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Dynamics of the two-dimensional melting transition of a liquid
crystal confined in Anopore membranes

K. L. SANDHYA, GEETHA G. NAIR, S. KRISHNA PRASAD*
and ANJULTI KHANDELWALY

Centre for Liquid Crystal Research, Jalahalli, Bangalore 560 013, India

(Received 28 April 2001; in final form 13 June 2001; accepted 21 June 2001)

Dielectric measurements on a liquid crystal exhibiting the smectic A—crystal B transition and
confined to Anopore membranes having 20 and 200nm pore sizes are reported. The studies
reveal that compared with the bulk, the confined material shows a decrease in transition
temperature. More importantly, the confinement leads to a slowing of the relaxation

mechanism by about three orders of magnitude.

1. Introduction

The behaviour of liquids and solids confined in porous
media is of considerable current interest from both
fundamental and technological points of view [ 1-47]. The
interest arises from the fact that finite size constraints
can lead to significant effects on the bulk properties.
Among the well studied phenomena are crystal melting,
and transitions in binary liquid mixtures, in superfluid
systems and between different solid forms. In comparison
with these studies, investigations on liquid crystalline
materials in confined geometries are relatively recent
[5]. Various types of porous materials have been used
to confine liquid crystals. They are (i) polymer matrices
(polymer dispersed liquid crystals) having well defined
spherical or ellipsoidal cavities, (ii) porous glasses with
narrow pore size distributions, but randomly oriented
and interconnected pore, (iii) silica gels and aerosil with
broad pore size distributions and irregular shapes of the
cavities, and (iv) porous filters like Millipore, Nucleopore
and Anopore membranes. Of these, the Anopore mem-
branes are quite attractive as they have highly parallel
cylindrical pores with narrow size distributions and a
smoother cavity surface.

Most of the work reported in this field has been
devoted to the isotropic—nematic (I-N) transition
[6—10], although nematic—smectic A (N-SmA) [11, 127,
smectic A—chiral smectic C (SmA-SmC*) [13, 147] and
nematic—smectic B (N-SmB) [ 15] transitions have also
been studied. An important influence of confinement is
that it affects the nature of the transition. In the case of
the I-N transition, for example, a weakening of the first
order character and also a broadening of the two-phase
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region associated with the transition have been observed.
In fact, for sufficiently small pore diameters, the high
temperature phase is not truly isotropic as a small degree
of residual orientational order persists well above the
transition; in such a case the isotropic phase is referred
to as the paranematic phase. These effects can be so
strong that the I-N transition is completely absent and
a gradual increase in the local orientational order is
seen as the temperature is lowered. Another, but related,
feature observed is the depression in the transition
temperature when the material is confined in porous
media. Although a number of studies have been made
in the effort to understand various properties of liquid
crystals confined in porous environments, only a few
reports exist on the dynamic behaviour. Dielectric
spectroscopy as a tool to study the dynamics associated
with different liquid crystalline phases and the transitions
between them, has been quite successful. The few reports
on dielectric studies in this area are on the [-N transition
[9,10] and on the smectic C* phase [13]; only very
recently [ 15] has the nematic—smectic B transition been
studied. In this paper we present the first report on the
effect of confinement on the dielectric behaviour of a
liquid crystal exhibiting a smectic A—crystal B (SmA—CrB)
transition.

The smectic A phase possesses, in addition to the
orientational order, a one-dimensional positional order.
The rod-like molecules are stacked to form layers, with
their average orientation direction (the director) lying
parallel to the layer normal. The order within the layer
is short range or liquid-like [ 167]. Thus one can describe
the SmA phase as a ‘one-D solid and two-D liquid’. In
contrast, the CrB is a three-D solid with some degree
of orientational freedom for the molecules. Hence the
transition from CrB to SmA can be regarded as a
two-dimensional melting process and consequently the

Liquid Crystals ISSN 0267-8292 print/ISSN 1366-5855 online © 2001 Taylor & Francis Ltd
http://www.tandf.co.uk /journals
DOI: 10.1080/02678290110082374



17:56 25 January 2011

Downl oaded At:

1848 K. L. Sandhya et al.

dynamics associated with the director modes should
show appreciable change, as has indeed been seen experi-
mentally for bulk systems [17-19]. In this paper we
report on the behaviour of the dielectric constant and
its dynamics across the SmA—CrB transition when the
material is confined in Anopore membranes of 200 and
20nm pore size, and compare the results obtained with
those for the bulk state.

2. Experimental

Measurements have been carried out on N-(4-n-butyl-
oxybenzylidene)-4'-n-octylaniline (40.8), having the
following phase sequence: I 348 K N 332.6 K SmA
318.4 K CrB. For experiments on bulk samples, the
material was sandwiched between two ITO-coated glass
plates treated with silane to promote homeotropic
orientation of the molecules. For measurements in con-
fined geometry, the sample was introduced into Anopore
membranes (Whatman, USA). These membranes are
made from aluminium oxide and have parallel cylindrical
pores penetrating the 60 pm thickness normally. Two
types of membrane with pore sizes 200 and 20 nm and
having 50 and 25% mean porosities, respectively, were
used. The cylindrical pores being strictly parallel and
lying normal to the surface are the main advantage
of Anopore membranes over other types of confining
media. Such a disposition allows the measuring electric
field, in a dielectric experiment, to be applied along
a predetermined direction with respect to the nematic
director n. As our interest was to study the dielectric
behaviour along n, we used the membranes without
treating them with any surfactant, as it is well known
[5] that untreated membranes align the molecules such
that n is parallel to the axes of the pores. Before filling
with the liquid crystal, the membranes were heated to
300°C for 4h to remove residual gas. After this, the LC
sample was placed on the top surface of the membrane
and the temperature was maintained a few °C above
the clearing point for ~24 h to ensure complete filling.
The excess of liquid crystal left on the surface of the
membrane was then removed by pressing the membrane
between filter papers. The membrane, which was opaque
before filling with the sample, became quite transparent
after this procedure. This shows that a substantial
number of the liquid crystal molecules inside the pores
are oriented such that the nematic director is along the
axes of the pores and, due to matching of the refractive
indices of the membrane and the liquid crystal, the
medium appears transparent. For an ideal alignment
where the molecules are along the pore axes, the cono-
scopic view in the polarizing microscope should show
a Maltese cross. On the other hand if the molecules lie
in the plane of the membrane there would be strong
scattering of light. As we did not find either of these

features, we believe that in our case, the alignment was
homeotropic, but imperfect. A second factor that must
be kept in mind is that a calculation of the precise
amount of sample inside the membrane is not trivial.
Although, the mass change before and after filling the
sample can be used to estimate the amount of sample
inside the pores, a proper estimation on this basis
requires accurate values of the density of pores. However,
the pore density data available from the manufacturer
are correct to only an order of magnitude. For these
reasons, we represent the dielectric data in terms of the
measured capacitance C' and loss C"= C"*G/(2nf),
where G is the conductance and f the measuring
frequency.

The membrane containing the sample was sand-
wiched between two ITO-coated glass plates serving as
electrodes. With the nematic director nearly parallel to
the membrane normal, this geometry allowed us to study
the behaviour corresponding to ¢, the dielectric con-
stant parallel to the director. A wide frequency range
impedance analyser (Solatron model 1260) along with a
broadband dielectric converter (BDC-N, Novocontrol)
controlled by WinDeta software (Novocontrol) was used
to carry out the dielectric experiments. The sample
temperature was varied using a Mettler hot stage.
Measurements at a constant frequency were made by
continuously ramping the temperature at the uniform
rate of 1°C min~ !, and the dispersion data were collected
by stabilizing the temperature during the period of the
scan. Hereafter, for brevity we refer to the membranes
filled with the liquid crystal and having 200 and 20 nm
pores as An-200 and An-20, respectively.

3. Results and discussion

Figure 1 shows the temperature variation of the
sample capacitance at a fixed frequency of 0.1kHz for
the bulk and for An-200 and An-20. The bulk measure-
ments were made with the sample contained in a 56 um
thick ITO-coated glass cell with the substrate surfaces
treated for homeotropic alignment of the molecules.
(Experiments on the bulk sample were made on cells
whose thickness ranged from 3.5 to 125 um; no system-
atic differences were observed as a function of the cell
thickness.) In this geometry the measured capacitance
would correspond to ¢, and as expected for a compound
with negative dielectric anisotropy, the value shows a
decrease across the [-N transition. A marked decrease
in the capacitance was also seen at the N-SmA and
SmA-CrB transitions, but the changes are much larger
compared with that across the I-N transition. For
An-200 and An-20, only the SmA—CrB transition is very
clearly seen, with an abrupt drop in the capacitance
value. It is known that transitions become broadened
and weaker when samples are confined in Anopore
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Figure 1. Temperature dependence of the sample capacitance
at 1kHz in (a) the bulk and in the confined geometries
with (b) 200 nm and (c) 20 nm Anopore membranes. While
the bulk sample shows clear changes at all three transitions,
the N-SmA transition is not detectable for the samples
in the membranes.

membranes [ 12]. Thus the I-N transition, which has a
quite weak signature even for the bulk sample, is hardly
noticeable for An-200 and An-20. Another feature to be
noted is the shift in the transition temperature upon
confinement. While the I-N transition temperature
decreases by ~3.6 K, the SmA—-CrB transition shifts by

only ~1K. These features are in the range generally
observed for materials confined in porous matrices [5].

As the main purpose of the study was to investigate
the effect of confinement on the dynamics of the two-
dimensional melting process, the dispersion measure-
ments were restricted to the vicinity of the SmA-CrB
transition. Figures 2, 3 and 4 show representative dielectric
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] ] 1 1 ]
108 104 105 106 107

Frequency [Hz

102 103 104 105 106 107
Frequency [ Hz

Figure 2. Representative loss (C") curves for the bulk sample
in (a) the SmA phase, (b) the two phase region and (c) the
CrB phase. The circles show the experimental data and
the thick solid line in the fit to equation (1) including the
conductivity term. The thin line represents the extracted
profile for the relevant relaxation mechanism. Note that
in (b) the data can be represented by two coexisting loss
curves contributed to by the coexisting SmA and CrB
phases.
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Figure 3. Loss (C") curves for An-200 in the (a) SmA phase.
(b) SmA-CrB transition region and (¢) CrB phase. The
circles and the lines carry the same meaning as for figure 2.
Notice that the data in the transition region are also well
described by a single loss curve, unlike for the bulk sample.

spectra for the bulk and confined geometries in the SmA
and CrB phases, as well as for the transition region. For
the bulk sample (figure 2), in each of the two phases a
sharp peak is seen, but in the transition region, the peak
is much broader. This is to be expected for the following
reason. It is known that the SmA—-CrB transition is
strongly first order and is associated with a two-phase
coexistence region [207]. Further, as we shall see later,
the relaxation frequency changes appreciably just across

100 101 102 103 104 105 106
Frequency [Hz

100 101 102 103 104 105 108
Frequency [Hz

100 101 102 103 104 105 108
Frequency [Hz
Figure 4. Loss (C") curves for An-20 in the () SmA phase.

(b) SmA-CrB transition region and (¢) CrB phase. The
circles and the lines carry the same meaning as for figure 2.

the transition for the bulk sample. These factors enable
one to observe the coexistence of the loss curves due
to both phases in the transition region, resulting in
the peak becoming broader. In fact, such features have
been seen in X-ray scattering [20,21], spontaneous
polarization [227] and dielectric [23] experiments on
materials exhibiting first order phase transitions. To
determine the relaxation parameters, data collected out-
side the transition region were analysed using a single
Havriliak—Negami (HN) function [ 24]; in the two-phase
region two HN functions were used. The HN function
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is written as
Ae
t—o

[1+ Gf/ k)Y
where f is the measuring frequency, and ¢, is the sum
of the dielectric strengths of all the high frequency modes
other than the one under consideration. A¢ is the differ-
ence between low and high frequency dielectric constants
and is a measure of the dielectric strength of the mode
of interest, and f; is the characteristic relaxation fre-
quency. The parameters o and f describe the width
and asymmetric broadening of the relaxation curve. To
account for the d.c. conductivity (¢) contribution to
the imaginary part of the dielectric constant, the term
—i(o/2me, /)Y was added to the right hand side of
equation (1). Here ¢, is the permittivity of free space;
for all the samples studied here N was found to be equal
to 1, indicating pure ohmic conductivity. Solid lines
in figures 2—4 result from the best fit of the data to
equation (1). The fitting clearly brings out (figure 2) the
presence of coexisting peaks in the case of the bulk
sample. In contrast, An-200 and An-20 exhibit (figures
3 and 4, respectively) a single relaxation in the transition
region.t Differential scanning calorimetry scans show
that although the coexistence region becomes widened,
the enthalpy associated with the SmA-CrB transition
decreases by 38% and 57% when the material is confined
in An-200 and An-20, respectively. It may be remarked
that reduction in the strength of first order transitions
when the sample is in confined geometry environments
is well known. The combination of the increase in the
width of the two-phase region and the reduced enthalpy
change perhaps prevents the observation of co-existing
loss curves in the transition region.

For the bulk sample, the two distribution parameters o
and f were equal to 1 (within the errors) for scans taken
at all temperatures. This indicates that the relaxation is
pure Debye in type with a single relaxation frequency.
For An-200 and An-20, only f remains equal to 1 over
the entire temperature range: o decreases from a value
of ~0.94 in the SmA phase to ~0.90 and ~0.86 in
the CrB phase of An-200 and An-20, respectively. This

&(f) =ts (1)

11t may be tempting to ascribe the dispersion seen for the
Anopore samples to the Maxwell-Wagner (MW) mechanism,
which arises in heterogeneous materials—here the Anopore
matrix and the liquid crystal. We attempted to find out whether
this mechanism could account for the relaxation seen. For this
purpose we used an expression quoted in [5], to estimate the
relaxation time for a MW process. With the conductivity
values in the range 10°%-10" "' Sm™"' in the SmA and CrB
phases, we get relaxation times which are 2-3 orders of magni-
tude slower than those experimentally observed. Therefore we
do not wish to attribute the observed relaxation to the MW
relaxation mechanism.

feature suggests that confinement of the sample in the
Anopore membranes causes the relaxation frequency to
be distributed over a few values.

The temperature dependence of f; in the vicinity of
the SmA-CrB transition for the bulk, for An-200 and
for An-20 are presented in figures 5(a), 5(b) and 5(c),
respectively. The observed dependences are very different
for the samples confined in Anopore membranes, in com-
parison with the bulk sample. For the bulk sample, the
decrease in the value of f; at the transition is abrupt
and, as mentioned earlier, is accompanied by a coexist-
ence of fz values corresponding to the SmA and CrB
phases. The magnitude of the decrease, a factor of 4,
is quite large, but is typical for the bulk SmA-CrB
transition [17-197]. The inset of figure 5(a) shows the
data for the two-phase region; the values in this region
just continue the trend shown in the respective phases,
without any pre- or post-transitional behaviour. This is
to be expected as the transition is strongly first order in
character.

For the samples in the Anopore membranes, figures
5(b) and 5(c), the decrease in the value of f; across the
SmA-CrB transition is still appreciable, but the change
is gradual unlike that for the bulk sample. This is
perhaps related to the widening of the transition as seen
in the DSC scans. But the most important feature to be
noted is that the absolute values of f; have decreased
by about three orders of magnitude when compared
with the values for the bulk sample. The magnitude of
the slowing of the relaxation frequency is about the
same for both An-200 and An-20. Further, the effect is
about the same in both the SmA and CrB phases. Also,
unlike the bulk sample, the data for the membranes
show more temperature dependence in the CrB phase
than in the SmA phase.

In order to characterize the temperature dependence
of fy, the data for the bulk, An-200 and An-20 have
been plotted on a semi-logarithmic scale in figure 6.
For the bulk sample, Arrhenius type behaviour is seen
throughout the two mesophases. In contrast, for An-200
and An-20, such a trend is observed in the entire range
of the SmA phase, but only well away from the transition
in the CrB phase. The activation energy values calculated
from the linear portion of the data lying away from the
transition are listed in the table. It is only in the SmA
phase that we see a drastic difference in the values between
the bulk and both the Anopore samples. In contrast,
in the CrB phase, confining the sample to a 200 nm
dimension hardly alters the value of the activation
energy, while reducing the pore size to 20 nm results in
a 3-fold decrease in the value. There are some similarities
between our observations and those seen for a material
confined in a porous glass matrix with 86 nm pore size
and showing a nematic—smectic B sequence [ 15]. It was
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Figure 5. Plots showing the thermal variation of the relaxation
frequency fr for (a) the bulk, (b) An-200 and (c) An-20
samples. The value of f; decreases by a factor of 4
across the SmA-CrB transition; the change is abrupt for
the bulk sample, but more gradual for the two samples in
the Anopore membranes. The abrupt change for the bulk
sample enables separation of the individual contributions
in the two-phase region. The data in this region are shown
on an enlarged scale in the inset of (a). Notice that the
absolute value of f; decreases by about three orders of
magnitude upon confinement in the membranes.

found that on confinement, while the activation energy
values in the nematic phase decrease substantially, the
values in the smectic B phase are hardly affected.

Table. Calculated activation energies.

Activation energy/kJ mol™ "

Sample SmA phase CrB phase
Bulk 1174 +£3.8 61.6 £ 0.4
An-200 28.1+1.3 61.1£09
An-20 27.6+0.4 20.2+0.2
1K
0 0.0030 0.0031 0.0032 0.0033 0.0034

In (L, {Hz)

2
0.0030 0.0031 0.0032 0.0033 0.0034

1TK?!

Figure 6. Semi-logarithmic plots of f; versus inverse temper-
ature for the bulk (O), An-200 (V) and An-20 (/)
samples. The lines drawn represent fits to an Arrhenius
equation by considering data outside the two-phase
region. The activation energy values obtained from such
fits are listed in the table. The axes on the top and the
right are for the bulk sample and those on the left and
bottom are for An-200 and An-20.

In summary we have studied the dielectric behaviour
across the smectic A—crystal B transition in the bulk, as
well as in a confined geometry by having the sample
contained in Anopore membranes of 20 and 200 nm pore
sizes. Upon confinement, apart from the shift in the
transition temperature, we observe substantial reductions
in the relaxation frequency in both the smectic A and
crystal B phases.

We are grateful to Prof. S. Chandrasekhar for many
useful discussions. A research grant from the U.S. Office
of Naval Research (ONR Grant No. N00014-97-1-090 4)
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