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Abstract—X-ray powder photographs are used to calculate cell parameters
for cyclohexane, cyclohexanol, and dl-camphene for a wide range of tem-
perature. Comparison with the ordinary bulk density of cyclohexane and
cyclohexanol leads to upper limits for the vacancy concentrations in these
substances of 0.59%, and 0.39%, respectively. Above about 10 °C the bulk
density of camphene falls off markedly from what would be expected on
the basis of the cell parameters. Comparison of the densities at higher
temperatures with those to be expected either on the basis of the X-ray
data or on the basis of linear extrapolation of the densities at lower tem-
peratures leads to 4H, = 12.5 + 0.5 keal/mol and 48, = 35 + 2 e.u./mol
for the process of vacancy formation. This value for the entropy implies
that about 15 molecules gain additional freedom of motion every time one
vacancy is formed. These results lead to predictions for the temperature
variation in the ratio of molecular scattering factors for the 110 and 200
lines of camphene that are consistent with the observed ratios.

1. Introduction

Although many of the unusual properties of plastic solids can be
understood by assuming a hindered rotation of the molecules about
their equilibrium positions, there are some properties that

1 This work has been supported in part by the National Science Foun-
dation.
§ Now at Hiram College, Hiram, Ohio.

13



Downloaded by [Tomsk State University of Control Systems and Radio] at 06:13 17 February 2013

14 MOLECULAR CRYSTALS AND LIQUID CRYSTALS

apparently can best be explained in terms of lattice defects.
For example, Dunning® has suggested that the plasticity and high
degree of molecular motion present in such organic crystals may
be the result of an unusually large concentration of vacancies;
also, Hood and Sherwood? have proposed a relatively high con-
centration of vacancies to account for the results of their investi-
gation of the self-diffusion of cyclohexane.

It is, therefore, of interest to measure the vacancy concentra-
tions in plastic crystals as directly as possible. Higgins et al.?
compared the results of accurate measurements of density with
the lattice parameters obtained from X-ray diffraction. It was
mainly due to uncertainty in the X-ray data then availablet.5.8.7
that they were restricted to placing an upper limit of about 2
percent on the concentration of vacancies in several plastic solids
including cyclohexane and cyclohexanol.

Our measurements of the lattice parameters allow us to pla.ce
a lower limit on the concentration of vacancies in cyclohexane
and cyclohexanol. Even more interesting, however, is the case
of dl-camphene for which the concentration of vacancies becomes
as large as a few percent.

2. Experimental

The experimental details of the X-ray diffraction measurements
have been described in the preceding paper.® The cyclohexane
obtained from Matheson, Colman and Bell had a melting point of
4.5°C and.was used without further preparation.

The macroscopic or bulk density of camphene was measured in
a modified gas thermometer.® We also measured the density of
cyclohexane and cyclohexanol in the same apparatus and com-
pared the results with those reported by Higgins et al.® There
are indications that our results may have a systematic error of a
little less than one percent that varies with the accuracy of certain
initial calibrations. This error affects the absolute accuracy of
the results; but the relative accuracy of the different values
obtained with a given run is still estimated to be of the order of a
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few tenths of a percent. Most samples were well annealed by
having been cycled repeatedly between high and low tempera-
tures; and in any case, differences in annealing histories had no
observable effects on the densities within our expected errors.

3. Results and Discussion: Cyclohexane and Cyclohexanol

The lattice parameters measured for cyclohexane and cyclo-
hexanol are listed in Table 1. These substances are known to
form cubic structures in the plastic phase,! so there is no difficulty
in indexing the powder diffraction lines and in calculating the
lattice parameters.

TaBLE 1 Lattice Parameters for Cyclohexane and Cyclohexanol

Cyclohexane:
T(°C) - 34.6 - 5.5
a({h) 8.677 + 0.010 8.742 + 0.007
Cyclohexanol:
T(°C) - 27.0 - 5.7 +34
a(A) 8.744 + 0.001 8.770 -+ 0.002 8.786 4+ 0.006

If p, is the ideal density as calculated from the measured lattice
constant on the assumption that every lattice site is occupied, and
if p is the actual bulk deusity of the substance, then we can
calculate the difference between the vacancy concentration ¢, and
the interstitial concentration ¢; from the expression

¢y — ¢ = (pg = p)/Po- (1)

In terms of the molal volume V, the lattice constant a, Avogadro’s
number N, and the number of lattice sites per unit cell n,, this
difference for a cubic structure is

€y = €; = L = Nya¥/(n,V) (2)

Higgins et al. give for the molal volume of cyclohexane the
expression V(C.H,,) = 81.692 + 6.9343 x 1027, where 7 is in
°K and V is in cm®mol. Rather than use their quadratic fit for
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cyclohexanol, which indicates that there would be a minimum
in the molal volume at 225°K, we fitted their data to a linear
expression: V(C,;H,,OH) = 101.38 + 5.112 x 10-%(T" — 260). The
r.m.s. deviations of the guadratic and linear fits are both within
the estimated experimental errors and are essentially the same.
From our lattice parameters and from the bulk densities of
Higgins et al., we then calculate the difference (c, — ¢,;) as shown in
Table 2. Since the close-packed structures of cyclohexane and
cyclohexanol are not likely to contain any interstitials, the upper
limits on their vacancy concentrations can be taken to be 0.5%, and
0.39%, respectively.

TaBLE 2 Vacancy Concentration for Cyclohexane and Cyclohexanol

Cyclohexane
T7(°C) - 34.6 - 5.5
€y, — G ~0.0018 + 0.0065 + 0.0038 + 0.0045
Cyclohexanol
7(°C) -27.0 - 5.7 + 3.4
Cy — C - 0.0002 + 0.0015 + 0.0016 4 0.0020 + 0.0008 + 0.0030

Previous direct determination of the vacancy concentrations
for these two substances results only in putting upper limits at
about 29,2 In a study of self-diffusion in cyclohexane, however,
Hood and Sherwood? were able to deduce an estimate of 0.2 to
0.39%, for the vacancy concentration in the temperature range of
246 to 276 °K through a chain of reasoning containing a number
of approximations. Our more direct determination confirms their
deductions,

4. Resulis and Discussion: dl-Camphene

The lattice parameters measured for dl-camphene in the
rotational form are shown in Table 3. In an earlier paper!® we
commented on the unusual behavior of the ordinary bulk density
of camphene. For temperatures above about 10°C, the density
begins to fall off appreciably from what one would expect from a
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TaBrE 3 Lattice Parameters for dl-Camphens

£(°C) - 83.1 - 47.2 ~ 23.7
a(A): 7.718 + 0.001 7.806 + 0.013 7.828 + 0.005
1(°C): - 5.5 +24.0 + 27.5

a(A): 7.868 + 0.006 7.933 + 0.008 7.941 £ 0.007

straight-line extrapolation of the densities measured at lower
temperatures. We have confirmed this behavior in repeated
measurements of the density in the modified gas thermometer
apparatus. It now turns out that the densities that are calculated
from the X-ray data do fall on the straight line extrapolated from
the densities at lower temperatures. To demonstrate these be-
haviors quantitatively we present in Table 4 the results of fitting
different groupings of the density data to different orders of poly-
nomials in temperature. Densities are calculated from the X-ray
data assuming that each of the two sites in the bcc lattice are
always filled. It will be seen that the X-ray densities and the bulk
densities obtained for temperatures below —10° are in essential
agreement. For both, going to a quadratic fit produces no
significant improvement in the goodness of fit as measured by the
r.m.s. deviations. The discrepancy of 0.79%, between the constant
terms for the two lies outside the error limits predicted from
internal consistency, and is probably due to systematic errors
connected with the use of the gas thermometer in measuring the
bulk densities. In fitting the bulk densities obtained for the full

TaBLE 4 Least Squares Fitting of Density Data (¢ °C)

1. X.ray data (6 points from - 83.1 to + 27.5 °C):
p = (0.9243 4+ 0.0015) — (0.695 4- 0.034) x 103
rms deviation: 0.0026
2. Bulk density (49 points from - 64.2 to - 13.2 °C):
p = (0.9311 + 0.0014) - (0.714 4 0.032) x 10-3¢
rms deviation: 0.0040
3. Bulk density {87 points from - 64.2 to + 39.5 °C):
p = (0.9213 + 0.0015) - (1.360 - 0.054) x 10-3% ~ (8.9 + 1.2) x 10-%¢2
rms deviation: 0.010
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range of temperatures from — 63.5° to + 38.8°, we find a significant
improvement in the goodness of fit on going to a quadratic
expression.

The falling off of the actual bulk density at higher temperatures
from that predicted by the X-ray data and from that predicted
by linear extrapolation of bulk densities at lower temperatures
can be explained in terms of an increasing density of lattice
vacancies at the higher temperatures. If the free energy for
the formation of a lattice vacancy (per mol) is given by
4G, = AH, - TA48,, where 4H, and 48, are the enthalpy and
entropy, respectively, of vacancy formation, we would expect the
actual bulk density and the ideal X-ray density to be related by
the expression

p = poll — exp(-4G,/RT)] 3)

Since we have both densities as functions of temperature, it is now
possible to calculate values for the enthalpy, and entropy of
vacancy formation. When we do this we obtain the values of
12.5 + 0.5 kcal/mol for 4H, and 35 + 2 e.u./mol for 45,. We
can estimate the heat of sublimation of camphene from vapor
pressure data for the liquid and from the heat of fusion.!* This
turns out to be 11.2 kecal/mol, so that the energy of vacancy
formation is then about 1.1 times the heat of sublimation.

The entropy of fusion is only 2.3 e.u./mol; consequently, there
must be approximately 15 molecules involved every time a vacancy
is formed. Since in the becc structure there are eight nearest
neighbors and six next-nearest neighbors, all of these must feel
strongly the effects of the vacancy. With the above values for
the enthalpy and entropy of vacancy formation, we calculate that
at the melting point of 51 °C there should be a vacancy concen-
tration of 7.7%. This with the participating number of 15
molecules per vacancy means that every molecule has relaxed
into the liquid state.

We also find that the vacancy concentrations can be used to
interpret the change with temperature of the molecular structure
factors [f2(110)/f2(200)]* reported in the preceding paper.?
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A plot of the experimentally determined ratios is given in Fig. 1,
It will be recalled that these ratios have been corrected for the
effects of thermal vibration, and would be constant if it were not
for further thermal effects. We have just seen that for each
vacancy formed about 15 neighboring molecules are strongly
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Figure 1. The ratio of molecular scattering factors corrected for thermal
vibrations for the 110 and 200 lines of dl-camphene as a function of
temperature. The curve is calculated on the basis of increased rota-
tional freedom of the molecules resulting from vacancies at higher
temperatures.

affected, If we assume that these 15 molecules change from the
limited orientational freedom characterized by the 23 symmetry
that was successful in predicting the observed ratios of molecular
structure factors and that they gain the spherical symmetry that
must characterize the relaxed state, we would expect the intensities
from molecules in different states to be additive because of the
random nature of the processes. In this case the ratio would be
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given by

Ln(LLO)®  156,[f,,0(110)* + (1 ~ 156,)[fp05(110)]?
[fn(200)]* 186, f,, (200)]* + (1 — 15¢,)[f,, 23(200)]*

Although the scattering factors vary slightly with temperature
because of changes in the lattice constant, the main variation
with temperature will enter through the vacancy concentration.
The curve drawn in Fig. 1 is the result of substituting the appro-
priate molecular scattering factors into this relation together with
the vacancy concentrations calculated on the basis of ¢ (T) =
exp[ — (4H, — T48,)/RT), with 4H, = 12.5 kecal/mol and 4.8, =
35 e.u./mol. The agreement that results when we do this is such as
to support our hypothesis of the unusually high concentration of
vacancies in camphene. It might be expected that the relaxation
of the neighboring molecules into the vacancies would have a large
effect on the density ; however, there are two indications that this
effect need not be very large. First, there is the excellent linearity
of the densities obtained from X-ray data over the entire range;
second, we have seen in the preceding paper that in the case of
cyclopentanol similar changes in orientational freedom can occur
without large changes in crystal structure or density.

Except for the facts that camphene is 62%, heavier than cyclo-
hexane and that camphene has a double bond and a small dipole
moment, the two molecules are rather similar. It is not surprising
then that we should find a close agreement between our results
for camphene and those obtained by Hood and Sherwood? in their
study of self diffusion in cyclohexane. They obtained an experi-
mental value for the enthalpy of vacancy formation in cyelo-
hexane of about 11.4 kcal/mol; furthermore, they deduced that
approximately 20 molecules are involved with each vacancy
formed. Since the thermodynamic parameters are so similar, we
might wonder why the behavior with respect to vacancy con-
centrations should appear to be so different. Actually, however,
if we use the values for enthalpy and entropy of vacancy forma-
tion deduced for camphene, we find that at the same temperature
the vacancy concentration for camphene is indistinguishable from




Downloaded by [Tomsk State University of Control Systems and Radio] at 06:13 17 February 2013

X-RAY INVESTIGATION OF CRYSTALS. II 21

that for eyclohexane. The apparently anomalous results for
camphene thus appear to be due solely to the fact that camphene
melts at a much higher temperature than cyclohexane
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