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Dielectric and high-pressure investigations on a thermotropic cubic mesophase
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~Received 20 November 1998!

Optically isotropic cubic mesophases, which are commonly exhibited by lyotropic materials, have been
observed in a few thermotropic liquid crystalline systems also. Although the first thermotropic cubic me-
sophase was reported about 40 years ago, its existence in diverse systems is only a recent finding. Moreover,
the investigations on this mesophase have mainly concentrated on the structural aspects. While the effect of
pressure has not been reported, only one dielectric measurement seems to have been carried out. In this paper
we present the results of our dielectric and high pressure investigations on a compound exhibiting a thermo-
tropic cubic mesophase. Two salient results are~i! a low frequency relaxation mode is observed with a large
dielectric strength with appreciable changes across the columnar-cubic and cubic-smecticC transitions; and~ii !
the cubic phase ceases to exist when the applied pressure exceeds about 400 bar.@S1063-651X~99!14705-6#

PACS number~s!: 61.30.2v, 64.70.Md, 77.84.Nh
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INTRODUCTION

Liquid crystals@1# are often referred to as anisotropic fl
ids. However, optically isotropic cubic mesophases
known to occur in some thermotropic systems and m
commonly in lyotropic systems@2#. In lyotropic materials the
different chemical nature of the two parts of the molecul
viz., the hydrophilic polar head groups and the hydropho
alkyl tails lead to the formation of micelles, which in tur
can arrange themselves to give cubic structure. These c
phases occur either between the lamellar and hexagona
lumnar phases or between the hexagonal columnar phase
the isotropic micellar solution. Also, depending on the va
of the interface curvature between the hydrophilic and
drophobic regions, they can be the normal or inverted ty

In contrast to the wealth of knowledge available on ly
tropic materials, not much is known about cubic mesopha
in thermotropic systems. The main reason has been that
very few cases of thermotropic cubic phases were known
recently@3,4#. However, the finding of these mesophases
diverse thermotropic systems in the last few years has le
a spurt of activity in this field@5#. The dielectric properties o
the thermotropic cubic phases have not been well studied
fact, to our knowledge, there has been only one such s
reported recently@6#. Further, no measurements on the effe
of pressure seem to have been carried out. In this pape
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present dielectric dispersion measurements and the pres
temperature phase diagram of a compound exhibiting a t
motropic cubic mesophase. Moreover, this compound sh
a smectic-cubic-columnar phase sequence, which is v
similar to the lamellar-cubic-hexagonal columnar seque
observed in lyotropic systems.

EXPERIMENT

The structural formula of the investigated compoun
48-hexadecyloxy-38-nitro biphenyl carboxylic acid, is
shown below.

The transition temperatures~in °C! and enthalpies~in J/g and
enclosed in parentheses! obtained in the heating and coolin
modes using optical microscopy in conjunction with a pr
grammable hot stage~Mettler FP90! and a differential scan-
ning calorimeter~Perkin Elmer DSC7!, are given below.
Heating mode:

smectic C ——→
176.4 ~1.29!

cubic ——→
198.7 ~3.05!

smectic A ——→
200.5 ~2.16!

isotropic

Cooling mode:

isotropic——→
200.1 ~1.9!

smectic A ——→
194.2 ~1.10!

columnar——→
192.9 ~0.75!

cubic ——→
162.5 ~1.33!

smectic C.
5572 ©1999 The American Physical Society
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The hystereses in the transition temperatures, especially
the smecticC (SmC)-cubic transition, and the appearance
the columnar~col! phase in the cooling mode have be
reported earlier@3,7,8#. Further the range and the actual tem
perature of the transitions involving the col phase were fou
to be dependent on factors like thickness of the sample
cooling rate. We have followed a slightly different synthe
route than is traditionally used@9#. The o-alkylated ethyl
ester of the starting material 48-hydroxy-4-biphenyl carboxy-
lic acid was subjected to nitration and the product was
drolyzed to get the required compound, which was purifi
by repeated recrystallization. Care was taken to confirm
structures of all the intermediates and the final compo
using IR and1H NMR spectroscopy. In our opinion, th
advantage of this procedure over the traditional method
Gray, Jones, and Marson@9# is the following. In our method
the presence of the bromo intermediate in the final produc
known source of contamination in the traditional route, a
which particularly affects the stability of the col phase,
completely eliminated.

Dielectric experiments were done using a frequency
sponse analyzer~Solatron 1260! in the frequency range 1 H
to 100 kHz and a probing voltage of 500 mV. The sam
was sandwiched between two indium tin oxide~ITO! coated
glass plates with mylar spacers to define the cell thickn
~;25 mm!. The sample temperature was varied using a p
grammable hot stage~Mettler FP90! and was precisely mea
sured using a calibrated thermistor placed very close to
sample cell. The data collection was handled by a PC w
the control routine written in theLABVIEW 4.0 environment.
The dielectric dispersion curves were analyzed using a n
linear equation-fitting program~WINFIT 2.3, Novocontrol
GmBH!.

Pressure studies were carried out using an optical h
pressure cell, details of which are described in an ear
paper @10#. Essentially it consists of a sample sandwich
between optically polished sapphire rods enclosed in an e
tomeric tube. A low-viscosity oil was used as the pressu
ing medium. At different fixed pressures the intensity o
He-Ne laser beam transmitted through the sample was m
tored as a function of temperature with the help of a pho
diode with a built-in amplifier. The sample pressure w
measured by employing a precision Heise gauge. A
handled the data acquisition and control of the experime

RESULTS AND DISCUSSION

A. Differential scanning calorimetry

Figure 1 shows the differential scanning calorimeter sc
taken in both the heating and cooling modes at a rate
1 °C/min. The lowest temperature peak has been identifie
correspond to the SmC-cubic transition and the one at abo
202 °C corresponds to the smecticA (SmA)-isotropic transi-
tion. The cubic to SmA transformation that appears as
broad peak in the heating mode is quite sharp in the coo
mode, and appears to have a single peak. However, whe
cooling rate is reduced to 0.2 °C/min, two clear peaks
resolved~see inset of Fig. 1!. Microscopic observations show
that in the cooling cycle, the SmA phase transforms to
for
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phase with mosaic texture which at a slightly lower tempe
ture changes to the optically isotropic-cubic phase. Howe
in the heating mode the cubic phase goes directly to the SA
phase. The intermediate phase, which has been identifie
earlier reports as a columnar~col! phase@7,11#, is thus a
monotropic phase. As we mentioned earlier, owing to
absence of bromo impurities, we found that columnar ph
is quite stable and could be held steady for extended per
of time, which enabled us to perform the first detailed stu
in this phase. The transition enthalpy values obtained by
for the different transitions are in quite good agreement w
the data available in the literature@8,12#.

B. Dielectric studies

Figure 2 shows a representative dielectric dispersion s
taken in the isotropic phase. The profiles obtained in
different mesophases were quite similar to this scan. A
electric absorption peak with a relaxation frequency at ab
160 Hz and a linear decrease of the«9 value at low frequen-
cies are observed, the latter variation being typical
frequency-dependent conductivity. We modeled such a c
bined process using the Havriliak-Negami mechanism@13#
and a conductivity part and expressed the imaginary par
the dielectric constant as

«measured9 ~ f !5
s

2p«of m 1ImS D«

H 11S i
f

f R
D aJ bD . ~1!

Here f is the measuring frequency,s is the specific conduc-
tivity of the sample,«o is the vacuum permittivity,D« and f R

FIG. 1. Differential scanning calorimeter traces obtained in
~a! heating and~b! cooling modes at a rate of 1 °C/min. The sig
nificant difference in the transition temperatures, the peak on
temperature, between the heating and cooling modes is a kn
feature for the compound studied. The inset shows a scan taken
cooling rate of 0.2 °C/min. Notice that an additional peak is se
just above the transition to the cubic phase. Comparing the tex
obtained for the intermediate phase with literature reports, we id
tify this phase as a columnar~or col! phase. In fact, at the rate o
cooling used for the scan shown in~b!, we were not able to resolve
this peak.
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represent the dielectric strength and relaxation frequenc
the mode under consideration. The parametersa and b de-
scribe the shape of«9 versusf profile; a,b51 describes the
shape for a Debye type of relaxation. We found that over
entire temperature range of measurement, the parametb
was equal to 1, indicating that the profiles are symme
about the maximum in the dielectric loss factor. The para
eter a was found to take a value between 0.85 and 0.
signifying that the distribution of the relaxation times is qu
narrow. In the temperature range of these measurements
parameterm was in the range 0.7 to 0.9. The conductivi
contribution is observed to be quite large, a feature that i
common with a diol compound studied by Kresseet al. @6#.
It can be attributed to the presence of an extended networ
hydrogen bonds even in the isotropic phase. Calorime
@14# and IR @12# studies on this compound have shown th
the hydrogen bonding does persist in the isotropic ph
also.

As the interest is in the dielectric relaxation process,
have presented in Fig. 3 the«9 versusf profiles obtained in
the different mesophases, after subtracting out the condu
ity contribution. The features that are interesting to note
~i! the overall change in the relaxation frequency between
different mesophases is quite small,~ii ! the absolute value o
f R is quite low, and~iii ! the amplitudes of the peaks are ve
large, much larger than usually observed for nonchiral liq
crystalline substances. Comparing with the dielectric res
on diols@6# we observe that the relaxation frequency is ab
two orders of magnitude smaller and that the amplitude
larger by roughly the same amount. We will come back
the reasons for these observations later.

The detailed temperature variation of the relaxation f
quency and the dielectric strength obtained on cooling
sample from the isotropic phase are shown in Fig. 4. C
changes are seen at temperatures corresponding to a
transitions observed in the calorimetric and optical mic

FIG. 2. Raw plot of imaginary part of the dielectric permittivit
«9 vs frequency in the isotropic phase. The experimental data
indicated by circles and the fitting to the Havriliak-Negami equat
@Eq. ~1!# by a thin solid line. The linear decrease in log«9 at low
frequencies is attributed to conductivity contribution and the th
solid line shows the profile obtained after subtracting this contri
tion. For comparison, an ideal Debye relaxation profile@a, b51 in
Eq. ~1!# is shown as a dashed line. The frequency dependence o
real part of the dielectric constant is shown in the inset.
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scopic measurements. On cooling from the isotropic pha
the relaxation frequency decreases with decreasing temp
ture and reaches a minimum at the transition. Concomi
with this decrease in frequency, an increase in the dielec
strength, which is the amplitude of the mode, is observ
This type of a pretransitional slowing down of the relaxati
frequency associated with the orientational ordering in
liquid crystalline phase is usually observed at the isotrop

re

k
-
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FIG. 3. Representative plots of«9 vs frequency in the~a! iso-
tropic ~ !, ~b! SmA ~––!, ~c! col ~• • • •!, ~d! cubic
~

• • •
!, and~e! SmC ~–••–! phases. For the purpose of pre

sentation, the raw data corrected for the conductivity contribut
has been used. Notice a near-Debye type of profile in all the pha
which indicates that the distribution in the relaxation times is qu
small. The remarkably low relaxation frequency, approximately
frequency corresponding to the peak position, is due to the exten
hydrogen-bond network.

FIG. 4. Temperature dependence of the~d! relaxation fre-
quency and~s! dielectric strength obtained from fitting the«9 vs
frequency data to Eq.~1!. Clear changes are observed at tempe
tures corresponding to the different transitions. The line through
frequency data is meant to show the jump at the col to the cu
transition.
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nematic transition and seldom seen for the isotropic-SA
transition@15#. This is because, generally the latter transiti
has a very large enthalpy and therefore a smaller assoc
pretransitional effect compared to the isotropic-nematic o
But as we saw earlier, the isotropic-SmA transition enthalpy
for the compound studied here is quite small and this po
bly explains the observation of the pretransitional slow
down of the order parameter mode. Following the pract
@15,16# of describing discontinuous transitions that exhi
strong pretransitional behavior using power-law expressio
we have tried a similar analysis for the temperature ver
relaxation frequency data in the isotropic phase. This d
separately shown in Fig. 5, is fitted to a power law of t
form f R}tg, wheret5(T2T* ), T* being the hypothetica
second-order isotropic-SmA transition temperature. The ac
tual transition occurs at a temperatureTIA, slightly above
T* . A finite difference betweenTIA andT* would lead to a
rounding of the data close to the transition. For this reas
the fitting was done by not including data from that regio
The fit yields a value ofg51.160.1, which within experi-
mental errors, indicates a mean-field type of behavior an
similar to what is generally observed for the isotrop
nematic transition. Further, a rather small value ofTIA2T*
~50.5 °C! obtained is again comparable to the value usua
observed for the isotropic-nematic transition. But as
marked earlier, the large value for the dielectric strength
due to the hydrogen bonding. Hence the usual mean-fi
type of behavior would perhaps indicate that the coupl
between the orientational fluctuations of the molecules
the extended hydrogen bond network is quite strong.

While the SmA-col transition also shows a strong pr
transitional variation, the col-cubic transition is observed
be very abrupt. This perhaps is to be expected, as the fo
transition is from a 1D ordered phase to a 2D ordered o
whereas the latter is 2D ordered to an isotropic one. Ho

FIG. 5. Expanded plot showing the explicit variation of the r
laxation frequency with reduced temperature in the isotropic ph
in the vicinity of the transition to the SmA phase. The circles rep
resent the experimental data and the line shows a fit to a sim
power-law with an exponent of 1.0660.1. This value is indicative
of a mean-field type of behavior. The deviation of the data from
fit close to the transition is due to the first-order nature of the tr
sition.
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ever, the cubic structure reduces the degree of freedom
the micelles to reorient and thus the frequency decrease
the col-cubic transition. This freedom is partially recover
at the transition to the SmC phase as seen by an increase
the relaxation frequency. From a simplistic point of view, t
degree of freedom can be estimated using the associate
tivation energy for the process. We have calculated this
rameter using the expression,f R}exp(2w/kBT) with kB , the
Boltzmann constant andw, the activation energy. As the
range of the SmA and col phases are small, we have n
calculated the values ofw in these phases. For the isotropi
cubic and SmC phase the values are 116.963 kJ/mole,
45.660.1 kJ/mole, and 51.760.1 kJ/mole, respectively. I
appears that the environment for the reorientation of the
gregates is only slightly different between the cubic a
SmC phases. The value in the cubic phase is higher t
what is observed for the cubic phase of a diol compound,
only other instance for which data is available@6#.

C. Pressure studies

Before describing the results, we would like to state o
aspect of the experimentation here. As the compound is
chemically very stable, a fact that is well known, the over
pressure-temperature (P-T) diagram has been obtained u
ing several cell mountings. In each of the mountings, afte
few runs at higher pressures, the sample was brought d
to room pressure to check for the stability of the compou
If the transition temperatures did not match with the valu
before applying the pressure, the runs were discarded. Fi
6 shows theP-T diagram and one can notice several inte
esting features.~a! The col phase, which is known to be
highly metastable phase at room pressure, not only gets

se
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FIG. 6. Pressure-temperature phase diagram of the compo
studied. A negative slope of the col-cubic transition not only sta
lizes the col phase but also results in the bounding of the cu
phase at a pressure of about 400 bar. The open circles repr
experimental data and the lines are meant as guides to the eye
solid circle indicates the col-cubic-SmC three-phasemeeting point,
which is likely to be a simpletriple point.
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bilized, but increases in its temperature range with press
the range which is only about 0.4 °C at atmospheric press
increases to about 13.5 °C for a pressure of about 800
This is due to the opposing features seen for the two o
phase boundaries: while the SmA-col phase line shows a
positive slope with adT/dP of 16.6 °C/kbar at 1 bar, the
col-cubic boundary has a strong negative slo
@(dT/dP)1 bar5210.9 °C/kbar#. ~b! The negative slope o
the col-cubic boundary together with the positive slope
the cubic-SmC line, leads to the cubic phase getting bound
about 400 bar, resulting in a col-cubic-SmC three-phase
meeting point. Since both col-cubic and cubic-SmC transi-
tions are first order at room pressure and are expecte
remain so even at higher pressures, the meeting point w
be a simpletriple point. ~c! At pressures beyond the tripl
point, the col phase directly transforms to the SmC phase. To
our knowledge this is the first time such a transition has b
observed.

Finally, we would like to make some remarks about t
organization of the molecules in the cubic phase. In the co
pound studied here, the molecule has a strongly polar n
group attached to one of the phenyl rings. But more imp
tantly, there is a strong hydrogen bond network in the sys
due to the presence of carboxylic acid groups. X-ray inv
tigations indicate that this network could be leading to
aggregation of the molecules, which in turn results in
appearance of the cubic phase@7,8,11,17–19#. As mentioned
earlier, the analogy is quite striking in the nitro derivatives
.
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the carboxylic acids, one of which is investigated in t
present article, as it shows a phase sequence smectic-c
columnar mesophases. Based on the x-ray studies se
structural models with different shapes and packing of
aggregation have been proposed. One such model is by G
lon and Skoulios@17#, which we recall briefly here. This is a
slight variation of the model proposed for lyotropic system
by Luzzati and Spegt@20#. According to this model, due to
the carboxylic acid group the molecules form dimers a
three such dimers lie side by side and in turn stack to fo
rods. Each end of the rod adjoins two others, the group
three rods being coplanar with the angle between the rod
120°. In a feature that is pertinent to the compound that
have studied, due to the bulky nitro groups laterally sticki
out of the molecules, it is argued that the dimers are stac
by rotating a little around the axis of the rod, forming a so
of helical superstructure. A similar model has been recen
proposed by Kutsumizuet al. @12# to explain the infrared
spectroscopy data on the nitro materials. We believe that
the presence of the helical superstructure that is respon
for the drastic lowering of the relaxation frequency in t
nitro compounds as compared with the data for the diols@6#.
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