at 1.77 K. The
curves for the 'H nuclei are the average of 8 scans, each
of 30 sec. The curves of the 13C nuclei are the average
of 64 scans, each of 30 sec.

detector as previously described® *° operating at
9.3 MHz. The sample was supplied by Merc Sharp
and Dohme of Canada to a specification of 98%
deuteration and 80% '3C labeling. T, was found to
be ~0.1 sec at ~100 K. This corresponds to an
oxygen concentration of ~0.4%,'* which should help
increase the spin conversion rate. The ratioS./S »
was measured to be 0.065 in the liquid. This is
equivalent to a value for g of 0.775 which is
slightly less than the manufacturer’s estimate of
0.80. As a result the accuracy of measuring this
ratio was determined by the signal-to-noise ratio
on the 3C signal. To obtain the best accuracy
possible, the peak-to-peak modulation of the mag-
netic field was set equal to the '*C linewidth at
each temperature. By performing a Fourier ex-
pansion of the output of the phase-sensitive detec-
tor,'? it is easy to show that

Sx<M,B, , (3)

where M, is the static magnetization and B, is the
modulation amplitude of the modulating magnetic
field. This result is true even at large modula-
tion amplitudes provided that the magnetic sweep

width used is large enough to observe the entire
line. Hence we obtain the exact relationship

S,/8 c=My,/Myc. (4)

The magnitude of the rf magnetic field was kept
less than 0.5 uT in order to avoid saturation that
would invalidate Eq. (2). The only relevant error
in {I(I+1)) is a result of the statistical error in the
ratio S ,/SC, due mainly to the low-frequency noise
in the spectrometer. A typical measurement of
S,/S¢ at 1.77 K is shown in Fig. 2. The 'H and
13C nuclei were measured with the same settings
of the spectrometer. In order to accurately digi-
tize both the 'H and !3C signals the gain switch on
the analog to digital converter was changed by a
factor of 8. The linearity of this gain control was
found to be better than 0.25% and therefore did not
give rise to a significant systematic error.
Temperature regulation of the sample was
achieved by using a Lakeshore Cryotronics capaci-
tance controller model CSC 400. Maximum varia-
tion in the temperature was less than 0.5% over
the entire temperature range. The temperature
was measured with a calibrated Lakeshore Cryo-
tronics carbon-glass resistance thermometer.
The manufacturer’s calibration of the thermometer
was checked at 4.2 K and was found to be accurate
to within 0.25%. At 77.4 K it was accurate to with-
in 0.5%. The '*CH,D sample was slowly cooled
and the solid formed over several hours. The
sample was carefully annealed for at least one
hour each time it passed through a phase transi-
tion. Because recent neutron total cross-section
measurements’® indicated that equilibrium of the
spin isomers in phase III takes about three days,
in one experiment the sample was kept at ~11.4 K
for three days before proceeding to lower tem-
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FIG. 3. {I(I+D) as a function of temperature T for
13CH;,D. The solid line was calculated from the energy-
level scheme in Fig. 1. The method of establishing the
error bars for each point is given in the text.
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peratures. As shown in Fig. 3, the value of
(II+1)) increased with time. The initial values,
indicated by open circles, were obtained from
measurements made less than 12 h after establish-
ing the desired temperature. At 11.4 K it reached
its final value in ~30 h. Point 1 was measured

~2 h after the sample was at 6.1 K and point 2 was
measured ~7 h later. Due to the errors involved,
it was not possible to observe hysteresis at this
temperature. Hysteresis was expected from the
recent neutron total cross section measurements.!®
At each temperature the ratio S,/S; was mea-
sured many times over a period of many hours,
the temperature being held constant to within

0.5%. The data was stored on magnetic tape and
doubly integrated on a Nicolet Instrument Corpora-
tion Model 1072 instrument computer.

Using the same sample of *CH,D, the value of
{II+1)) was also determined by using the !°F in
the Teflon coil form as the reference. The mea-
sured curve had the same shape as in Fig. 3 but
with slightly lower values. This was probably
due to the 3C being ~0.3 K warmer than the *F
due to a heat leak down the glass sample tube.

The values shown in Fig. 3 were obtained by
taking (J(I+1)) = ‘;?' in the liquid. The ratio S,/S.
for the liquid was measured for over two days,
resulting in an error of £2.0%. The errors in-

dicated in Fig. 3 were obtained by adding the error
S,/Sc for the liquid to that in S,/S¢ for the tem-
perature being considered. When one more than
one measurement was made at a particular tem-
perature, the mean was obtained by weighting the
individual results by their 1/¢ values. Results
similar to those shown in Fig. 3 were also ob-
tained from a pure sample *CH,D used by Morri-
son, and kindly supplied by him.

The present results are substantially in agree-
ment with a previous determination of (I(+1)) by
cw NMR.' However the present improved experi-
ment eliminated several systematic errors in the
measurement of the proton temperatures, and has
definitely established the presence of spin con-
version in solid CH,;D for the first time. The
poor agreement between the present results and
that calculated from the published energy levels
is most likely due to ignoring the effect of spin
conversion when calculating the energy levels.
This is plausible since in the case of CH,, only
when spin conversion was taken into account!®
were the calculated results in good agreement
with experiment.
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