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ABSTRACT

Heat capacities of D and D,L-camphors were measured using an adiabatic calorimeter in
the temperature range between 13 and 375 K. The transition temperature between the
low-temperature phase III and the room-temperature phase II of the racemic crystal was
found to increase by more than 10 K when annealed at just below the apparent transition
temperature. Phase Il without annealing was anomalous in its calorimetric behaviour in the
temperature range 70-100 K and had an excess entropy of 1.6+ 0.4 J K~ mol™! at 0 K over
that of the well-annealed sample. These observations were explained in terms of positional
(chiral) and orientational disorder of the constituent enantiomers in the crystalline lattice.
The racemic camphor, when cooled in a normal way, was found to provide us with a new
example of glassy crystals.

INTRODUCTION

Molecular crystals offer a large variety of disordered systems [1]. Cam-
phor crystallizes into a face-centred cubic system below the melting temper-
ature. Optical enantiomers, D- and L-camphors, form a complete solid
solution. On cooling the cubic phase (I), it transforms into a hexagonal
phase (II) with the transition temperatures continuously changing over the
whole concentration range. The low symmetry of chiral molecules and the
low entropy changes associated with the fusion and transition, cleariy
indicate that the camphor crystals in phase II belong to the category of
orientationally disordered crystals [2].

The formation of complete solid solutions of optical enantiomers is an
uncommon phenomenon and is believed to be associated with dynamic
disorder of the constituent molecules in the lattice [3]. Actually, D-camphor
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transforms at 244.6 K into a tetragonal phase (III) on further cooling via a
first-order phase transition, while D,L-camphor exhibits a higher-order phase
transition at 204 K. Schifer and his collaborators have assumed the real
existence of residual entropy in D,L-camphor [4], but concluded, in a second
study [5], that D- and D,L-camphors had their ordered lattices at 0 K.
There are pronounced differences in the transitional behaviour between
D- and D,L-camphors. X-ray study [6] shows that the diffraction pattern
changes for D-camphor on passing through the II-III transitions whereas,
there is little change for D,L-camphor. The NMR second moment of D-cam-
phor changes discontinuously at the II-III transition, while that of D,L-cam-
phor changes gradually over a wide range of temperature [6]. The dielectric
constant of D-camphor becomes small in phase III, while that of D,L-cam-
phor remains high and exhibits noticeable dielectric dispersion at low
temperatures [7,8]. These observations suggest some disorder still remaining
in the low-temperature phase III of D,L-camphor [1] and are not in accord
with the calorimetric conclusion [5]. This contradiction motivated us to
reinvestigate the thermodynamic study of camphor crystals, particularly the
thermal behaviour of the racemic camphor around the III-II transition.

EXPERIMENT

Both D- and D,L-camphors were’ purchased from Wako Pure Chem. Co.
Ltd. They were recrystallized from hexane and then from ethanol solutions.
The products were sublimed in vacuo at 50 ° C. They were finally purified by
25 passages of zone-melting in a Pyrex tube. The central part of the tube was
cut off and the sample was again sublimed in vacuo.

Prior to the heat capacity measurement, the thermal behaviour of the
camphor crystals was surveyed using a homemade DTA apparatus [9], which
is simply designed for low temperature observations and is composed of a
copper block and sample tubes [10]. The copper block is hung in a glass
mantle connected to a vacuum line. To investigate the aging effect on the
sample, the temperature of the copper block was regulated to +0.2 K at
each stage of the annealing process.

Heat capacities of D- and D,L-camphors were measured in the temperature
range between 13 and 375 K using an adiabatic calorimeter with a built-in
cryo-refrigerator [11]. The calorimeter operated effectively in long-annealing
experiments at temperatures as low as 70 K. The amount of sample was
20.2365 g (0.13293 mol) for D,L-camphor and 19.7712 g (0.12987 mol) for
D-camphor. The sample was sealed in a calorimetric cell together with 10°
Pa helium gas as the heat exchanger.

The heat capacity was measured using a discontinuous heating mode
comprising repeated cycles of two successive periods of heating and equi-
libration [12]. The temperature-drift rate of the calorimeter cell including the
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sample, owing to natural heat leakage, is of the order of several mK h~'.
Any temperature drift beyond this value arises from enthalpy relaxation
occurring in the sample. The anomalous temperature drifts observed in the
temperature range 70-100 K and around the III-II transition of D,L-cam-
phor will be described later.

EXPERIMENTAL RESULTS

D-camphor showed normal transition behaviour essentially the same as
that reported in the literature [5]. However, D,L-camphor behaved anoma-
lously around the III-II transition, as revealed by the DTA experiment.
DTA curves of D,L-camphor with various thermal treatments are reproduced
in Fig. 1. All the curves were plotted with increasing temperature after the
sample had been cooled to about 180 K with an average rate of —1 K
min~!. Curves A and B were taken immediately after the cooling. It was
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Fig. 1. DTA curves of D,L-camphor.
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noticed that the transition temperature varied with different heating rates:
the slower the heating rate, the higher the transition temperature. The shift
of transition temperature with increasing heating rate was in the opposite
direction to that which sometimes took place in the solid-solid phase
transition and which may be a superheating phenomenon.

Curves C, D, and E were taken after annealing at 204.8 K for 10 h, 20 h,
and 33 h, respectively. Curve F was for a specimen annealed at 209 K for
1.6 h followed by annealing at 210 K for 5.8 h. A more complex annealing
was done for curve G specimen; 204.8 K for 17.8 h + 208.2 K for 12.3
h +209.8 K for 10.3 h. Curve H was taken after annealing at 212.7 K for 13
h. It was apparent that the transition temperature shifted upward when the
annealing temperature was higher and the annealing time was increased. It
was believed that part of the specimen in experiment H transformed into
phase II before the aging effect started so that the curve exhibited two
peaks. The lower peak corresponded to that part without aging and the
higher one with aging effect.

The transition temperature shifted by about 10 K as a result of this short
annealing. This was really an unexpected result. Something happened during
the annealing process. This observation explains why the literature value of
the III-II transition temperature of the racemic camphor scatters widely
between 203 K [13] and 210 K [4], in contrast to that of D-camphor.

Based on these observations, two series of heat capacity measurements
were made for the racemic camphor. Series 1 was for the sample cooled with
a rate of —1 K min~'. The sample corresponded to that without annealing
and is referred to hereafter as III, in the sense that the sample was cooled
rapidly. As the temperature reached around 190 K, spontaneous tempera-
ture rise was observed in each equilibration period. The exothermic process
became intense when the sample approached the III-II transition tempera-
ture of 204 K, determined previously by calorimetry [5]. The determination
of equilibrium heat capacity of this sample in the III-II transition was
practically impossible. It was apparent that some stabilization processes
took place in the sample and caused the shift in the transition temperature.

Series 2 was for the well-annealed sample (hereafter III,). The annealing
was done using a series of short-interval heating cycles, AT, followed by
annealing for Az at that temperature. The process was started at 200 K with
AT =2 K and A¢=2 ~ 32 h. This cycle was continued up to 205 K when
the temperature step AT was decreased to 0.2 ~ 0.5 K. The procedure was
again continued up to 212.4 K, when the exothermic process practically
ceased. The sample III, thus annealed was cooled slowly to 13 K and the
heat capacity measurement was started. The total annealing required almost
one month.

Selected values of the experimental heat capacities of D- and D,L-cam-
phors are listed in Tables 1 and 2, and they are reproduced in Fig. 2 as a
function of temperature. For the calculation of heat capacity, the raw data
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TABLE 1

Selected data of molar heat capacities of D-camphor

T,. G, T,, G, T,, G,

(K) K 'mol™) (K K 'mol™) (K) (K 'mol™"
14.50 8.639 133.04 110.8 24421 26399
15.77 10.28 137.06 113.6 244.36 10641
16.84 11.74 141.07 116.5 246.67 378.2
18.30 13.74 145.04 119.3 248.14 228.7
20.25 16.44 149.02 122.2 251.12 229.4
22.42 19.26 152.99 125.0 25311 229.5
24.34 21.69 156.97 127.7 256.10 230.6
27.12 24.95 160.94 130.5 259.09 231.6
29.40 27.55 164.92 133.3 262.08 232.6
31.34 29.62 168.90 136.1 266.26 233.9
34.22 32.58 172.88 1389 270.26 2354
36.15 34.45 176.94 142.7 27424 236.7
38.11 36.29 180.99 145.6 278.23 238.0
40.80 38.69 182.98 144.6 282.21 239.7
43.68 41.18 184.97 144.5 286.19 241.4
46.56 43.66 188.95 148.6 290.18 242.9
49.36 46.05 192.60 152.9 296.15 2454
52.02 48.32 196.73 156.0 300.13 2473
53.38 49.49 200.71 158.8 304.11 248.8
58.85 53.95 204.69 161.8 310.08 251.7
61.59 56.14 208.67 164.7 316.05 254.6
64.34 58.29 212.65 167.8 320.03 256.2
67.12 60.54 216.63 170.7 324.01 258.3
69.96 62.83 220.61 173.9 329.98 261.4
72.91 65.20 222.01 174.8 333.96 263.3
75.87 67.58 225.46 177.6 339.93 266.4
79.09 70.13 228.48 179.9 341.92 267.5
83.03 73.25 230.48 181.6 345.90 269.5
§7.09 76.43 232.47 183.0 349.89 272.0
89.05 77.97 234.96 185.2 353.80 273.3
93.00 81.04 237.45 187.3 359.77 276.7
96.94 84.09 239.44 189.3 362.32 277.8

100.89 87.14 241.05 191.0 365.07 2794

104.85 90.14 243.12 195.5 368.56 281.3

108.80 93.11 243.57 976.6 370.41 282.2

112.76 96.08 243.87 3888 371.39 463.0

116.72 99.04 24391 4084 371.66 593.9

118.70 100.5 243.94 6069 371.89 439.5

120.68 101.9 244.02 7537 372.61 280.1

127.01 106.5 244.07 10446 373.38 279.2

129.07 107.9 244.12 26693 374.15 281.3

374.85 280.1
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were corrected for the effect of vaporization inside the sample cell [13].
D-camphor behaved normally in a sense that any annealing effect was not
observed. The maximum heat capacity was obtained at 244.19 K, which was
taken as the transition temperature of the enantiomeric crystal.

It is important to mention here the low temperature behaviour of the
phase III,. A sample annealed, for example at 72 K for 65 h, exhibited

TABLE 2

Selected data of molar heat capacities of D,L-camphor

L, G L., G, L., G
(K) (K ' mol™?) (K) (K ' mol™) (K) K ' mol™1)
Series 1 (rapidly-cooled 94.88 88.56 185.53 186.7
specimen) 96.67 90.56 187.97 189.0
14.94 11.15 97.56 91.37 190.01 193.1
16.05 12.71 99.36 93.27 193.01 199.4
18.80 16.70 101.15 95.16 196.02 207.2
20.51 19.14 103.83 98.04 198.05 213.0
23.18 22.68 105.62 99.96 201.12 2235
25.79 25.92 107.41 101.9 204.25 233.3
29.32 30.00 110.09 104.7 205.03 2329
31.33 31.89 112.78 107.5 218.09 251.3
33.77 34.63 115.47 110.2 220.37 250.7
36.41 37.19 118.16 112.8 222.68 249.4
38.18 38.83 120.85 115.4 225.07 247.1
40.83 41.18 122.02 116.5 227.45 2453
42.60 42.61 124.43 118.9 229.24 2443
45.26 44.97 127.97 122.2 231.03 2433
47.04 46.51 129.95 124.1 23471 2414
49.84 48.87 133.92 127.8 237.90 240.5
52.51 51.14 137.89 131.5 240.28 239.9
55.23 53.40 141.85 135.3 243.46 238.8
57.01 54.87 145.82 139.1 246.81 238.8
59.67 57.11 147.80 141.1 249.49 238.6
62.34 59.47 149.85 1431 252.17 238.2
64.13 61.04 151.85 145.0 255.55 238.7
66.76 63.35 153.90 147.1 260.02 2394
69.42 65.56 155.87 149.0 264.06 239.5
71.24 67.11 158.31 151.6 268.47 240.5
72.99 68.62 161.70 155.2 272.70 241.1
74.42 69.88 165.52 159.3 276.68 242.2
76.01 71.27 169.64 164.1 281.79 244.0
78.40 73.30 171.59 166.4 285.48 244.8
80.78 75.38 172.58 167.6 288.72 246.1
83.20 77.55 175.57 171.5 293.02 247.8
85.58 79.72 177.56 174.3 279.30 249.5
87.97 81.96 179.55 177.0 301.55 251.2
90.36 84.23 181.54 180.1 305.79 252.8

93.07 86.88 183.53 183.3 310.00 2551
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TABLE 2 (continued)

];U Cp ];U Cp ]:10 Cp
(K) UK 'mol™) (K) K 'mol™) (K) (K Tmol™ 1
316.27 2579 83.23 76.84 187.55 175.1
322.48 260.5 85.53 78.86 190.55 178.3
362.24 281.1 87.21 80.36 193.54 181.7
366.14 283.8 90.40 83.25 196.18 184.9
367.10 289.1 93.54 86.17 199.33 188.8
367.72 648.5 96.72 89.09 201.73 192.3
368.05 395.3 99.08 91.19 204.12 195.9
368.85 283.8 101.46 93.53 207.24 201.0
370.40 282.9 104.65 96.42 210.02 206.3
373.30 284.5 107.05 98.52 212.10 210.8
109.44 100.6 215.44 218.8
Series 2 (well-annealed 112.63 103.4 218.42 228.6
specimen) 115.02 105.5 221.19 240.0
35.82 36.26 118.22 108.3 224.19 263.3
37.48 37.81 121.43 1111 225.11 271.0
39.25 3943 124.62 114.0 225.62 278.2
41.27 41.25 127.01 116.1 225.96 369.4
43.01 42.76 ' 130.20 119.0 226.33 458.3
45.18 44.56 133.69 1221 226.35 405.8
47.27 46.23 136.65 124.8 226.46 306.1
49.74 48.33 140.64 128.5 226.93 282.8
52.15 50.39 143.63 131.3 227.50 259.3
55.73 53.44 146.62 134.1 228.48 254.9
57.53 55.01 149.61 137.0 229.54 250.2
59.92 57.01 152.60 139.8 230.22 248.1
62.32 59.07 154.59 141.8 230.57 246.2
64.70 61.08 157.67 144.8 231.34 2453
66.50 62.61 160.65 147.7 232.11 2442
68.29 64.06 163.64 150.8 233.65 243.1
70.09 65.69 166.63 153.7 234.43 242.4
72.84 68.00 169.62 156.8 235.36 241.8
74.28 69.22 172.62 159.8 238.24 240.7
75.25 70.04 175.61 162.9 241.20 240.1
77.27 71.73 178.60 165.8 24428 239.1
79.08 73.26 181.59 169.0 247.25 238.8
81.51 75.36 184.54 171.9 251.22 238.7

strong endothermic effects in the subsequent several equilibration periods.
When the temperature drift returned to normal at around 80 K, a second
annealing was done. Again, strong endothermic effects were observed in the
equilibration periods. The effect was observed between 70 and 100 K. A
partially frozen enthalpy relaxed towards an equilibrium value during the
annealing, and the untraceable enthalpy during the following heatings
relaxed towards a new equilibrium value by showing the endothermic effect
under the adiabatic condition. If the dielectric data [7] are extrapolated to
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Fig. 2. Molar heat capacities of D- and D,L-camphor crystals, quenched and annealed.
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Fig. 3. Molar heat capacities of D- and D,L-camphor crystals, quenched and annealed:
¢ ¢. D-camphor; @ ®, Dp,L-camphor quenched; o O, D,L-camphor an-
nealed.

low temperatures, the dielectric relaxation time becomes 10* s at 90 K, a
value corresponding to the time scale of a single heat capacity measurement.
On the other hand, phase III, does not show any enthalpy relaxation in the
relevant temperature ranges. At the same time, the heat capacities of phase
IT1, were smaller than those of phase III,, as shown in Fig. 3. Obviously the
low-temperature enthalpy relaxation disappeared as a result of the annealing
done at around the III-II transition.

DISCUSSION

There seems to be two kinds of ordering process in the racemic crystal of
camphor occurring around the III-II transition region, each possessing
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Fig. 4. Schematic Gibbs energy curves of D,L-camphor crystals.

completely different time scales. In order to understand these unusual
findings, it is necessary to recall the fact that the racemic modification is an
equimolecular mixture of the two enantiomers, D- and L-camphors. Both of
the optical isomers are believed to be located on the hexagonal lattice points
in a completely random way in phase II by virtue of the orientational
disorder. It is believed that orientational ordering takes place first on cooling
the D,L-camphor crystal, leaving the chiral disorder behind. This kind of
chirality problem cannot happen in the lattice of b-camphor. Because D- and
L-camphor molecules have different spatial conformations, molecular pack-
ing in the temporarily ordered state will not be suitable to attain the lowest
energy. Some molecules will have misorientation owing to the positional
disorder. Spatial rearrangement of both the enantiomers requires a diffu-
sional process of each molecule, and therefore the chiral ordering takes place
slowly.

A schematic diagram of Gibbs energy of D,L-camphor is illustrated in Fig.
4. Point A is the hypothetical thermodynamic transition temperature be-
tween the disordered and ordered phases with respect to both of the relevant
degrees of freedom. The phase II, will transform into III, at point B on
cooling. The phase is orientationally ordered and positionally disordered for
a moment. Then the phase III_ stabilizes to III] by a short aging. The new
phase 111, transforms at point B’ into phase II;, which has the correspond-
ing order with orientational disorder, and then relaxes towards the phase
I1,. The well-annealed phase III, will transform into phase II, at point C
and then relax towards the phase 1I, for the same reason. The diffusional
process will be enhanced in the phase II because of the translation-rotation
coupling. Because of the single peak observed in the DTA curves for each
stage of aging, the positional ordering is considered to take place uniformly
in the phase III,. Thus an innumerable number of Gibbs energy curves
corresponding to each stage of positional ordering is believed to exist
between the phases 111, and I11,. This conjecture was actually confirmed by
‘the observation of strong endothermic temperature drifts during the I11,-11
transition region. The effect culminated when the calorimetric specimen
reached 226 K, when the apparent heat capacity attained a maximum value.
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Fig. 5. Spontaneous temperature-drift rate of well-annealed D,L-camphor around the ITI-II
transition region.

This superheating effect makes it difficult to determine experimentally the
equilibrium transition temperature. We have to rely on other experiments
for that determination. Figure 5 gives the temperature-drift rates observed in
each equilibration period of the heat capacity measurement of the well-an-
nealed D,L-camphor. The rates changed discontinuously at 218.2 K and this
was regarded as an indication of the onset of instability of the phase III,
during warming. More evidence of this was given by the following observa-
tions. The sample of D,L-camphor in phase II, was cooled rapidly to 224 K
when its heat capacity measurement drew attention to the temperature-drift
behaviour. The operation was repeated by changing the lowest temperature
step-by-step by 2 K. When the lowest temperature was 218 K, the drift
behaviour changed suddenly. This temperature was accepted as an indicator
of loss of stability of the phase II,. We accepted 218.2 K as the thermody-
namic temperature of the transition between the phases III, and II,.

The determination of the equilibrium transition temperature enables us to
calculate the entropy change along the thermodynamic path. Referring to
the entropy at 298.15 K, the entropy changes along the III —II and III—II
thermodynamic paths are: A%%'* S(D,L-camphor, III,~II) = (290.15 + 0.2) J
K~! mol™!; AY¥*" §(D,L-camphor, III ~II) =(291.76 +0.2) J K™! mol™};
and A%*15 S(D-camphor, III-1I) = (289.76 + 0.2) J K=" mol .

The change of estimated equilibrium transition temperature by +1 K
induces change in the AS value by +0.03 J K™ mol~'. The hypothetical
transition temperature between the phase II, and III, (point B in Fig. 4) is
difficult to determine experimentally. This is because the enthalpy relaxation
takes place during the initial cooling and the subsequent heating. In the
absence of any other clear evidence, we simply assigned the transition
temperature as 209.12 K, at which the main part of the III ~II transition
started to occur. In view of an irreversible entropy production [14] during
the cooling and heating experiments, we can conclude that at least 1.6 J K™!
mol ~! of entropy was removed from D,L-camphor by the aging. The disorder
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Fig. 6. Molar entropies of D- and D,L-camphor crystals quenched and annealed: — — —,
D-camphor; , D,L-camphor annealed; - - - - - - , D,L-camphor quenched.

corresponding to this entropy may be the main origin of the different low
temperature behaviours between D- and D,L-camphors that have been re-
ported hitherto.

Schifer and his collaborators have concluded that the camphor crystal is
an ideal solid-solution system [4]. This conclusion is based on the observa-
tions that the vapour pressures and enthalpies of sublimation of D- and
D,L-camphors are essentially the same at room temperature within their
experimental errors. If this conclusion is correct, we can compare the
absolute entropies of the enantiometric and racemic crystals of camphor.
The D,L-camphor crystal should have excess entropy of R In 2, correspond-
ing to the ideal mixing, over that of D-camphor at 298.15 K. Based on the
assumption that the enantiometric crystal obeys the third law of thermody-
namics, the entropy curves of both crystals are drawn in Fig. 6. The
calculation does not necessarily mean that the well-annealed D,L-camphor
crystal has a residual entropy. This is because the estimated error of
enthalpy of sublimation by +2 kJ mol ™! corresponds to +6.7 J K~! mol ™!
in the determination of entropy difference. We must rely on other tech-
niques for the comparison of absolute entropies of both camphor crystals. It
is possible that the removal of chiral disorder is not complete in the
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“well-annealed” specimen of racemic crystal. Again we can conclude that
the unannealed D,L-camphor crystal does not obey the third law of thermo-
dynamics.

In this way, the racemic crystal of camphor cooled in a normal way has a
residual entropy of at least 1.6 + 0.4 J K~! mol™?, and shows an enthalpy
relaxation around 70-100 K. The dielectric relaxation can be correlated with
the enthalpy relaxation and will be associated with the freezing-out of
remaining orientational disorder coupled with the positional disorder. In this
sense, the normally-cooled D,L-camphor belongs to a new category of glassy
crystals [15] which are chirally disordered and orientationally partially-
ordered. All the low temperature studies of D,L-camphors have been done on
samples without aging, that is, with the sample in a glassy crystalline state.
A theoretical consideration of the phase diagram of D- and D,L-camphors
[16] is based on observation of a sample which is not in thermodynamic
equilibrium. We are now beginning to experiment on chiral substances with
orientationally disordered phases.

It is interesting to infer the ordered structure of the phase II, of racemic
camphor. A superstructure is suggested [17] because there is no indication of
phase separation of both enantiomeric crystals. Structural analysis of the
well-aged p,L-camphor using X-ray or neutron diffraction methods merits
further study.
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