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Abstract—=Self diffusion has been studied in single crystals of cyclohexane
in the plastic crystalline phase of this solid. In the temperature range
—70°C to —30°C there appears to be one diffusion mechanism in operation
which is best described by an equation

D = 3.9 x 10%exp — (16,300 £+ 300/RT) cm?2 sec—1.

It is proposed that diffusion occurs by the random walk of relaxed
vacancies in the lattice. The concentration of these defects is much higher at
the melting point than in other types of solid. It is possible that this high
defect concentration could account for the extreme plasticity of this solid.

Organic solids with molecules of almost spherical symmetry exist,
in general, in two crystallographic modifications. The low tem-
perature form has the normal physical characteristics of organic
solids. At the crystallographic transition this normal solid is
transformed into a face—or body—centred cubic modification
which persists to the melting point. This high temperature form is
usually waxy in appearance and behaves under stress like an
extremely viscous liquid. These solids in this form, have come to
be known as Plastic Crystals.?

The transition to the plastic phase is accompanied by a large
entropy change, 4S,=10-15 e.u.; the plastic form subsequently
melting with a low entropy of fusion 4S; <5 e.u. Consideration of
this thermodynamic evidence and the physical nature of the solid,
has led to the speculation that the molecules have a considerable
orientational disorder in the solid state. On melting they will
have little more to gain than translational mobility. Numerous
investigations of molecular motions in these solids do indicate
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that there is a considerable degree of rotational molecular mobility
above the crystallographic transition.?

Nuclear magnetic resonance experiments® with these crystals
have confirmed this appearance of rotational freedom at the
transition point. These experiments also indicate that, at tem-
peratures approaching the melting point, a translational motion
commences. This motion (self diffusion) is almost as rapid as in the
liquid phase. Up to the present time no direct study of the diffusion
process has been attempted to confirm this. The only studies of
diffusion in an organic solid, anthracene,*5 indicate that self
diffusion in a normal organic crystal will be slow. Diffusion studies
in other classes of solids have helped in the elucidation of the
defect structure in solids. In order to determine whether the
n.m.r. experiment does observe self diffusion and to obtain a
better understanding of the crystalline disorder in the plastic
phase we have attempted a radiotracer study of self diffusion in
single crystals of a plastic solid, cyclohexane, for which n.m.r.
data are available.®

Experimental

CrYSTAL GROWTH

The purification and growth of the single crystals used for the
experiments are described elsewhere.”

The crystals, obtained in the form of cylinders 1 cm diam. x 5 cm
long, contained less than 0.01 mole %, of impurity as determined by
freezing curves. Microscopic examination of thermally etched
crystals showed them to be free of the grain boundary sub-structure
which appears on rapid freezing of the liquid. This sub-structure
results from the segregation of impurities along boundaries in the
crystal.®. We conclude that, during the slow growth of the single
crystals, any remaining impurity is segregated to the surface and
hence the crystal is always much purer than the melt from which it
is grown. In the high temperature modification cyclohexane
crystallizes in a face-centred cubic structure ; one major axis of the
crystal was always parallel to the cylindrical axis of the boule.
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The crystals were optically transparent with no cracks or stria-
tions. They were soft and waxy and were easily shaped with a
sharp blade.

RADIOACTIVE MATERIAL

0.1 me of cyclohexane-1-Cl14, specific activity 0.1 mc/mmole,
obtained from the Radiochemical Centre, Amersham, was diluted
in vacuwo with 1 ml of pure cyclohexane. This cyclohexane was used
for all experiments and was stored under vacuum in the deposition
apparatus.

PREPARATION OF THE DirrusioNn COUPLE

Because of the low melting point of cyclohexane (6.55°C) the
handling of the crystals presented a considerable difficulty. This
was overcome by performing all manipulations in a deep freeze
unit converted to act as a cold box at —30°C. The deposition of
the radioactive material and subsequent handling was carried out
using the specially designed holder depicted in Fig. 1.

The single crystal in the form of a cylinder 1 cm diam. x 1 em
long, was placed in the cooled cup (A). Liquid cyclohexane was
poured around it, this froze immediately holding the crystal in
place. A locking ring was secured around the crystal as an added
precaution. The crystal in the cup was attached to the chuck of a
microtome by the rod (B). The face of the crystal was aligned with
the blade and several sections removed from the surface. This
served two purposes: the preparation of a flat surface for the
application of the deposit and, since the microtome chuck was
designed so that B could be relocated in the exact same position
after the diffusion experiment, also for the location of the zero
plane for sectioning.

After preparation the cup was screwed into the brass flange, (C)
so that the crystal face just touched the plate. The hole in the
flange was slightly smaller than the crystal and defined the area of
crystal surface upon which the radioactive material would be
deposited. The screw thread was rendered vacuum tight by the
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use of P.T.F.E. tape. The unit was transferred to the vacuum
apparatus and the temperature of the crystal reduced to —70°C
by pouring liquid air on to the surrounding blanket of cellulose
wadding (E). The crystal temperature was monitored by the
thermistor (T) the relationship between crystal temperature and
thermistor temperature having been determined previously. The
chamber was evacuated.

To Vacuum

Figure 1. The deposition unit.

A measured volume of radioactive cyclohexane was transferred
from a reservoir and allowed to condense on the crystal surface.
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The heater (H) prevented condensation on the lower walls of the
tube. It was found that the greater part of the vapour did deposit
on the actual crystal surface. The average deposit was 1 mg of
radioactive material which formed a layer 2 u thick.

The holder was removed from the vacuum line. A thin piece of
mica was placed across the hole in the flange to isolate the deposit
and was held in place by a cork washer and screwed metal cap.
This operation was performed as quickly as possible so that the
crystal temperature would not rise to a point where rapid diffusion
might occur. Experiment showed that during this operation the
crystal temperature did not rise above —65°C.

- When sealed, the crystal holder was transferred to alow tempera-
ture thermostat bath. The crystal attained bath temperature in
2-3 min after immersion. The temperature was monitored by a
thermistor attached to the crystal holder and was found to be
constant to +0.05°C for the periods of the experiment. Experi-
ments were carried out at temperatures in the range —70°C to
—30°C for periods of 135 to 2090 min. Experiments at higher
temperatures were not possible because of the high plasticity of the
crystals.

DETERMINATION OF THE ACTIVITY PROFILE

The diffusion profile was determined by a sectioning technique
using a microtome. This instrument is ideal for this purpose where
these very soft crystals are involved. In these experiments a Beck
Rotary Microtome was set up in the cold box and the movement
calibrated, using a precision microscope and by cutting and weigh-
ing material. It proved possible to remove and collect a complete
section of this waxy solid each time with no losses.

On completion of the diffusion period the crystal holder was
removed from the thermostat. The crystal was relocated in the
microtome chuck by the rod and 15 u slices removed. Since it had
been demonstrated that quantitative collection of the section was
achieved, only occasional sections were weighed during the dif-
fusion experiments. The purpose of this procedure was to eliminate
errors due to evaporation.
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After cutting, the sections were transferred to 15 ml sample
vials and were diluted immediately with 10 ml of liquid scintillator
solution [3 g diphenyl oxazole, 0.03 g 1,4-bis-2-(5-phenyloxazolyl)
benzene in 1 1. scintillation grade toluene]. Following dark and
temperature adaption the samples were counted in a modified
Ecko N664B scintillation counter. The pulses were fed via a
Nuclear Enterprises NE 5202 linear pulse amplifier and NE 5102
pulse height selector to a Dynatron 1009 e scaler. The small amounts
of cyclohexane in each section (1-2 mg) had no quenching effect
upon the scintillations. The overall counting efficiency of the
system was 609, with a background of 0.2 counts/sec. Count
rates, corrected for background were measured to a statistical
accuracy of better than 19%,.

PoTENTIAL L.0SSES OF RADIOACTIVE MATERIAL

Because of the high vapour pressure of cyclohexane it is possible
that losses of radioactivity may occur during the diffusion experi-
ment. This could result in a serious error in the evaluation of the
diffusion coefficient. The design of the crystal holder successfully
stopped the transfer of radioactive material to other faces of the
crystal. This possibility was tested for by removing the sides of
the crystal before sectioning. No radioactivity was ever detected
in this material.

The possibility of complete loss from the surface was tested by
carrying out several experiments by the surface decrease technique.?
In these experiments the screwed metal cap, which normally
covered the crystal during the diffusion anneals, was replaced by a
G.M. tube (Mullard MX 148, window thickness 1-2 mg em™'). This
was held tightly onto the flange (C) (Fig. 1) by a screwed ring. The
surface activity was then monitored during the diffusion anneal.

Because of the low energy of the carbonld4, 8 particles and the
difficulty of measurement of the B particle self absorption co-
efficient, the errors involved in this technique are large. The
diffusion coefficients calculated from these measurements are in
reasonable agreement with those obtained by the sectioning
method. For example
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T D Section D decrease

°K cm? gec™! em? sec™!
241.7 8.3x10~° 7.6x107°
228.7 10 x 10710 2 x10710

It can therefore be assumed that there were little or no losses of
radioactivity.

Results

The process of self diffusion under the non steady state conditions
used in the experiments is described by Fick’s law.

/ot = —D- d%c|ox?

The diffusion coefficient D, is obtained by fitting the experimental
data to an integrated form of this equation. In the present experi-
ment diffusion was followed from an initial layer 1 u thick for
distances of 100-300 n into a crystal of total thickness 1 cm. This
corresponds to diffusion from a very thin source into a semi-
infinite solid. For this geometry the correct integrated form of
Fick’s equation is!?

Clx,t) = Q/(wDt)t-exp— (x2/4Dt)

where C is the concentration of diffusing material at a distance
into the crystal after time ¢ and @, the total amount of material
deposited at x =0 at t=0. If this interpretation of the geometry of
the diffusion couple is correct then a plot of log,, C versus x2 should
yield a straight line of slope —log;,e/4D¢t. The results of such a
plot for several of the experiments is shown in Fig. 2. In all cases
the plot is linear indicating that there is only one major diffusion
process taking place in the solid.

Studies of the non-plastic organic crystal anthracene*: ® reveal
the presence of two diffusion processes. One, a slow process,
involving the greater part of the diffusing activity, is presumably
bulk diffusion. The second which was extremely rapid, was attribu-
ted to diffusion along dislocation pipes in the solid. In the present
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case the latter process is absent. This is taken to indicate that
plastic solids have a low dislocation content.

From the slope of the penetration profile the diffusion coefficients
can be evaluated. The results are summarized in Table 1.

100

I'TT

o

Specific activity c.p.s./section

0 100 200 300
X2em.? x 10

Figure 2. Activity profiles for self diffusion in eyclohexane. Experiment
No. 40, 5[, 6@.

A comparison of the data of Table 1 and Fig. 1 shows that the
diffusion coefficient is independent of time and depth of diffusion.
The values of the diffusion coefficient obtained for experiments
carried out at 228.4°K are the same even though the annealing
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TasrLe 1 Diffusion Coefficients for Self Diffusion in

Cyclohexane
Diffusion Diffusion
Experiment, period coefficient Temperature
no. min cm? sec—1 °K
1 135 8.27 x 10-9 241.7
2 213 - 2.37x10-9 235.7
3 234 2.04 x 10-9 234.2
4 450 0.94x 10-9 228.4
5 135 1.09 x 10-9 228.4
6 728 6.75x 10-10 225.0
7 668 4.52 x 10-10 223.2
8 1440 1.08 x 10-10 215.7
9 2090 4.49 % 10711 210.6

times differ significantly. Consideration of the experimental data
indicates that self diffusion in cyclohexane is an activated process.
The data can be fitted by least mean squares analysis to an Arr-
henius type equation

D = Dyexp— AH,;/RT (Fig. 3) with the parameters.
Dy =39+38x10°cm?sec and 4H,;=16,300 + 300 cal mole™.

If these results are compared with those of Andrew and Eades’
n.m.r. study of cyclohexane® it will be seen that there is qualitative
agreement. Diffusion rates in the plastic solids are extremely rapid,
being 10° times more rapid at the melting point than in non plastic
organic solids. It is not unreasonable then that diffusion has been
observed in plastic solids by the n.m.r. technique whereas no such
observation has yet been made for non plastic organic solids. There
is however considerable discrepancy between the activation energy
obtained in this tracer study and that obtained (4H,;= 8.5 keal) by
n.m.r. A more extensive review of the relationship between radio-
tracer and n.m.r. studies of self diffusion in molecular solids has
been given elsewhere.??
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Temperature °C

—-30 —40 -50 —60
08T T T —T

10~*

D. cm. sec.”

10

—1 1 ]
4. 4.3 4.5 4-7
10°/T. °K™

Figure 3. Temperature dependence of self diffusion in cyclohexane.

Discussion

Organic crystals are, in general, close packed solids. The crystal
geometry is determined by the manner in which the bulky molecules
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fit together. In the plastic phase there is considerable rotational
freedom indicating a less close packed structure. Comparison of
molecular size and crystallographic dimensions'? shows that the
interstitial spaces in the lattice are too small to accommodate a
molecule without distortion of the lattice. Diffusion by migration
along the interstices is therefore impossible and motion by vacant
lattice sites or some more complex mechanism is likely. A

Thermodynamiec consideration of the diffusion process has led
to the formulation of an expression for the diffusion coefficient of the
form ;12

D = ya®vexp (4S;/R)exp (4H,/RT)

where a is the jump distance and v the jump frequency of the moving
defect, y a geometrical term dependent upon the lattice geometry
and diffusion mechanism, and 48; and 4H,; the entropy and
enthalpy of the diffusion process. If this expression is compared
with the experimentally derived relationship it is seen that

Dy = ya’vexp (484/R) = 3.9x10%cm?sec™! and
4H; = 16.0 + 0.3 kcal mole™ 1.

The jump frequency can be approximated to the lattice vibrational
frequency of the solid. No measurements of this parameter are
available but a value can be calculated from the appropriate
Debye characteristic temperature 6 since v~ $«f/h. Using the
value of § =64° K calculated from the Lindemann equation, which
has been shown to give good agreement with experimental data
for the rare gases,'? it is found that v~ 1 x 10!!sec™1,a is equivalent
to the lattice spacing 6.19 x 1078 cm! and for most crystal struc-
tures y~ 1. Substituting these values in the above equation it is
seen that A4S;=41lcalmole*deg™!. In spite of any errors in
evaluating v, this entropy term is very large. It is far greater than
those determined for self diffusion in face centred cubic metals in
which a simple vacancy mechanism is well established* and
probably indicates a diffusion process in which a number of
molecules are involved. ‘
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The enthalpy of activation is the sum of two terms, the enthalpy
of formation, 4H;, and the enthalpy of migration 4H,, of the
defect. No direct measurements of either of these quantities have
yet been made for organic solids. Theoretically, it has been
shown that for a molecular solid the enthalpy of formation of a
vacancy should be approximately equal to the lattice energy of the
solid.’® This is the energy which would be required to abstract a
molecule from a lattice site and replace it on the surface; the
assumed mode of formation of a Schottky defect. Specific calcula-
tions of this term have been made for solid argon.!® Experimental
evidence is also available for this solid as a result of specific heat
studies.!® The results of these calculations indicate that for argon,
AH;~1-1.4 times the latent heat of sublimation. This confirms
the above proposal. Since argon is a plastic solid with a face
centred cubic lattice it is perhaps not unreasonable to assume that a
similar state of affairs will hold for cyclohexane. The lattice energy
of cyclohexane is 10 kcal mole™?, which can therefore be regarded
as a lower limit to the enthalpy of diffusion. It has been shown for
metal systems that the enthalpy of migration of a vacancy is often
of the same order, but less than the enthalpy of formation.*” If
the defects behave in much the same manner in molecular solids as
in metals then the value for the diffusion enthalpy obtained in the
present study is not unreasonable if diffusion proceeds by a vacancy
mechanism. This would not however account for the high pre- -
exponential factor since, for face centred cubic metal systems,
Dy=x0.1-1cm?%sec™?....1*

It has been suggested!® that, following the formation of a vacant
lattice site in a molecular crystal, a relaxation of the surrounding
molecules into the free space will occur. Such a proposal is very
reasonable if the weak intermolecular binding forces in these
molecular solids are considered. As a result of this weak bonding
the gains in energy resulting from the relaxation will be small.?®
The enthalpy of formation of the relaxed vacancy would thus be
approximately equal to the lattice energy of the solid. The defect
would be a small disordered region in the solid which would
probably involve at least the twelve nearest neighbours and the
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eight next nearest neighbours. Even allowing for lattice contraction
following the relaxation (it is proposed that the excess volume due
to the formation of this defect will be approximately 509, of
the original vacancy void), such a region of twenty or more
molecules will have a density more like that of the liquid than
the solid.

Nachtrieb and Handler!® have proposed such a defect to account
for self diffusion in the alkali metals. These authors envisage that
the solid contains liquid-like regions. Diffusion takes place by the
melting and freezing of one or two molecules at a time with an
activation energy of about the latent heat of fusion. Within the
relaxion, as the authors term the defect, molecules move in a co-
operative movement as in the liquid state. The enthalpy of migra-
tion of the defect will be equal to that of diffusion in the liquid
state, 4H, ~4.567kcalmole™.2® Since the relaxed vacancy will
not be in a perfect liquid-like state this can probably be regarded
as a minimum value. Thus AH;~ 4H;+ AH,, ~ 10+ 4.6 =14.6kcal,
which is in reasonable agreement with the experimentally derived
value.

In such a defect with many polyatomic molecules taking part
in the diffusion process a high entropy of activation and hence
pre-exponential - factor would be expected. The approximate
number of molecules associated with the defect and also the
concentration of these defects in the lattice can be determined
from Nachtrieb’s analysis of the formation of the defect. Since in
the extreme case motion proceeds via liquid-like relaxions the
process must be like diffusion in a restricted liquid. The diffusion
coefficient will therefore be dependent upon the number of liquid-
like regions, i.e. the molecule will move rapidly whilst in the liquid-
like region but will be otherwise stationary. Thus Dyys = X Dyquia
where X is the fraction of the total lattice present in relaxions.
Now X = Aexp— (4G4/RT) where 4 is a constant and 4G, the free
energy of formation of the relaxion. It has been suggested that the
free energy of formation of a » molecule disordered cluster in a
solid will bel?

4G, = nL/(1-T|T,,)
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where L is the latent heat of fusion and T',, the melting temperature
of the solid. Thus:

Dyoia = Diiquia 4 exp [—nL[(1 -T|Ty,)]
which can be rearranged to give
D.oia = Diquia 4 exp (nL{RT,,)exp — (nL|RT)
and hence
48, = nL|RT and 4H; = nL.

48, as measured will be comprised of two terms, one for the motion
48,, the second for the formation 4S; of the defect. Since Doyquia
=30x 107 3cm?%sec™1,2% and Dgemiq 3.9 x 106cm®sec™! the contri-
bution of 48,, to the overall pre-exponential factor will be small
and we can equate AS;~nL(T, or AS;xnA4S (y4on. The entropy
of fusion of cyclohexane is 2.2calmole~t*deg™1,2 and A4S;=41cal
mole~'deg~?, hence n=20. This is the number of nearest and
next nearest neighbours in the lattice but since only partial
melting will occur the defect is probably more extensive than this.

If Ny is the fractional number of relaxions in the lattice, then
Np=X[n=1/n-Dyya/Dygua- A comparison of the self diffusion
coefficients in the solid state with the data for self diffusion in the
liquid state extrapolated to lower temperatures will give the
relaxion concentration. Studies of self diffusion in cyclohexane in
the temperature range — 5°C to 5°C using an exchange technique
indicate that self diffusion proceeds via the same mechanism to
within 1.5° of the melting point.2! It is therefore reasonable to use
the extrapolated data from the present experiment for this calcula-
tion. Several results are given in Table 2 for n = 20.

The values obtained are much higher than those for metal
systems where defect concentrations of the order of 10~* at the
melting point are usually found. These values are however in
reasonable agreement with estimates of the concentration of
defects in plastic crystals (0.1-19) proposed by other workers.!!: 1°
The only reliable data? indicate that the maximum concentration
of defects will be less than 2 mole 9,. According to our calculation,
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TaBLE 2 Variation of Defect Concentration with

Temperature
Dy Drjguia N mole
Temperature cm? sec™! X fraction
279.7 7.36 x 107 7.98 x 10-6 9.2 x 1072 4.6x10-3
273.2 3.49 x 10-7 6.47 x 106 5.4 x10-2 2.7x10-3
241.7 8.27 x 10-9 2.19 x 10-6 3.8x10-3 1.9 x 104
223.2 4.52 x 10-10 9.93 x 10-7 4.6x104 2.3x10-%

at 0°C the concentration Np=2x10~3. If it is accepted that the
defect contains twenty molecules, then approximately 29, of the
crystal lattice will be in a disordered state. In such a highly dis-
ordered system it is not surprising to find a considerable degree of
plasticity provided that the flow is diffusion controlled. The
relationship between self diffusion and plastic flow is currently
under study.
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