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NMR HIGH-PRESSURE STUDY OF d-CAMPHOR
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(Received June 14, 1980; revised version received October 2, 1980)

The influence of hydrostatic pressure up to 4 kbar on the temperature-dependence
of the NMR second moment of d-camphor is studied. The temperature at which the second
moment changes by a jump is found to shift upwards with increasing pressure; the variation
corresponds to a polymorphic II-III transition, in accordance with the Bridgman diagram.
Also, the presence of pressure and temperature hysteresis is confirmed. The molecular
model assumed and theoretical calculations of the second moment of the NMR line lead
to free rotation of the methyl groups in phase I1I and to isotropic reorientation of the molec-
ule with simuitaneous rotation of the methyl groups in phase 1.

PACS numbers: 33.25.—j

1. Introduction

Camphor, C;,H;40, is a globular molecule. This type of molecule is characterized
by rotational and, often, translational degrees of freedom in temperatures below the melting
point [1]. Motion in camphor has been studied by dielectric relaxation [1], heat capacity
[2] and NMR [3, 4] at atmospheric pressure. At high hydrostatic pressure, Raman spectro-
scopy has been applied by Ferri [5] and NMR by Pajak, Klimowski and Goc [6] as well
as by Obmoin, Moroz and Belitskii [7]. '

Camphor is a plastic crystal [8], with a well defined crystalline structure [9, 10]. The
variety d under investigation by us possesses the fcc cubic symetry at the room tempera-
ture with a lattice constant of @ = 10.39 A and four molecules in the unit cell [11]. When
the temperature is lowered at atmospheric pressure, d-camphor becomes rhombohedral
at 243 K, as stated by Ferri [5] after Bridgman [12-14]. Yager and Morgan [15], from
a dielectric relaxation study of d-camphor, give 238 K as the phase transition temperature.
Anderson and Slichter [3] have found the transition to be accompanied by a jump in the
second moment of the NMR line at 231 K.

In order to coordinate the phase diagram proposed by Bridgman [12, 13, 14] and the
results of our NMR measurements, we proceeded to a study of the influence of hydrostatic
pressure on the molecular dynamics of d-camphor in the range from 220 K to 320 K.
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2. Experimental

In our work, we used d-camphor from Fluka A. G., Chemische Fabrik, Buchs S. G.
Compressed cylindrical samples 6 mm in diameter were placed in the coil of the generator
of an autodyne NMR spectrometer, operating in a circuit with double modulation. The
spectrometer was adapted for work with a high hydrostatic pressure chamber (Fig. 1).
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Fig. 1. High-pressure chamber: 1 — Inflow of helium gas from the high-pressure compressor, 2 — Outflow

of hot air (when raising the temperature) or of nitrogen vapour (when cooling), 3 — Beryllium bronze

high-pressure chamber, 4 — Teflone thermostat, 5 — Sample, 6 — Autodyne coil, 7 — Insulationg cone,

8 — Extrusion ring, 9 — Closure plug, 10 — Copper-constanian thermocouple junction, 11 — Electro-

magnet poles, 12 — Electric leads of the high-frequency coil ‘and thermocouple, 13 — Inflow of hot air
or nitrogen vapour
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Pressure in the beryllium bronze chamber was obtained applying helium gas from a com-
pressor of type IF 012. Variations of the pressure in the chamber were determined from
the changes in electric resistance of a manganine wire sensor. The chamber was thermostat-
ized to permit measurements from 150 K up to 450 K. The temperature of the sample was
measured with a copper-constantan thermocouple situated in a specially made aperture
of the chamber, and was stabilized to within 4-0.2 deg/h. The magnetic field inhomogeneity
in the region of the sample was of the order of 0.1 Gs.

3. Results and discussion

The second moment of the NMR line of d-camphor was studied versus temperature
at various values of the hydrostatic pressure. The results are shown in Fig. 2. At cooling
from 295 K to 220 K under atmospheric pressure, the second moment was found to vary
at 232 K from 0.7 to 12.2 Gs? and the linewidth from 2.6 to 8.4 Gs, in good agreement
with the results of Anderson and Slichter [3]. When measured at various hydrostatic pres-
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Fig. 2. Temperature-variations in second moment of the NMR line of d-camphor, at various values of
the hydrostatic pressure

sures up to 4 kbar, the point at which the second moment changes by a jump is found to
shift upwards with increasing temperature. An analysis of the phase diagram determined
by Bridgman for d-camphor (Fig. 3) permits the statement that the temperatures of jumps
in second moment observed by us correspond to phase transitions. The differences apparent
between Bridgman’s phase diagram and our results can be attributed to thermal hysteresis;
the latter, observed at 3.5 kbar, is plotted in Fig. 4. The difference between the phase transi-
tion temperatures of d-camphor as determined by Obmoin, Moroz and Belitskii [7] applying
NMR and the phase diagram of Bridgman is attributable to the pressure-hysteresis observed
in the present study.

For a lack of structural data for d-camphor we assumed a molecular model taking
into account C-C bond lengths in accordance with those of Oonk [10] for tribromocamphor
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Fig. 3. Phase diagram of d-camphor after Bridgman and the results of our NMR study: 1 — at cooling,
2 — at heating. The results of Ref. [7]: 3 — at increasing pressure, 4 — at decreasing pressure
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Fig. 4. Temperature-hysteresis of the second moment, for d-camphor under a pressure of 3.5 kbar

under normal conditions. We applied the same inter-proton distance in the methyl group
as Anderson and Slichter [3] and Sheehen and Schomaker [17], namely 1.79 A. However,
in the CH, group, the p-p vector was assumed as 1.66 A after Rendle and Trotter [18].

On the above structure, the Van Vieck formula [19] led to the second moment value
for rigid structure considerably at variance with the one obtained experimentally. We thus
assumed that below 220 K (phase III) the methyl groups reorient about their three-fold
symmetry axis, in good agreement with the results of spin-lattice relaxation time studies
[3, 4]. This model of the molecule led to the following contributions to the second moment
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from interactions between the protons in phase III: from the CH; group taking into account
reorientation about the C; axis 3.06 Gs?; from the CH, group 6.44 Gs?; and from intra-
molecular p-p interaction 3 Gs?, i.e. in all 12.5 Gs?, in good agreement with experiment,
which gave 12.2 Gs®. The changes in the second moment caused by hydrostatic pressure
in phase III can be explained as due to changes in interaction between the molecules.

Above 220 K (phase II) at atmospheric pressure we took into consideration isotropic
reorientation of the molecule, a type of motion already taken into account by Anderson
and Slichter [3] as well as Moskalev [4] on the basis of spin-lattice relaxation time measure-
ments for d-camphor. The second moment in phase II was estimated applying the method
of Gutowsky and Mayer [20]. In our calculations, we applied earlier results for methyl
[21, 22], CH,, [23] and CH [24] groups. The second moment, calculated on these assump-
tions, amounts to 0.7 Gs?. In phase II also, the second moment exhibits a tendency to
increase with hydrostatic pressure.
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