Unusual growth of smectic A liquid crystals
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Smectic A liquid crystals have been found to grow from
the isotropic phase in the very unuswal form of long
cylindrical structures in some binary mixtures of
smectogenic and non-mesomorphic aliphatic compounds.
Wé report some experiments which show that the
occurrence and stability of these structures can be
accounted for by a concentration gradient of the non-
mesomorphic component. In such a case it is necessary to
include a linear term in curvature in the elastic energy
density of the system.

SMmecTiC A liquid crystals are characterized by a layered
arrangement of long organic molecules which are
approximately parallel to one another (Figure =3,
The structure within the layers is that of a fluid, so that
the medium is a 1D crystal (along the z-axis say) and a
2D liquid. In a perfect'monodomain sample (Figure 1)
the layers are flat and separated from their neighbours
by a fixed spacing d, which is usually of the order of the
molecular length. The elastic constant for compression
along the layer normal is very large (~ 10® erg cm™%). On
the other hand, the fluid layers can bend easily, preserving
the layer spacing. The corresponding curvature elastic
constant K is rather small (~ 107%dyne). Usually
samples prepared between two glass plates have such
bent layers, giving rise to point or line defects, about
which the molecular orientation changes abruptly. The
geometrical constraints require that the line defects
form sets of confocal ellipses and hyperbolae®.

When the smectic A phase separates from either the
nematic phase which has only a long range orientational
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order, or the isotropic phase, it usually does so in- the
form of batonnets* (Figure 2) which are somewhat
elongated objects. This growth pattern has been studied
in great detail by Fournier and Dyramd® recently. The
smectic A liquid crystal can be expected to have an
anisctropic interfacial tension y, and the formation of
bitonnets is a consequence of y,*v,, where the
subscripts | and L refer to directions in relation to the
layer-normal. The bitonnets are structures in which the
low value of K is exploited to minimize the area of the
surface parallel to the layers exposed at the interface
(Figure 3).
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Figure 1. Schematic representation of the molecular organization in a
smectic A liquid crystal.

I
Il

419



RESEARCH ARTICLES

Figure 2. The smectic A phase separating out from the isotropic
phase in the form of bitonnets in a sample of diethyl azoxy
dicinnamate { < 150).

—

Figure 3. Schematic representation of the layers within a bitonnet.
(Adapted from Fournier and Durand, ref. 5).

We found some time back that binary mixtures of
various smectogens with compounds having aliphatic
chains (like alkyl alcohols, alkanes, alkanoic acids, etc.)
exhibit a different growth pattern when separating from
the isotropic phase when the concentration of the non-
mesomorphic component is sufficiently large. The A
phase separates first in the form of spherical droplets
(Figure 4) which after attaining a certain diameter
elongate to form cylindrical structures (Figure 5) as the
sample is cooled at a fixed rate. The elongation takes
place at a fixed diameter of the cylinder. A slow rate of
cooling (~ 0.1°min~') leads to very long structures
(~500 um or more) which collapse to form compact
units. A higher rate of cooling (~ 1° min~") leads to a
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Figure 4. The smectic A phase appearing from the isotropic phase in
the form of tiny spherical droplets in a mixture of 80CB and DODA
in the molar ratio of 50:50. Crossed polarizers { x 150).

Figure 5. Rapid growth of the smectic A cylinders as the sampic
shown in Figure 4 is cooled.

large number of short cylinders which also collapse to
form compact units. Indeed the first observation of such
structures was made by Meyer and Jones in early 70s,
but was reported only recently®. More recently
Adamczyk’ also reported similar observations. Arora et
al.® found very shortlived cylindrical structures in a
pure compound. Very recently such structures were also
found in a pure compound synthesized in our
laboratory®.

We have made extensive observations on a 50
mole% mixture of dodecyl alcohol (DODA) with 4-p-
octyloxy-cyanobiphenyl (80CB)!°. The occurrence of
the spherical and cylindrical structures with the surface
parallel to the layers exposed to the interface clearly
shows that in these systems Yy < ¥y e, the sign of the
anisotropy of interfacial tension changes at a high
enough concentration of alcohol. We found that if the
cooling is stopped'at some temperature before the
structure collapses, the further evolution of the cylinder
depends on its diameter. Thin cylinders (with radius
r < 3 pm) shrink slowly and disappear over a period of
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~ 30 min or so. On the other hand, thick cylinders
(with r > 4.5 um) develop an undulation instability
about 10 min after the cooling is stopped (Figure 6).
The structure then slowly collapses, bead by bead to a
compact unit. If the cooling is resumed 10 min after it is
stopped, even the thin cylinders develop a beaded
configuration which collapses very quickly to form a
compact unit. These observations seem to indicate that
the cylindrical structures which have a large surface-to-
volume ratio may be metastable with reference to the
spherical units which minimize the surface area. Indeed.
simultaneously with the occurrence of the above
mentioned processes, flat homeotropic layers were
found to grow from the two bounding glass plates.
However, when we confined the liquid between glass
plates which had corrugated surfaces (i.e., ground glass
plates), the cylindrical structures could be stabilized for
several hours at an appropriate temperature. Eventually, a

Figure 6. a, Smectic A cylinders formed in a mixture of 80CB and
DODA in the molar ratio of 50:50. Photograph taken 10 min after
cooling: was stopped. One thick cylinder has undergone  the
undulation instability. Polarizer axis is parallel to the horizontal cdge
of the pholograph, no analyzer ( x 60).

Figure 6. b, Same sumf;lc as in Figure 6a after another 5s. The second
cylinder has also undulated. Note that in the first structure. one of the
beads hus been absorbed into the big spherical unit. Polarizer axis
perpendicular to horizontal edge of the photograph. No analyzer
{ x 60).
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focal conic texture developed at the glass surfaces at the
expense of the cylindrical structures.

All these observations can be understood if we
assume that the equilibrium alcohol concentration (x)
in the smectic layers increases with the curvature of the
layers, ie., x = x(r). This assumption implies that the
cylindrical and spherical structures have a negative
alcohol concentration gradient. We can turn around
this argument to assume that a concentration gradient
produces curvature in the layers. In other words, we
have to add 4 term linear in curvature in the elastic
energy density of such a system!°.

With the above assumption we get the following physi-
cal picture of the observations. As y, <y, in the mixtures,
we can expect the smectic A to separate out in the form
of spherical droplets from the bulk isotropic phase. The
mixture with about 50 mole% of alcohol has a wide
coexistence range of the smectic A and isotropic phases,
the former having a lower temperature-dependent
average concentration of alcohol than the latter. The
spherical droplets grow by nucleating extra. layers,
which costs a nucleation energy. An alternative process
of increasing the material in the smectic A phase at
lower temperatures is to absorb additional molecules
into the layers through the interface. If the number of
layers is fixed, the spherical structure which has an
isotropic core in the centre* can grow only by enlarging
the core. As the alcohol concentration of the isotropic
phase is higher and these molecules hdve to pass
through the smectic layers from outside the sphere to
the core, this mechanism cannot be very effective.
However, if the structure can elongate along onc
direction to form a spherocylinder (Figure 7), the
absorption process can become very efficient. Indeed it
can be shown that the cylinder which has a line
singularity along the axis requires less energy to grow
than nucleating a new layer, if the radius is larger than
a few microns'®. Experimentally the radius is about 3
to 5 um. Including the linear term mentioned earlier,
the total energy of the cylinder is

Ecy|=27tl[K1(r—rL,) + Ezl—llnri+y(r+rc)], (n
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Figure 7. Schematic representation of a cross-section through the axis
of the layer arrangement in a cylindrical structure.
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where [ is the length of cylindrical part, r and r, are the
radii of the cylinder and isotropic core respectively, K,
the linear curvature elastic constant, K, the (quadratic)
curvature elastic constant and y {=y) the interfacial
tension. If this cylinder collapses to form a spherical
unit with a radius r; and core . radius Foes the
corresponding energy is given by

o =4n[K, (r=r)+2K, (r r) Tyl Q)

If K“: 107% dyne!, y ~ 1072 dyne cm™! (ref 11)
and ! ~ 100 pm, we find that the cylindrical structure
has a lower energy than the spherical one if
K, < ~0.02dynecm™"'. This is a relatively small value
which can easily be generated by the concentration
gradient in the cylinders.

The growth of the cylinders requires that the
absorbed mesogenic and alcohol molecules should
reach the inner core from the outer surface through a
diffusion process. The diffusion time t (~ r?/D, where D
is a diffusion constant) can be expected to be ~ 0.01s
for r =~ 3 um. The elongation is indeed large for a slow
rate of cooling (~0.1°min~!). Faster rates produce
many short cylinders.

Smooth glass plates apparently facilitate nucleation
of flat layers. Since the alcohol concentration of such
layers with zero curvature is relatively low, the growth
of these layers increases the concentration of aicohol in
the isotropic phase beyond the value required by
thermodynamic equilibrium. This imbalance is corrected
by dissolving cylinders and spheres of small radii. As
the desorption of molecules from cylinders also requires
a diffusion time t, thick cylinders cannot dissolve at a
fast enough rate. This results in a penetration of the
alcohol molecules through the interface of the thicker
cylinders to correct the imbalance mentioned above.
This in turn results in a reversal of the concentration
gradient, and hence the sign of K,. As can be easily
understood from Figure 8, such a sign reversal results
in an undulation instability, since the regions with
negative curvature have a higher average curvature
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Figure 8. Schematic representation of the undulation instability of the
layers in a smectic A cylinder.
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than the regions with positive curvature. As the positive
sign of K, cannot stabilize the cylindrical structure
itself, it collapses to form a compact unit.

In the samples taken between corrugated surfaces,
the layers growing on the glass plates have a strong
curvature and hence the alcohol concentration of the
isotropic phase does not acquire the imbalance
discussed above. The cylindrical structures remain
stable for long periods in such a case. In order to test
this model, we did some additional experiments recently
on samples taken between two conducting glass plates.
We measured the length of the cylinders at a fixed
temperature as a function of time for various values of
an applied AC voltage at | kHz. The results are shown

‘in Figure 9. It is clear that the rate of shrinkage of the

cylinder is faster at higher applied fields. The mesogenic
compound used has a high positive diclectric
anisotropy and hence would prefer to align with the
long molecular axes along the field direction. However,
the cylindrical structure itself cannot be altered as this
would result in a change in layer spacing and hence
require a prohibitively large energy. On the other hand,
the field strongly favours the growth of flat layers on
the glass plates. This in turn hastens the shrinkage of
cylinders due to the process discussed earlier.

In conclusion, our experiments have shown that the
equilibrium concentration of alcohol increases with
curvature. We have argued that the resulting concentra-
tion gradient requires the inclusion of a term linear in
curvature in the elastic energy density. For favourable
values of this term, the cylindrical structures with a.
large surface/volume ratio are more stable than
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Figure 9. Plot of the ratio of l/l, vs. time for various values of an
applied AC voltage at ! kHz. Here [/, is the initial length of the
cylinder (~ 60 pm) and [ is the length after time tr. +, O and A
correspond to =0, V=4 and V = 8 volts respectively.
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spherical structures even though the latter have the
minimal surface area.
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