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Heat capacity measurements have been made on CHsD adsorbed on exfoliated graphite (Grafoil MAT) over
the temperature range 0.3<T<7K at two surface coverages near a monolayer, to evaluate predictions of
the energy states of the adsorbed molecules, based on earlier studies of the properties of bulk solid CHsD

and other isotopic methanes.

Two Schottky-type anomalies are observed with maxima at 2 and 0.1 K;

these are consistent with the predictions in a general way.

The heat capacities of bulk solid isotopic methanes
have been studied over the years with the fundamental
object of understanding molecular energy states—
especially those associated with hindered rotational
motion of the molecules in the solids. In addition to
the original publications, several reviews of the
studies are available in papers devoted to the
discussion of molecular orientational ordering and
related matters. For example, Bloom and Morrison
published one such review? in 1973. More recently,
Yamamoto et al. produced a summary of the
theoretical and experimental investigation of solid
methane? in terms of a specific quantum mechanical
model, developed from a classical study.? The model
is particularly valuable in showing how complicated
and difficult the methane “problem” is from both the
experimental and theoretical points of view. The
methane system shows all of the features of the better-
known example of the hydrogen/deuterium system?
but with more solid phases and phase transitions and
a greater number of nuclear spin symmetry species.
Finally, a pertinent book on single particle rotations
in molecular crystals should be mentioned.?

It is obvious that no one technique—either experi-
mental or theoretical—will provide sufficient in-
formation to describe orientational motion in solids
fully. In the case of the rotational energy of
molecules, the characteristic temperature for rotation
is generally low, e.g. 6:::<87.5 K for solid methane.
(This can be worked out easily from data in Table 1 of
Ref. 1.) Thus, contributions which rotational
(orientational) motions make to thermodynamic
properties and to the magnitude or separation of
energy states depend upon 6/ T. In practical terms,
this means that to exploit measured properties, such
as heat capacities, to learn about quantum states of
molecular solids, we need to make measurements at
low temperatures, typically in the region 7<20 K.
Full details can be found in Refs. 1 and 2.
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The so-called Schottky anomaly® has long been
used to deduce information about arrays of energy
levels from measured heat capacities and has been
widely exploited for this purpose for the solid isotopic
methanes.® The resulting energies have often been
compared and correlated with estimates obtained from
measurements of inelastic neutron scattering. In one
extensive study? of the sequence of molecules, CHy,
CH3sD, CH2Dz, CHD3, and CDy, expected results were
obtained for CH4 and CD4 but not for the partially
deuterated compounds in one of the solid phases, —
viz. in phase III. It is the lowest temperature phase
that exists under the equilibrium vapour pressure and
is thought to have at least three different site
symmetries,® but that is still not established in fact.?
The investigation of the discrepancy brought out the
following important conclusion which is contained in
a direct quotation from Ref. 7.

“The importance of the partial deuteration is that it

defines a molecular axis. Thus, when the molecules

interact with sites of lower symmetry, a distinction
can be made between orientational levels, where the
splitting stems from the change of the molecular
axis relative to the site symmetry axes, and
tunneling levels, where the splitting arises from
overlap between equivalent molecular orientations.
It turns out that the neutron scattering and
thermodynamic experiments sample the manifolds
of energy states in different ways. This is exploited
through a model to yield a picture of orientational
and tunneling states that is broadly consistent with
experimental observation for all of the deuterated
methanes including CD4.”
In other words, the combination of heat capacity and
neutron scattering data for the solid methanes
significantly refined our understanding of orienta-
tional and tunneling behaviour in them over what
was obtainable from one type of data alone.

The work was extended by Maki in a theoretical
study!® of the much more anisotropic example of a
monolayer of CHsD adsorbed on the surface of a
graphite crystallite. Information became available
from neutron scattering measurements!!.12 to character-
ize vibrational/librational/orientational motion of
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the CH3sD molecules in this system. With that and his
model for the bulk solid methanes, Maki was able to
calculate the low temperature heat capacity to be
expected for CHsD on graphite.!® He made a
challenge to experimentalists to test his calculations
and the present short paper is about a response to that
challenge. The agreement between theory and
experiment that is found is remarkably good and very
satisfying.

For now, we are content to show that the Maki
predictions are borne out by experiment. It will be
possible in later publications to report the results of
more detailed comparisons. There is also information
contained in our measurements about . conversion
between nuclear spin symmetry species of CHsD but
we shall not deal with it here. The dynamics and
mechanism of that process are still not known for
certain.1®

Experimental

The calorimeter assembly was installed in a rebuilt Mark
V helium dilution refrigerator!® (Oxford Instruments Ltd.).
The calorimeter vessel was constructed of copper and
contained graphite adsorbent in it. It carried a small
specially designed needle valvel® through which the gas to
be adsorbed could be filled or emptied quantitatively. The
germanium thermometer used had been calibrated by the
supplier between 0.05 and 8 K based on the T-76'® from 0.5
to 8 K and on the CMN magnetic scale below 0.5 K.

An exfoliated graphite called Grafoil MAT from Union
Carbide was used after purification and outgassing as the
adsorbent for the present measurements. It has a specific
surface of 24 m2 g1 and a bulk density of 0.3 g cm=3.1" The
preparation and analyses of CHsD of high isotopic purity by
gas chromatography have been fully described.’® The
amount of the gas put into the calorimeter vessel was
measured volumetrically with uncertainty of about +0.2%.

One of the main experimental difficulties usually
encountered in the heat capacity measurements for such

adsorbed system or for small particles is long equilibrium

time caused by poor thermal contact between adsorbent/
sample and the calorimeter vessel. = However, rather
unexpectedly, it was found that our calorimeter system
could be operated very satisfactorily as experienced many
years ago in the heat capacity measurement of small
particles of MgO.19

The heat capacity of two sub-monolayer samples with
3.014 and 2.590 mmol of the actual amount of CHsD gas was
measured between 0.3 and 7 K. The former corresponds to a
coverage of 0.94 monolayer, which slightly exceeds a

capacity of the commensurate (\/5)(\/ 3) structure, and the
latter corresponds to a coverage of 0.81 monolayer. The
contribution of the monolayer CHsD to the total heat
capacity including the calorimeter vessel was at least 7% at
7 K and amounted up to 95% at 0.3 K.

Results and Discussion

The after-drifts of all of the heat capacity
measurements were fitted to an exponential time
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Fig. 1. Relaxation times for thermal equilibration
as a function of temperature. ——, the present
results for CHsD/graphite; ------ , for the bulk CH3D.2

dependence in order to derive characteristic relaxation
times that are plotted as a function of temperature in
Fig. 1. About 3 K, they approached those obtained for
the calorimeter vessel with graphite alone. The results
for the two sets of measurements were indistinguisha-
ble and they had a structure with a maximum around
0.7 K, which is different from the behaviour of the
bulk CH3D as investigated by nuclear magnetic
resonance!® as well as by thermal measurements.20.2D

Two sets of heat capacity measurements at different
coverages are essentially indistinguishable from each
other below 3 K. The shape of the Schottky anomalies
observed is totally different from that of the bulk
CHj3D.20.2D) The heat capacity has a broad maximum
around 2K and probably another one at 0.1 K. It
means that the manifold of low-lying energy levels in
CH3D on graphite must be considerably different from
that known for the bulk CH3D.?

Complete understanding of the shape of the heat
capacity curve would require to work out the energy
levels of CH3sD molecules on the surface of graphite.
Neutron scattering experiments which are being
undertaken will certainly provide useful information
toward that end, but the present experimental results
alone are sufficient to give an insight into the
structure of the energy level manifold. Fuller analysis
of the heat capacities together with the experimental
details will be reported elsewhere when the neutron
scattering results have been rationalized.
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