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Thermally Induced Aging in Bicyclohexane
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Although the alkyl-bicyclohexyl-carbonitrile compounds supposed to be chemically stable,
an aging behaviour was observed which strongly influences the growth of smectic B germs in
the undercooled nematic phase. The aging also results in a broadening of the phase coexist-
ence temperature ranges and in a saturating shift of phase transition temperatures with a tem-
perature dependent dynamics. The phenomenon has been characterized by polarizing
microscopy and DSC, and an experimental evidence has been given that the air atmosphere is
responsible for the thermally induced ageing.
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INTRODUCTION

Interfacial pattern forming processes at phase transitions in liquid crystals
have attracted a considerable attention in the last years”]. Liquid crystals
possessing a first-order nematic (N) - smectic B (SmB) phase transition
are especially suitable for such studies, since a large number of different
morphologies of the phase boundary has been observed(® 3. 4.5, 6.7,

In general, the study of the interfacial pattern forming processes at phase
transitions requires a high precision control of the undercooling and hence,

the accurate value of the N - SmB phase transition temperature (Tns). Thus
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such measurements should be carried out on substances with high chemical
stability. Compounds of the 4’-alkyl-[1,1’-bicyclohexyl]-4-carbonitrile ho-
mologous series (CCHn, n=3-5) are stated to meet this requirement[& 9,
Studying smectic growth in these substances, nevertheless, a thermal aging
of the samples was detected. This phenomenon manifested itself in a se-
ries of effects such as a decrease of Tys, a broadening of the temperature
range of phase coexistence, some unusual (reentrant) phase sequences and a
change of the growth properties {rate and morphology). Though the CCHn

y[10, 11, 12, 13, 14, 15]’ such a

homologous series has been studied extensivel
phenomenon has not yet been reported. In order to reveal the background
of this process, we studied the correlation between aging and the thermal

prehistory of the sample by polarizing microscope and DSC.
OPTICAL INVESTIGATIONS

Aging and Pattern Formation

Anisotropy of the surface tension is one of the most important physical
parameters governing the interfacial pattern forming processes at phase
transitions!l 18 17 Experimentally one can obtain information on this pa-
rameter by determining the shape of the interface in thermal equilibrium (in
our case the shape of the SmB germ surrounded by the N phase at Tws)10,
The size of the smectic germ is very sensitive to temperature variations since

it grows below Tns and melts if the temperature is above Tiys.

Such measurements were carried out on planarly oriented cells using
three compounds from the CCHn (n=3,4,5) homologous seriest 9. All
these substances possess a monotropic SmB phase. The thermal equilibrium
shape of the N - SmB interface can be approached in a few hours. For the
investigations a polarizing microscope was used equipped with a hot stage
(Instec) having a thermal stability of £3mAi’.

Measurements have shown that a smectic germ can be kept at a constant
size only if the temperature of the cell is adjusted around a monotonically
decreasing value as time elapses, which indicates a continuous decrease of

Tys. The rate of this aging depends on the thermal prehistory of the cell.
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FIGURE 1: a. Temporal drift of Tns depending on the thermal prehis-
tory of CCH3 cells. b. Time evolution of the linear size (square root of
the area A) of a smectic B germ in the nematic phase of CCHS at vari-
ous undercoolings. The initial size of the germ was AY? z 20um for all
undercoolings.

Fig. la. presents data on CCH3 samples having been stored after prepara-
tion in the crystalline (Cr), SmB (at Tys—1°C) and N phase (at Tns+1°C),
respectively, one day long before the measurement. The temporal drift of
Tws is the largest (about —0.03°C/hour) when starting from the Cr phase
and only slightly smaller (about —0.02°C/hour) if the cell was stored in
the SmB phase. Storing the cell in the N phase for one day resulted in a
change (decrease) of the initial value of Tys by about 0.15°C accompanied
with a reduction of the drift (to about —0.001°C/hour) - see Fig. la. These
observations indicate that the change of Tns occurs mainly in the N phase.

Another indication of aging emerged from studies of the smectic growth
at low undercoolings. Fig. 1b. shows the temporal evolution of the linear
size AY? of a smectic germ (A - area of the germ) for a CCH3 sample at
various undercoolings in the range of AT = Tys — T = 0.01 — 0.06°C. It
demonstrates the gradual decrease and a sign inversion of the growth rate for
AT < 0.02°C as time elapses. This leads finally to complete disappearance
of the smectic object, that indicates that Tns decreased by more than AT
during the observation.

Reduction of the phase transition temperature is not the only conse-

quence of aging. The morphology of patterns observed during smectic
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FIGURE 2: Planar SmB germ grown in the planar nematic phase of CCH3
at an undercooling of AT = 1.0°C. (a) Fresh sample, tip velocity is v =
510um/s; (b) aged sample, tip velocity is v = 17.5um/s. .

growth in aged samples may differ from those seen in fresh ones. Compar-
ing the patterns of spontaneous nucleation!® in CCH3 at high undercooling
(Fig. 2., AT = 1.0°C) one can see the reduced side branching activity of the
aged cells (longer wavelength, without second generation of side branches).
This is accompanied by an enormous decrease of the tip velocity of the

dendrites. However, the symmetry of the pattern is preserved.

FIGURE 3: Growth of a planar SmB germ in the planar nematic phase of
CCH3 at an undercooling of AT = 0.3°C. Contours of the same germ at
various instants during its growth were copied on top of each other. (a)
Fresh sample, ¢ = 0.6s,3.35,5.75,7.5s5,10.13; (b) aged sample, t = 0.6s,
43.45, 71.5s, 116.0s, 182.6s, 304.4s, 4120.65, 692.0s.

The decrease of the growth velocity in aged samples can be observed at
lower undercooling (AT = 0.3°C') as well (Fig. 3.), but in this case it is ac-

companied by morphological changes too. In aged samples the faceted side
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of the germ becomes unstable according to a different mechanism, instead of
a uniform roughening (Fig. 3a.) a localized instability appears (protrusion,
Fig. 3b). We note here that the morphology of this latter type has already
heen observed previously in an other substance which is supposed to be
less stable chemically!?. Similar ‘grooves’ on facets have been observed in
directional solidification experiments tool! 7). The formation of the grooves
is caused there by the local increase of the impurity concentration on the
liquid side of the phase boundary.

In other compounds of the homologous series (CCH4 and CCH5) a sim-

ilar influence of aging on the pattern formation was detected.

Aging and Phase Sequences

In order to reveal the nature of the aging we prepared three partially sealed
sandwich cells (i.e. the substance remained in contact with air). The cells
were identical (same size and thickness, orientation by buffed polyimide,
filled with CCH3). For all cells the phase transition temperatures were
determined by polarizing microscopy in heating as well as in cooling imme-
diately after preparation and no significant difference was detected among
the cells.

The cells were subjected to different thermal treatments. In order to
force aging one cell has been heated to the isotropic (I} phase and has been
stored at T = 80.4°C for 6 days, the second cell has been stored in the
nematic phase at T = 57.5°C for the same duration, while the third one
remained at room temperature in the crystalline phase for reference. The
phase transition temperatures were determined after this thermal treat-
ment again. Fig. 4. compares the measured phase sequences and transition
temperatures before and after the thermal treatment for both heating and
cooling cycles. Cells stored in the I or N phases. show a large shift of the
phase transition temperatures as well as a broadening of the phase coexis-
tence ranges. The changes are more pronounced in cells stored at higher
temperature (in the I phase). However, as it was expected, storing cells in

the Cr phase did not cause any remarkable change.

The wide range of coexistence of the N-SmB phases seem to be strongly
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FIGURE 4: Phase sequences of CCH3 on heating and on cooling before and
after thermal treatment at different temperatures.

related to the pattern forming mechanism at the transition. On cooling this
transition is taking place via spontaneous nucleation and the subsequent
dendritic growth of the SmB phase. Due to the reduced side branching
activity of the aged cells (Fig. 2.) the final texture is usually inhomo-
geneous as the SmB phase surrounds several nematic islands (regions be-
tween branches). On further cooling the smectic matrix follows the regular
monotropic SmB-SmX-Cr phase sequence (see DSC curves in Fig. 6) while
(but not at the same time) the islands undergo a sequence of N-I-N phase
transitions (Fig. 5.). A coexistence of N and I phases within these islands
can usually be observed in a rather broad temperature range. Contrary to
the smectic matrix, the crystallization of the islands is very unprobable at
room temperature. A similar reentrant phase sequence can be observed dur-
ing melting too. On heating in aged cells one usually starts with nematic (or
in some cases isotropic) islands in the crystalline (or SmX) matrix. Increas-
ing the temperature the islands first become isotropic, then as the crystal

melts they will be surrounded by nematic regions. The isotropic droplets
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FIGURE 5: Microphotographs showing an example of phase coexistence in
CCHS3 on cooling. (a) Nematic islands in the smectic phase; (b) coexisting
nematic and isotropic phases in the islands within the smectic matrix; (c)
isotropic islands in the smectic phase.

disappear (become nematic) in a couple of minutes without further elevation

of the temperature.
CALORIMETRIC INVESTIGATIONS

In addition to the optical observations the aging of the CCH3 compound
has been followed by calorimetry too, using a Mettler FP85 DTA cell. Five
aluminium DSC crucibles were filled with crystallites of the substance and
were closed hermetically in air atmosphere. For all crucibles DSC curves
were recorded at approximately the same time intervals. In between subse-
quent measurements the crucibles were stored at 25 °C (Cr phase of CCH3),
at 48 °C' (SmB phase), at 62 °C (N phase), at 85 °C’ and at 100 °C (I phase),
respectively. Before each measurement the crucibles were kept at 15°C for
20 minutes to ensure crystallization. The measurements were composed of
a heating, a cooling and again a heating cycle, each at a rate of 2 °C/man.

The temporal evolution of the DSC curves has clearly demonstrated the
aging phenomenon by the shift of all phase transition temperatures towards
lower values and by the broadening of the DSC peaks. Fig. 6. compares the
DSC curves of samples after a thermal treatment of several days in various
phases. It can be seen that the higher the storage temperature, the larger
the shift of the DSC peaks.

Figs. 7a. and 7b. illustrate the temporal evolution of the onset of the

N-I and N-SmB phase transition temperatures T, and Tvs, respectively



474 TIBOR TOTH-KATONA et al.

- SmX SmB N ! Smx  SmB N 1
i
:

A9 : ——

4 F—
¢l v e AR
] IR
£ [ 1555 ia Cr phase 0t B °C)
i oy Smmeimmeean | g

W ISR e e w887}

® W @ % m ® N e % & n om 0w

a. T(C) c. T(*C)

FIGURE 6: DSC curves of samples stored in various phases for several days.
The curves are shifted in the vertical direction to allow easier comparison.
(a) Heating from the Cr phase; (b) cooling from the I phase; (c) heating
from the SmX phase.

(extracted from the DSC curves). The curves indicate an exponential decay
and saturation, i.e. the onset phase transition temperatures (7;) can be well
fitted with T.(t) = T.(o0) + [T.(0) — Te(00)] - exp (—t/7), where T.(0) is the
onset transition temperature of the fresh sample, T.(o0) is the saturation
temperature, and T the time constant for the decay. Both the total shift
T.(0) — T.(cc) and the rate of the shift (1/7) increase with the storage
temperature. The rate varies over two orders of magnitude and it becomes
undetectably slow for the samples stored in the SmB or Cr phases.

We point out that phase transition temperatures in fresh samples deter-
mined by DSC (Fig. 7.) somewhat differ from those measured by polarizing
microscopy (Fig. 4.). DSC measurements have been performed with a rela-
tively large heating/cooling rate, and T.(0) is the temperature at which the
phase transition begins in the bulk. On the other hand, measurements done
with the polarizing microscope give the local T. at the spot of observation,
determined under a heating/cooling rate of about two orders of magnitude
smaller than in the DSC measurements.

A set of measurements similar to that presented on Fig. 6. has been
performed with DSC crucible filled in an inert gas (argon) atmosphere.
After storing the sample at 100°C’ for several days, no indication of the
aging process was found, i.e. neither shift nor broadening of the DSC peaks
could be detected. Thus, we conclude that the air atmosphere is responsible

for the thermal aging of the investigated substances.
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FIGURE 7: Temporal evolution of the onset temperatures of phase tran-
sitions in samples stored in various phases. The curves correspond to a fit
to the equation T.(t) = To(00) + [Te(0) — Te(o0)] - exp (—t/7). a. N-I phase
transition, T.(0) = 78.5°C; b. N-SmB phase transition, 7.(0) = 52.2°C".

DISCUSSION

Aging as a result of contamination and/or chemical degradation of the sub-
stance is quite common in liquid crystals. The increasing impurity content
during aging is known to be responsible for the shift of 7. and the broad-

ening of the phase transitions.

Fresh samples of CCH3 possess relatively sharp phase transitions as it is
expected for a substance of high purity (> 99.5% according to the manufac-
turer 18 191), Our measurements have shown that even this stable substance
may suffer from aging if in contact with air. The temporal evolution of T;
in Fig. 7 indicates an increase and saturation of the concentration of the
impurities generated during aging. The higher the storage temperature, the
larger the final concentration and the faster the aging process. It should be
mentioned, however, that the generation of impurities seem to be governed
not simply by the temperature (and time) but also by the phase which the
sample was stored in. Thus, a relatively small temperature difference in
the storage temperature (2°C") might yield different behaviour as shown in
Fig. 1a. The determination of the actual chemical process of aging would,
however, require a more sophisticated chemical analysis.

The unusual (‘reentrant’) phase sequences found in the phase coexis-

tence range (Fig. 5.) occur due to the presence of impurities too. It is well
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known for crystal-melt systems (with partition coefficient < 1) that during
crystal growth the impurities favour the melt pha,se[”]. It is plausible to
assume that the impurities in the CCHn substances do not fit into the more
ordered SmB structure and hence stay mainly in the nematic phase. As
the SmB phase grows on cooling the volume of the surrounded N decreases.

The SB-N interface pushes the impurities forward increasing their con- ’
centration and consequently decreasing the local Ty, within the N. At a
critical volume this reduced Ty can reach the actual temperature inducing
a 'reentrant’ transition to the isotropic phase. Further cooling exerts the
regular sequence of phase transitions corresponding to this new composi-
tion. On heating, just before melting, isotropic islands (locations with high
impurity concentration) are surrounded by the crystalline matrix. Dur-
ing melting a nematic phase {with small impurity concentration) appears
around these islands. The concentration gradient exerts a diffusion of the
impurities leading to homogenization and thus an I-N phase transition in

the islands.

The differences observed in the pattern formation of fresh and aged
CCHn samples can also be explained by the presence of impurities. The
concentration gradient at the SmB-N interface causes the growth to be con-
trolled not only by the undercooling. The actual driving force of the process
is a combination of the undercooling and the concentration gradient. This
can give an account of the appearance of the groove on the faceted side of
the phase front in the aged samples (Fig. 3b.). As the mass diffusion coefli-
cient is several orders of magnitude smaller than that of the heat diffusion,
the velocity of the phase boundary is drastically decreased in the aged sain-
ples. As both the morphology and the dynamics of the interface growth
is extremely sensitive to the presence of impurities, the pattern formation

studies provide a tool for checking the purity of the substance.
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