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Comparative x-ray and dielectric measurements of smecticA–smectic-C* transition in bulk
and confined geometries
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Comparative x-ray and dielectric measurements have been made on a liquid crystal exhibiting a smectic-
A–chiral-smectic-C ~smectic-C* ) transition in bulk and confined geometries. It is observed that confining the
material in Anopore membranes having 200-nm pore size leads to the following features:~1! the temperature
dependence of the x-ray layer spacing shows a qualitatively different behavior,~2! in the smectic-A phase the
soft mode relaxation frequency increases by a factor of 2.5, and~3! in the smectic-C* phase the relaxation
frequency of the Goldstone mode increases dramatically by as much as 400 times, perhaps owing to a partial
unwinding of the helix by the surface induced field.

DOI: 10.1103/PhysRevE.66.031710 PACS number~s!: 61.30.2v, 64.70.Md
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I. INTRODUCTION

It is known that the behavior of liquid crystalline trans
tions can be strongly influenced by geometrical restrictio
@1#. Various types of porous materials have been used
confine or impose geometrical restrictions on the liquid cr
talline materials. They are~i! polymer matrices~polymer dis-
persed liquid crystals! having well-defined spherical or ellip
soidal cavities,~ii ! porous glasses with narrow pore si
distributions but randomly oriented and interconnec
pores,~iii ! silica gels and aerosil with broad pore size dist
butions and irregular shapes of the cavities, and~iv! porous
filters such as Millipore, Nucleopore, and Anopore me
branes. Of these, the Anopore membranes are attractiv
they have highly parallel cylindrical pores with narrow si
distributions and smoother cavity surface. Most of the wo
reported in this field has been devoted to the isotropic- n
atic transition (iso-N) @2–6#, although transitions involving
smectic-A(Sm-A) @7,8#, chiral smectic-C (Sm-C* ) @9–11#,
and crystal-B @12,13# phases have also been studied. An i
portant influence of confinement is that it affects the nat
of the transition. In the case of the Iso-N transition, for ex-
ample, a weakening of the first-order character and als
broadening of the two-phase region associated with the t
sition have been observed. In fact, for sufficiently small p
diameters, the high temperature phase is not truly isotro
as a small residual orientational order persists well above
transition; in such a case the isotropic phase is referred t
the paranematic phase. These effects can be so strong th
Iso-N transition could be completely absent and a grad
increase of the local orientational order is seen as the t
perature is lowered. Another, but related, feature observe
the depression in the transition temperature when the m
rial is confined in a porous media. Suppression of therm
fluctuation in the nematic order parameter has also been
sented as a reason for some of the effects observed in
fined geometry studies@1#. In this paper, we present the re
sults of differential scanning calorimetry~DSC!, x-ray
diffraction, and dielectric studies on a compound exhibiti
Sm-A–Sm-C* transition, in bulk and also in confined geom
etries.
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II. EXPERIMENTAL

Measurements have been carried out on 4-~3-methyl-2-
chlorobutanoyloxy!-48-heptyloxy biphenyl (A7 for short!,
having the following phase sequence in bulk@14#
Iso(81.7 °C) Sm-A(73.1 °C) Sm-C* (71.1 °C) Cr-G(63.3 °C)
Cr-H. Here Cr-G and Cr-H stand for the three-
dimensionally ordered crystal-G andH phases, respectively
considered earlier as smectic-G and smectic-H phases. For
measurements in confined geometry, the sample was fille
Anopore membranes~Whatman, USA!. These membrane
are made from aluminum oxide and have parallel cylindri
pores penetrating the 60mm thickness normally, with a
nominal pore size of 200 nm. The membranes were trea
with a long chain acid~palmitic acid!, a treatment known to
induce alignment of the molecules in the plane of the me
brane@1#. The procedure adapted to fill the sample into t
pores of the Anopore membrane is described elsewhere@13#.
Calorimetry experiments were done using a Perkin Elm
DSC7. For measurements on a bulk sample, an empty
was used as a reference; for measurements on Anopore m
branes an unfilled membrane of approximately the same
was placed in the reference cup. X-ray experiments w
done with the help of an~MAC Science DIP1030! image
plate setup. For dielectric experiments on bulk samples,
material was sandwiched between two indium tin oxi
~ITO!-coated glass plates with a polyimide layer for prom
ing planar orientation of the molecules. For measurement
Anopore sample the membrane containing the sample
sandwiched between two ITO-coated glass plates servin
electrodes. A wide-frequency range impedance analyzer~So-
latron model 1260! along with a broadband dielectric con
verter ~BDC-N, Novocontrol!, and controlled byWINDETA

software~Novocontrol! was used to carry out the dielectr
experiments.

III. RESULTS AND DISCUSSION

A. DSC measurements

Figure 1 shows DSC scans obtained with the bulk a
Anopore samples while cooling the sample at a rate
©2002 The American Physical Society10-1
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5 °C/min. It must be mentioned here that the Anopore me
brane used for these experiments was a small piece cut
a full membrane filled with the sample. This, in addition
the fact that the data for the density of the pores given by
manufacturer are only correct to an order of magnitude, p
vented an accurate determination of the amount of samp
the membrane. For this reason we have normalized the s
by dividing the two sets of data by the corresponding hea
transition for the isotropic-smectic-A transition. The four
peaks seen for the bulk sample~profile a in Fig. 1! corre-
spond to the Iso-Sm-A, Sm-A–Sm-C* , Sm-C* -Cr-G and
Cr-G–Cr-H transitions. This phase sequence and the ass
ated transition temperatures are in agreement with the
reported in the literature. The scan for the Anopore sam
looks qualitatively similar, and therefore we presume tha
has the same phase sequence as that of the bulk sample~pro-
file b in Fig. 1!. X-ray studies, to be discussed later, corrob
rate this argument. The confinement of the sample in
membrane, however, introduces some differences. Firs
broadens the transitions, by a factor of 3.6, 6.7, 1.8, and
times for Iso-Sm-A, Sm-A–Sm-C* , Sm-C* –Cr-G, and
Cr-G-Cr-H transitions, respectively. Second, the peak hei
is reduced and rounded for all the transitions, especially
for the Sm-A–Sm2C* transition with one order of magni
tude reduction in the peak height~see inset of Fig. 1!. In fact,
the signal due to this transition becomes quite weak
difficult to locate with slower cooling rates. We also obser
confinement-induced shift in the transition temperatur
While the Iso-Sm-A transition shows a small (0.2 °C) up
ward shift, the temperatures for the other transitions
lower in the Anopore sample. The largest shift seen is for
Sm-C* –Cr-G transition with a temperature 2.5 °C; this r
sults in an increase in the temperature range of the SmC*
phase from 2.2 °C in the bulk to 4 °C in the Anopore samp

FIG. 1. Differential scanning calorimetric scan in the cooli
mode for ~a! the bulk and~b! the Anopore sample. It should b
noted that for all the transitions the peak width is more and the p
height is lower for the Anopore sample than for the bulk samp
Inset shows on an enlarged scale the scan in the vicinity of
Sm-A–Sm-C* transition for the Anopore sample.~Cooling rate
5 °C/min.)
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It may be recalled that transition shifts, peak height suppr
sion, and broadening of the transition upon confinemen
narrow pores has been well documented in the literature
an example of the features seen at the Iso-Sm-A transition,
we quote the case of decyl cyano biphenyl~10CB! when the
sample is confined in Anopore membranes treated to ob
radial alignment of the molecules. Specific heat data of I
nacchione and Finotello@4# demonstrated that the Iso-Sm-A
transition shows all the features mentioned above for
sample. In particular, both the samples show an upward s
in TIso-Sm-A upon confinement, the values being not very d
ferent (0.08 °C for 10CB and 0.26 °C for our sampleA7).
Now we discuss the results for the Sm-A–Sm-C* transition,
our prime interest in this paper. It has been proved by x-
and specific heat measurements@15,16# that the
Sm-A–Sm-C* transition in this material has a first-orde
character, albeit weakly so. In the following, we show th
DSC measurements are sensitive enough to demonstrate
feature. An important characteristic of a first-order transiti
is the presence of temperature hysteresis; there is a fi
difference (DT) between the transition temperatures o
tained in the heating and cooling modes. Figure 2 show
plot of DT versus the heating/cooling rate for the bu
sample. The data that can be described by a linear fit yie
value of DT515 mK at zero heating/cooling rate. Surpri
ingly, this value is in close agreement with the value of
mK obtained using a state-of-the-art ac calorimeter@16#. The
smallness of this value suggests that although the trans
is first order, it is an extremely weak one. As mention
earlier, confining the sample in Anopore broadens the tra
tion. Therefore, the absence of thermal signature associ
with the Sm-A–Sm-C* transition at lower heating/cooling
rates in Anopore membranes could be either because
transition has become second order or the broadening m
the signal too weak to be detected.

B. X-ray measurements

Figures 3~a! and 3~b! show intensity versus 2u profiles
extracted from the x-ray-diffraction patterns obtained in t

k
.
e

FIG. 2. Plot of thermal hysteresis,DT defined as the difference
in Sm-A–Sm-C* transition temperature between the heating a
cooling scans as a function of heating/cooling rate for the b
sample. Note that the horizontal scale is logarithmic. On a lin
scale the solid line would represent a linear function.
0-2
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COMPARATIVE X-RAY AND DIELECTRIC . . . PHYSICAL REVIEW E 66, 031710 ~2002!
Sm-A phase of both the bulk and Anopore samples. Both
profiles show two sharp~one very strong and another wea!
reflections at low angles. The layer spacing~d! for the weak
one is half of that for the strong one. They correspond to
first- and second-order diffractions from the smectic la
structure. Thed/L ratio (L being the length of the molecul
in its most extended form! is 0.96 expected for the monomo
lecular Sm-A layer structure known for this material. Th
d/L ratio being,1 is due to the well-known fact that th
alkyl chains are in the molten form. However, notice that
d value~and consequently thed/L ratio! is slightly larger for
the Anopore sample than for the bulk. This is perhaps du
a slight stretching of the alkyl chains caused by the supp
sion of thermal fluctuation in the confined geometry. In a
dition to the two low angle reflections a broad diffuse peak
seen at wide angles, centered at 2u;20°, typical of the scat-
tering from correlations between molecules within individu
layers. The diffractograms in the Sm-C* phase were quali-
tatively similar to the ones in the Sm-A phase, although the
diameter of the low angle reflections were larger and vary
with temperature, due to the tilt of the molecules with resp
to the layer normal. The temperature variation of the la
spacing in the bulk and Anopore samples is shown in F
4~a! and 4~b!, respectively. For the bulk sample there is
abrupt decrease in spacing across the Sm-A–Sm-C* transi-
tion. However, no two-phase region with coexistence
peaks due to both the Sm-A and Sm-C* phases was ob
served. It may be noted that such a coexistence is chara
istic of a first-order transition and was indeed reported ear
@15# for the compound studied here. But the resolution of o
present setup is not sufficient to separate out the individ
contributions of the Sm-A and Sm-C* phases in the two-

FIG. 3. One-dimensional x-ray intensity vs 2u profile in the
Sm-A phase of the bulk@Fig. 3~a!# and Anopore @Fig. 3~b!#
samples. Two sharp reflections at low angles~numbered 1 and 2!
correspond to first- and second-order diffractions from the sme
layer structure. The broad diffuse peak at wide angles;20° corre-
sponds to a liquidlike order within the smectic layers.
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phase region. In contrast, the Anopore sample showe
smooth variation in layer spacing across the Sm-A–Sm-C*
transition. The tilt angle in the Sm-C* phase has been ca
culated by assuming the rigid rod model according to wh
u5cos21(dSm-C* /dSm-A). For this purpose, the value o
dSm-A was taken to be the one at the transition. The therm
variation of u thus calculated for the bulk and Anopor
samples are shown in Fig. 5. As mentioned earlier, the re
lution of our setup is not sufficient to separate out the in
vidual contributions of the Sm-A and Sm-C* phases in the
two-phase region. Therefore for the bulk sample a jump inu,
which is the order parameter for the Sm-C* phase, is not
seen, rather a steep variation at the transition is observe
contrast, the Anopore sample shows a much smoother va
tion in u as the temperature is decreased into the Sm-C*
phase. In the light of the DSC measurements mentioned
lier, we have attempted to describe the temperature varia
of tilt angle in terms of an extended mean field proposed
Huang and Viner@17#. According to this model a generalize
way of describing the order parameter variation nea
Sm-A–Sm-C* transition is to write the free energy of th
system as

F5Fo1
1

2
au21

1

4
bu41

1

6
cu6.

ic

FIG. 4. Thermal variation of the layer spacing for the bulk@Fig.
4~a!# and for the Anopore @Fig. 4~b!# samples near the
Sm-A–Sm-C* transition. While the Anopore sample shows
smooth variation, the bulk sample exhibits an abrupt change ac
the transition.
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SANDHYA, PRASAD, RAO, AND BAHR PHYSICAL REVIEW E66, 031710 ~2002!
Here a5aot, with t5(T2Tc)/Tc , and b and c are
temperature-independent coefficients. Minimizing this e
pression gives two solutions foru,

u50,

u5FRS 11
3t

to
D 1/2

21G1/2

, ~1!

whereR5b/3c. In this modelto is an all important param
eter, describing the crossover temperature at which the
havior changes from mean-field-like to tricritical-like; th
nearer the value is to zero, closer it is to the tricritical poi
As the bulk sample is known to have an extremely we
first-order transition we do not fit the bulk data to Eq.~1!.
~An attempt to do so will lead to very small values ofto ,
apparently indicating that the system lies very close to
tricritical point!. In contrast, the smoother variation ofu with
temperature for the Anopore sample, makes it a better c
didate to perform such a fitting, which is shown in Fig.
The values ofto obtained is 0.002460.001, which suggest
that the transition is a second-order one and quite far a
from a tricritical point. An equally possible explanation is th

FIG. 5. Temperature variation of the tilt angleu in the Sm-C*
phase for the bulk@Fig. 5~a!# and Anopore samples@Fig. 5~b!#.
Whereas the solid line in Fig. 5~b! represents a fit to an extende
mean-field model@Eq. ~1!#, it acts as only a guide to the eye in Fi
5~a!.
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following. It has been observed that application of an elec
field drives the first-order Sm-A–Sm-C* transition towards a
critical point. In such a situation there would be also a fin
tilt angle in the Sm-A phase@18#, and therefore the tempera
ture dependence of the layer spacing would not look v
different from the one shown Fig. 4~b!. It is possible that a
surface field, arising out of the interactions of the liquid cry
talline molecules with the Anopore membrane, mimics t
role played by the electric field in the case mentioned abo
leading to a continuous evolution of the layer spacing.

C. Dielectric measurements

Figure 6 shows the temperature variation of the sam
dielectric constant perpendicular to the director (e') at dif-
ferent fixed frequencies for the bulk sample. These meas

FIG. 6. Temperature variation of the static dielectric const
perpendicular to the director (e') at different frequencies for the
bulk sample. The curves marked~a!–~e! stand for data measure
with 0.1 kHz, 1 kHz, 10 kHz, 100 kHz, and 1000 kHz, respective
The sharp increase and the precipitous drop seen at low freque
for the Sm-A–Sm-C* and Sm-C* –Cr-G transitions are as ex
pected. Notice thate' decreases with increasing frequency, partic
larly in the Sm-C* phase. The large change between 1 kHz and
kHz in the Sm-C* phase indicates the frequency range of the Go
stone mode relaxation.

FIG. 7. Thermal variation ofe' at different frequencies for the
Anopore sample. Notice that the overall behavior is qualitativ
similar to that for the bulk sample. However, the smaller value
thee' for the Anopore sample compared to that for the bulk sam
could be due to the partial suppression of the Goldstone mode
0-4
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COMPARATIVE X-RAY AND DIELECTRIC . . . PHYSICAL REVIEW E 66, 031710 ~2002!
ments were done using a 40-mm-thick ITO-coated glass cel
with the substrate surfaces treated for planar alignment of
molecules. For the measuring frequency of 0.1 and 1 k
the onset of the Sm-A–Sm-C* transition is marked by a
large increase in thee' value. The large magnitude ofe' in
the Sm-C* phase is expected for a compound with hi
spontaneous polarization. When the frequency is increa
although the qualitative behavior remains the same, there
substantial decrease in the value. With a further increas
frequency to 100 kHz, the behavior also changes, havin
peaklike appearance at the transition. The features seen i
Sm-C* phase at low frequencies suggest the presence
significantly active Goldstone mode having a relaxat
frequency in the range of 1–10 kHz. The peaking of the d
at 100 kHz is indicative of the soft mode arising out of t
fluctuations. Across the Sm-C* –Cr-G transition,e' drops to
quite low values even at low frequencies. The results for
Anopore sample are shown in Fig. 7. The most signific

FIG. 8. Plot ofe9 vs frequency~loss curve! for the bulk sample
in the Sm-A phase. Solid line is a fit to the Havriliak-Negami fun
tion @19# along with the conductivity term~see text!. The behavior
at low frequency is due to the presence of ionic impurities in
sample.

FIG. 9. Representative loss curve for the bulk sample in
Sm-C* phase. Solid line is a fit to Eq.~2! with the conductivity
term ~see text!. The data shows the presence of only one relaxa
mode.
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feature to be noticed is that in the Sm-C* phase even the
maximum value ofe' is much smaller than the value ob
tained for the bulk sample. However, the thermal variation
quite similar to that seen for the bulk sample at low freque
cies. These two features indicate that presence of the G
stone mode, which is partially suppressed. In other wor
there is a partial unwinding of the helix driven by the narro
pore size. Further, even at 1 MHz, the behavior is qual
tively similar to the low frequency ones, pointing to the fa
as we shall see later, that the relaxation frequency of
Goldstone has shifted to higher values compared to that
the bulk sample. Figures 8–11 show representative dielec
spectra in the bulk and confined geometries in the Sm-A and
Sm-C* phases. In each case, only one dielectric loss pea
seen and a conductivity-dominated process exists at lo
frequencies. Notice that in the Sm-C* profiles of the bulk
sample the dielectric loss peak has a substantially la
strength and occurs at a lower frequency than the ones in
Sm-A phase. In contrast for the Anopore sample, althou
the strength is slightly larger than that in the Sm-A, the fre-
quencies are not very different. To determine the relaxat

e

e

n

FIG. 10. Representative loss curve for the Anopore sample
the Sm-A phase. Solid line is a fit to Eq.~2! with the conductivity
term.

FIG. 11. Representative loss curve for the Anopore sample
the Sm-C* phase. Solid line is a fit to Eq.~2! with the conductivity
term.
0-5
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SANDHYA, PRASAD, RAO, AND BAHR PHYSICAL REVIEW E66, 031710 ~2002!
parameters, data collected outside the transition region w
analyzed using a Havriliak-Negami function@19#

e* ~ f !5e`1
De

F11S i f

f R
D aGb . ~2!

Here f is the measuring frequency,e` is the sum of the
dielectric strengths of all the high frequency modes ot
than the one under consideration.De is the difference be-
tween low and high frequency dielectric constants and
measure of the dielectric strength of the mode of interestf R
is the characteristic relaxation frequency. The parametea
andb describe the width and asymmetric broadening of
relaxation curve. To account for the dc conductivity (s) con-
tribution to the imaginary part of the dielectric constant, t
term 2 i (s/2peof ) was added to the right hand side of E
~2!; hereeo is the permittivity of free space. The increase
e9 in the MHz region~clearly visible in the Sm-A profile for
the Anopore sample! was due to the sheet resistance of IT
a fitting procedure was used to account for it. The best fi
the data to Eq.~2! in addition to a conductivity-dependen
term are shown in Figs. 8–11. Through exhaustive work
bulk samples exhibiting Sm-A–Sm-C* transition, it is now
well established that the collective relaxation in these s
tems can be analyzed in terms of the fluctuations of the t
component tilt order parameter@20#. The amplitude part of
the tilt gives rise to the soft mode~SM!, which softens on
approaching the transition from either of the phases. T

FIG. 12. Dependence of the relaxation frequency (f R) @Fig.
12~a!# and the dielectric strength (De) @Fig. 12~b!# on reduced tem-
peratureTc2T ~the Tc being the transition temperature! for the
bulk sample across Sm-A–Sm-C* transition. Due to the dominating
influence of the Goldstone mode, the soft mode was not seen in
Sm-C* phase. Inset shows the thermal variation off R @Fig. 12~a!#
and De @Fig. 12~b!# on application of a dc bias voltag
(0.5 V/mm). While the open circles represent data for the s
mode, the filled circles are for the Goldstone mode.
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azimuthal angle part is responsible for the Goldstone m
~GM!, which is active only in the Sm-C* phase. The GM has
a much larger strength and occurs at a lower frequency
comparison with the SM. With this background let us fir
look at the temperature dependence off R and De for the
bulk sample@Figs. 12~a! and 12~b!, respectively!. The ob-
served decrease inf R and the concomitant increase inDe, as
the transition is approached from the Sm-A phase, is a fea-
ture characteristic of the soft mode. At the transition, the G
appears and due to its overwhelming dielectric strength
soft mode is hardly observed in the Sm-C* phase. However,
application of a dc bias field (;0.5V/mm) suppresses the
Goldstone mode sufficiently enabling the SM to be seen@see
insets of Figs. 12~a! and 12~b!# and also brings out the Curie
Weiss nature of the SM behavior. Notice that the applicat
of dc field increases the relaxation frequency of the GM~by
about an order of magnitude! caused by the unwinding of th
helix. Figures 13~a! and 13~b! show the data obtained for th
Anopore sample. The behavior in the Sm-A phase is identi-
fiable with the one observed for the bulk sample, namely t
the relaxation frequency decreases as the transition is
proached, while the dielectric strength increases. The ma
tude of the relaxation frequency is, however, different. F
example, atTc11 °C, the f R value for the Anopore sample
is about 2.5 times higher than that for the bulk. The rate
which f R decreases on approachingTc is also more for the
Anopore (374 kHz/°C) than for the bulk (295 kHz/°C).
is interesting to see that the rate for the bulk sample with b
field (363 kHz/°C) is comparable to that of the Anopo
sample. In the Sm-C* phase only one mode is observe
whose relaxation frequency lies in the range of 600 kH
Although one may like to ascribe such a high frequen
relaxation with the soft mode, the temperature-independ

he

t

FIG. 13. Plot of f R @Fig. 13~a!# andDe @Fig. 13~b!# versusTc

2T for the Anopore sample across the Sm-A–Sm-C* transition.
0-6
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COMPARATIVE X-RAY AND DIELECTRIC . . . PHYSICAL REVIEW E 66, 031710 ~2002!
nature off R and the associatedDe precludes such an inter
pretation. In fact, the trend seen suggests the behavior o
Goldstone mode. However, it should be noted that thesef R
values are about 400 times larger than the GM of the b
sample. But as noted earlier, in the presence of a bias
the value of GM increases by about an order of magnit
for the bulk sample. Thus it is tempting to associate
relaxation mode seen in the Sm-C* phase to that of the GM
mode, but with a substantially unwound helix. It may
recalled that Rozanskiet al. @11# reported a similar~factor of
;20) increase in the GM relaxation frequency when the m
terial is confined in Synpore membranes having a pore
of 850 nm. Thus, it is possible that in the present case, as
true with the Synpore measurements, that the pitch of
helix being comparable to the pore diameter, gets unwou
at least partially due to the interaction of the liquid cryst
line molecules with the walls of the confining membran
Finally, it must be remarked that with the application of
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bias field we did not find any significant influence on eith
the magnitude or the thermal behavior of the sample c
fined in the Anopore membrane. In summary, we have
ported on the comparative behavior of a compound exhi
ing a first-order smecticA–smectic-C* transition in bulk as
well as in confined geometry. Upon confinement, we fi
that there is a significant change in the temperature dep
dence of the layer spacing, and that the relaxation freque
of both the soft mode and Goldstone mode increase, the
ter being as much as by 400 times.
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